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Preface

The Professor Ramana Reddy Honorary Symposium on Applications of Process
Engineering Principles in Materials Processing and Energy and Environmental
Technologies has been proposed and designed as a tribute to Prof. Reddy and his
distinguished career as professor, teacher, and researcher over a period of 35 years
at the University of Nevada, Reno, and the University of Alabama, Tuscaloosa,
Alabama. Professor Reddy has advised and worked with over 100 Ph.D. and
M.S. graduate students, research scholars, and visiting scientists. He has published
more than 378 research papers and 26 books (4 CDs) including one undergraduate
student textbook in thermodynamics. He has also delivered more than 268 invited
lectures and research presentations in 26 nations. As an ACIPCO Endowed
Professor, Prof. Reddy holds many leadership positions and honors and awards as
well. The extent of Prof. Reddy’s contribution to energy, environmental, and
materials science and process engineering is underlined in the biographical sketch
provided in these proceedings.

The response to the symposium has been most gratifying. When a call for papers
went out, 78 abstracts were submitted for inclusion in the conference program. The
net result has been that the number of papers offered for presentation has exceeded
the time allocation and a Poster Session has been included in the program and
accommodated in the proceedings. The international nature of the symposium is
attested to by the fact that the selected papers are drawn from 17 countries.

The symposium has been named “Applications of Process Engineering
Principles in Materials Processing, Energy and Environmental Technologies:
An EPD Symposium in Honor of Ramana Reddy.” It is little bit longer but covers
the most papers, which are presented at the symposium.

The symposium program encompasses 10 sessions with each session being
preceded by a plenary lecture. The sessions cover a range of topics within materials
processing, energy, and environmental:

(1) Plenary Session
(2) Electrometallurgy
(3) Hydrometallurgy
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(4) Pyrometallurgy I
(5) Pyrometallurgy II
(6) Materials Processing and Plasma Processing
(7) Energy Storage and Engineering Issues
(8) Modeling and Simulation
(9) Thermodynamics and Kinetics

(10) Poster Session

Within these topic areas, the individual papers represent a diversity of subjects.
What is evident is a thrust toward bridging the gap between theory and practice via
contributions dealing with process modeling and simulation, process and equipment
design, the development of novel processes, and the generation of new data for the
better understanding of current process technology. The environmental challenges
facing metallic and nonmetallic industries are also addressed.

The symposium should be a fitting salute to Prof. Reddy for his contributions to
extractive metallurgy, materials science, and energy and environmental technolo-
gies over the breadth of his distinguished career. It is hoped that the symposium
volume will provide not only a record of a meeting but also a basis for further
excellent work in the applications of process engineering principles in materials
processing and energy and environmental technologies.

This symposium will provide a forum where industrial, research institutes and
university professionals can interact and exchange with other stakeholders to
facilitate the advancement of materials processes and engineering.

Shijie Wang
Michael L. Free

Shafiq Alam
Mingming Zhang
Patrick R. Taylor
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Part I
Plenary Session



Applications of Process Engineering
Principles in Materials Processing, Energy
and Environmental Technologies—
Contributions of Professor Ramana Reddy

Shijie Wang

Abstract Life time achievements of Professor Reddy’s teaching, research and
scholarship in the field of chemical and materials science and engineering are
briefly described. He has devoted his entire career in the introduction and appli-
cation of process engineering principles to the quantitative description of materials
processing reactions, and industrial operations. He has formulated quantitative
methodologies based on first principles of thermodynamics, phase equilibria and
kinetics to: design of slags and fluxes for production and purification of metals and
alloys; development of Reddy-Blander model for a priori prediction of impurities
capacities of melts; development of novel ionic liquid electrolytes for materials
processing; development of new theories for alloys and molten salts; design
materials for fuel cells and capacitors; use of thermodynamic approaches to predict
physical properties of materials; industrial energy waste separation and remediation;
and thermal energy storage. He is a scholar and mentor, and has made numerous
scientific and service contributions to the society and metallurgical and materials
engineering education.

Keyword Professor Ramana Reddy

S. Wang (&)
Rio Tinto Kennecott Utah Copper, 8362 West 10200 South, Bingham Canyon,
UT 84006, USA
e-mail: shijie.wang@riotinto.com

© The Minerals, Metals & Materials Society 2017
S. Wang et al. (eds.), Applications of Process Engineering Principles
in Materials Processing, Energy and Environmental Technologies,
The Minerals, Metals & Materials Series, DOI 10.1007/978-3-319-51091-0_1
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Biographical Overview

Dr. Reddy is American Cast Iron Pipe Company (ACIPCO) Endowed Professor
and Professor of Metallurgical and Materials Engineering at The University of
Alabama, Tuscaloosa, Alabama. He served as an Associate Director of Green
Manufacturing Center, University of Alabama and visiting researcher at the
University of California Lawrence Berkeley Laboratory, Berkeley; Indian Institute
of Technology, Bombay; Argonne National Laboratory, Chicago and National
Renewable Energy Laboratory, Golden, CO. He was appointed as the University of
Alabama Coordinator for the National Space Science and Technology Center
(NSSTC) and NASA and Council Member for the Alabama State Committee for
Department of Defense-EPSCoR programs.

Professional level and status of people Professor Reddy mentored are outstand-
ing. Professor Reddy has 35 years of teaching, research, service and academic
administration experience. He has conducted projects involving thermodynamics
and kinetics of metallurgical reactions, Phase equilibria and thermodynamic prop-
erties of metal systems, composite materials and nano-materials, radioactive and
waste materials, plasma processing of materials, fuel cells and capacitors, energy
efficient and environmental friendly processes and molten salts and fluxes, and
energy storage materials. Dr. Reddy is also an excellent teacher. He has taught
several metallurgical and materials engineering undergraduate and graduate courses.
He understands the importance of excellence in teaching and earning the esteem of
his students. He has advised and worked with over 100 Ph.D. and M.S. graduate
students and visiting scientists. He is faculty advisor to several undergraduate stu-
dents. He is an external Ph.D. dissertation examiner for the graduate students at the
Universities in Australia, India and Sweden. Many students of his research group
have received outstanding research awards. He has served on the advisory board of
several scientific agencies and industries. In 2001, he delivered invited lectures at
various society chapters through the SME Henry Krumb Lecturer award.

Dr. Reddy is among the world’s top metallurgical and materials engineers. His
seminal contributions in thermodynamic modeling and his creative application of
the principles of thermodynamics, phase equilibria and kinetics to a number of
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contemporary materials problems of scientific and technological importance have
led to his world-wide reputation as the leader in this field. He has succeeded in
applying the principles of engineering to development of new materials and rede-
fined the role of classical chemical metallurgy in materials engineering, leading to
his theory (Reddy-Blander model) by which the impurities capacities of oxide melts
in industrial systems can be predicted a priori with the fundamental structure and
thermodynamic properties data of melts. The greatest impact of Dr. Reddy’s work
and achievements is in the introduction and application of process engineering
principles to the quantitative description of materials processing reactions, and
industrial operations. He has formulated quantitative methodologies based on the
first principles of thermodynamics, phase equilibria and kinetics to design slags and
fluxes for the production and purification of metals and alloys; and thermodynamic
approaches to predict thermophysical properties of materials for industrial appli-
cations. He has written a definitive textbook on thermodynamics and taught and
promoted engineering education. Professor Reddy has received numerous citations
and awards from several professional societies.

Dr. Reddy is an Associate Editor of Journal of Phase Equilibria and Diffusion,
ASM International, Materials Park, Ohio, USA; Associate Editor of High
Temperature Materials and Processes, Walter De Gruyter, Germany; Board of
Review Member, Metallurgical and Materials Transactions, TMS, USA; and
Editor-in-Chief, Journal for Manufacturing Science and Production, Walter De
Gruyter, Germany. Dr. Reddy has long been associated with the Minerals and
Metallurgical industries and has made many significant contributions to the
development of several industrial technologies. Dr. Reddy has received as PI and
Co–PI for a total award for over $16.66 million in funding, of which his dollars
share is over $10.64 million. He has received research grants from the National
Science Foundation (five divisions, including DMR, DMII, ECS, EPS and INT),
the Department of Energy (five national laboratories—ANL, ORNL, INEL, SRNL
and NREL; ITP and CSP), the Department of Defense (ARO and DSWA), the
Department of Transportation-UA (CAVT), and U.S. Bureau of Mines. Industrial
sponsors included General Motors, BASF, BHP Minerals International, ADL,
ALCOA, Honda R&D and ALSTOM Power.

Dr. Reddy’s most unique contributions to professional development in his areas
of expertise may lie in his work with industrial professionals and post-graduate
professionals. In particular, Dr. Reddy has been closely involved with the devel-
opment of industrial professional training through continuing education programs.
He has taught short courses attended by technical professionals from industries all
over the USA and abroad. He has presented several metallurgical courses at Union
Miniere, Belgium (Extractive Metallurgy of Non-ferrous Metals and Phase
Diagrams—Thermodynamics and Construction); IPMI, USA (Precious Metals
Extraction and Refining from Secondary Sources), The Universidad de Concepción,
Concepción, Chile (Advances en Metalurgia Extractiva), and TMS (Magnesium
Metallurgy-Processing and Industrial Applications at the Annual Meeting in
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San Diego). He has also organized 4 workshops including NASA/MSFC on
Materials Sciences for Advanced Space Propulsion.

Dr. Reddy is an outstanding leader. The most important is his inherent ability to
coalesce strong diverse opinions into an effective consensus. As the Head of the
MTE Department, Dr. Reddy has implemented highly successful educational and
research program. In 2008, under his leadership, the department of Metallurgical
and Materials Engineering (MTE) successfully received the ABET accreditation.
Also the MTE department received 2007 national ranking of #1 materials engi-
neering in productivity. He has served as a Chair of the UA College of Engineering
Dean Search Committee, Head of the Department of Metallurgical and Materials
Engineering. He served on several TMS, SME, AIME, ASM International and
University committees. Chair/member of more than 43 professional societies
committees, 65 technical sessions, and 25 public and universities committees;
consultant to more than 20 industries, federal institutions and universities. He has
received the distinguished service award from TMS.

Dr. Reddy is an outstanding scientist/engineer in both research and education as
evidenced by the several honors and awards bestowed upon him by professional
societies and other organizations. These honors include: Who’s Who in Technology
Today, National Dean’s list, and Phi Kappa Phi National Fraternity. Several of Dr.
Reddy’s students received outstanding student/research awards. Dr. Reddy has
received the TMS 2002 Extractive and Processing Lecturer award, the 2005
Milton E. Wadsworth Extractive Metallurgy Award, 2006 ATA award for
Excellence in Engineering, Chicago. He is the recipient of the 2009 EPD-TMS
Science Award and also the 2012 TMS Distinguished Service Award. He has
received distinguished professional achievement award from his alma mater. He is
a follow of two societies, Distinguished Member (Fellow) of SME and Fellow of
ASM International.

Significant Research Accomplishments

Dr. Reddy is a prolific writer and has published over 380 research papers and 26
books including one undergraduate student textbook in thermodynamics. He has
also delivered more than 270 plenary and invited lectures at numerous national and
international conferences, research centers and industries in 26 nations. Dr. Reddy’s
Google scholar citations for his scholar and scientific research are above 4200 and
an H-index 31 and i10-index 83.

A brief summary of Dr. Reddy’s research areas and achievements is as follows:

Research Area 1: Modeling of Impurity Reactions in Metal-Slag-Gas Systems
Although metals constitute about 5% of the construction and industrial minerals,
they are important fuel for industrial growth and world economic development. The
complexity in treating or eliminating many environmentally harmful impurities
such as As, Sb, Bi from the base metal matte or metal in the smelting stage are
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responsible for the high cost of the refining process. The impurity capacities (such
as sulfur, arsenic, antimony and bismuth) of slags were calculated a priori using
Reddy-Blander (RB) model. Dr. Reddy made the capacities predictions in a wide
range of matte and slag compositions, and temperatures in copper, nickel and lead
smelting conditions and sulfur in iron and steel making. The calculated impurities
capacities results are in excellent agreement with the experimental and industrial
slags data. The a priori knowledge of impurities is useful for reduction of energy
consumption and enhanced environmental control in the current and future
non-ferrous metal processes.

• Delivered the award lecture: Distinguished Lecturer Award, Extraction and
Processing Distinguished Lecturer Award, TMS, 2002

• Received Henry Krumb Lecturer Award, SME. Through this award gave series
of lectures at educational institutions and materials societies in USA and abroad.

Commercial Software Thermodynamic Simulator (TSIM) for thermodynamic cal-
culations software was developed and distributed along with his text book—
Thermodynamics by Gokcen and Reddy. Reddy-Blander Model was adopted and
incorporated in the thermodynamic commercial software.

Accomplishments A novel thermodynamic model (Reddy-Blander model) a priori
prediction of impurity capacities of oxide melts on the basis of the structure and
thermodynamic properties of melt was developed.

Research Area 2: Phase Equilibria and Thermodynamic Properties of Metal
Systems
Dr. Reddy’s research in the field of phase equilibria and thermodynamic properties
of Ti–Al based intermetallic materials relates to the study of high temperature
stability of these materials. He has contributed to a major improvements towards
developing new thermodynamic data base and resolving the problem of how to
prevent high temperature oxidation of Ti–Al based intermetallic alloys by the
addition of a ternary metallic element such as Nb, Ta or Mo by proposing a
mechanism of multilayer oxidation in these alloys. His research article in this field
received recognition and the best science paper award.

Metal alloy solutions Dr. Reddy is without a doubt an expert in the field of ther-
modynamics whose research has contributed greatly to the chemical processing of
materials. He applies thermodynamics, phase equilibria, kinetics and transport
phenomena to materials processing. His research has introduced the new concept of
interaction parameters to predict the behavior and interaction among elements such
as carbon, sulfur, oxygen and nitrogen on liquid iron and how the thermodynamic
properties of liquid iron (which contains these elements) changes with their
amounts and with temperature.

Dr. Reddy’s major research work has been on the investigation of the effect of
solute elements like carbon, sulfur, oxygen, on the thermodynamic properties of
liquid iron during the iron making process. He developed theoretical derivation of
the relevant equations that express the interaction of various solutes in liquid iron.
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His studies on phase equilibria and thermodynamic modeling of metallic solutions
using Margules equations are novel. In this, the modified Margules equations are
expressed up to infinite order in the vicinity of solvent. Quaternary system of one
solvent and three solute partials are derived. First order interaction coefficients of
binary, ternary and cross-interaction parameters of quaternary system are used to
evaluate the partial functions. In the original form of Margules equations, derived
partial functions are convergent and same as Unified Interaction Parameter
Formalism. But considering up to infinite order of the Margules coefficients, the
functions are divergent, in order to overcome this restriction, he developed a new
solution theory. Margules equations are modified to get consistent equations. The
derived partial functions were thermodynamically consistent with Maxwell and
Gibbs Duhem relations. The derived logarithmic activity coefficient of the solvent
and solutes are consistent with the ternary systems. The calculated thermodynamic
data, i.e., activity coefficient values and interaction coefficients are in excellent
agreement with the experimental data for binary, ternary and quaternary Fe alloys
systems. The use of interaction parameters in the bulk phase to express the ther-
modynamic properties such as activity coefficient, enthalpy, entropy, and Gibbs
energy in various metallurgical systems is well established and known for several
decades, but Dr. Reddy’s the concept of interaction parameters for multicomponent
solutions is new in the field of metallurgical thermodynamics.

Intermetallics Dr. Reddy’s research has made significant contributions in several
fields of material engineering, such as oxidation resistance of titanium aluminides,
thermodynamics and phase equilibria studies in titanium and aluminum alloys.
Further continuation of his research towards the determination of thermodynamic
properties of Ti–Al is extremely important in the successful design of utility alloys
for high temperature applications. The Ti–Al based intermetallic compound
materials have great potentials as a new functional material due to their excellent
properties such as lightweight, high strength and creep resistance. But despite their
great potentials, these materials are not often applied in the industrial field since
these compounds suffer from poor phase stability and oxidation resistance at high
temperatures. Dr. Reddy’s research in the field of phase equilibria and oxidation
resistance of Ti–Al based intermetallic materials relates to the study of high tem-
perature stability of these materials. Extensive research has already taken place to
understand the oxidation behavior and find ways to improve the oxidation resis-
tance. What makes Dr. Reddy’s research so groundbreaking is that in this context,
he has discovered the mechanism of oxidation resistance for these intermetallic
materials (Ti3Al, TiAl and TiAl3) by the addition of elements as an alloying
addition. He proposed a mechanism for the formation of multilayered oxide
structure in Ti3Al–Nb alloy which he observed during oxidation experiments in
pure oxygen. The mechanism is based on the migration of oxygen ions which are
generated by the placement of a higher valent Nb in a lower valent Ti site in the
TiO2 structure. Dr. Reddy contributions in this field are in three main areas:
(1) Determination of thermodynamic properties of Ti–Al–X alloys. For this, he
carried out solid state galvanic cell experiments to generate the activity data in
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various alloys and determined the Gibbs energy of mixing of different phases.
(2) Determination of phases and phase equilibria in the Ti–Al–X systems. He
carried out phase equilibria experiments to determine the stable phases.
(3) Determination of high temperature phase stability of the Ti–Al–X alloys in
gaseous environment. He studied phase equilibria and reaction kinetics of alloys in
oxygen and sulfur by high temperature thermogravimetry technique and deduced
the possible reaction mechanisms.

• Science Award: Received Extraction and Processing Division Science paper
Award, TMS, 2009.

Research Area 3: Innovations in Processing of Metal Matrix Composites,
Nano-powders and Materials
Dr. Reddy developed a new in situ processing technology for production of
lightweight alloys matrix with ceramic particles reinforcements was developed.
Successful in situ formation of Al alloy with ceramic particles (i.e. SiC, TiC, TiN)
composites by bubbling reactive gas (i.e. methane, nitrogen, ammonia) into Al alloy
and Mg alloy melts was discussed. Effect of processing parameters on the formation
of AlN and SiC composites was investigated. Kinetic rate equations of in situ
formation of composites were developed.

Thermal plasma processing of nanoscale metal matrix TiC and TIN composites
was developed. The Fe–TiN composite was synthesized in a non-transferred arc D.
C. plasma reactor from ilmenite ore concentrate using methane and nitrogen as the
reactive gases. The standard Gibbs energy minimization method was used to cal-
culate the equilibrium composition of reaction species. A mathematical model was
developed to describe the plasma gas and particle dynamics and conversion yields.
The model was used to study the thermal decomposition of ilmenite in the
non-transferred arc plasma reactor. TiN an average dimension of about 300 nm was
produced. The in situ production of composites by molten metal technology and
production of composites powders by plasma technology are developed.

Accomplishments Research worked led to a novel in situ processing of metal
matrix composites. Two types of technologies molten metal and thermal plasma
were developed. Core-shell structures of nano-composite powders were developed.
Research worked led to Pilot plant processing of nano-composites. Patent: 1 patent
approved.

Research Area 4: Advancement of Radionuclides Materials Research
Contributions
Based on Dr. Reddy’s research works, a technologically potential flow sheet was
proposed on hydrometallurgical and pyrometallurgical routes for the recovery,
removal, immobilization of radionuclides and heavy metals from nuclear energy
wastes. Studies were carried out for the solutional reactions over the concentrations
found at the Department of Energy (DOE), Department of Defense (DOD) waste
sites and weapons detonation areas. The experimental and theoretical work was
conducted on treatment of energy materials containing radionuclides, and recovery
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of uranium. The studies involved in remediation, separation and storage of
radionuclides and thermal energy storage materials are discussed below.

Remediation The bioremediation technology of nuclear waste containing the
radionuclides (Rads) and uranium was evaluated. The microbial cultures and active
strains of decontaminant bacteria were used to leach uranium from the waste.
Thermodynamic model on bacterial-uranium oxide interfacial reaction was devel-
oped. From the combination of Young’s equation and equation of state, the change
in Gibbs energy of adhesion for bacterium-uranium oxide system was calculated.
The influence of liquid and uranium contaminated waste surface tension on the
change in Gibbs energy of adhesion was discussed. The results showed that the two
strains of T. ferrooxidans adhesion to uranium oxide surface would be increased by
decreasing the change in Gibbs energy of adhesion. Based on the thermodynamic
model predictions, experiments were carried out on bioleaching of uranium waste
using Thiobacillus ferrooxidans. Extraction of about 99% uranium from nuclear
waste using sulfur-oxidizing bacteria, Thiobacillus ferrooxidans, was obtained. The
results from thermodynamic model and experimental data showed that bioreme-
diation was an effective technology to clean up the uranium waste.

Separation The resulting uranium in solution was desorbed by zeolites for eventual
recovery or glassy vitrification processing. Modification of basic structure of zeo-
lites specifically pore size, by changing the temperature, pH, concentrations were
investigated. Uranium species were strongly adsorbed by chabazite. Maximum
sorption, more than 98% uranium ions was reported for chabazite. The sorption also
appeared to depend on Al2O3/SiO2 ratio of the zeolite. Chabazite, a porous zeolite
with low Al2O3/SiO2 ratio demonstrated greater uranium adsorption than other
zeolites. Adsorption of uranium by chabazite follows the Langmuir adsorption
isotherm. Mechanism of uranium adsorption on chabazite was evaluated and acti-
vation energy 3.612 kJ/mol has been obtained for the adsorption process. The
adsorption kinetics was discussed in terms of adsorption and intraparticle diffusion.

Storage The zeolites containing uranium were further processed to fix the uranium
in the glassy matrix for safe disposal/storage. The immobilization of radionuclides
and heavy metals from nuclear wastes fixing it in glassy matrix by vitrification
technology was developed. The Zeolites, borosilicate glass, and Aluminates (spent
potliners) and phosphates were tested for the immobilization of contaminants by
vitrification process. Optimum amount of additions were evaluated for obtaining the
lowest viscosity of the melt, lowest contaminant leachability and best glass for-
mation characteristics for the most suitable media for the immobilization and also to
meet the required properties for the contaminants containing nuclear wastes dis-
posal and storage.

Thermal Energy Storage Molten Slats In addition to innovative thermodynamic
modeling, Dr. Reddy has also made significant contribution to thermal energy
storage research on molten salts phase diagram development, determination of
multi-component systems melting point, Gibbs energy, enthalpy of fusion and
entropy, and also development of heat treatment medium and thermal energy
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transfer fluids for solar thermal energy storage technology applications in industry.
In 2012, Dr. Reddy developed a brand new binary Mg(NO3)2–KNO3 system and
calculated its thermodynamic properties and published. The phase diagram of Mg
(NO3)2–KNO3 binary system has two eutectics and one congruently melting solid
phase, 2KNO3�Mg(NO3)2 (labeled as MgKN). The two eutectic points appear on
either side of the congruently melting solid. The only available data for the Mg
(NO3)2–KNO3 system was its melting point which was calculated and published in
1942. No experimental data are available in the literature on the accuracy of this
melting point. Thermodynamic properties such as heat capacity, enthalpy, and
entropy and Gibbs energy were also not available in the literature. Dr. Reddy’s
research re-built the entire phase diagram for the MgKN system by developing the
complete thermodynamics database. Dr. Reddy not only successfully measured the
melting points for a wide range of different compositions of Mg(NO3)2–KNO3

system but also found out the heat capacity values for this system from solid state to
liquid state which is the most significant parameter for the thermal energy storage
and heat transfer properties and also most critical data for deducing the thermo-
dynamic parameter as function of temperature. Different from the data calculated
more than 70 years ago, Dr. Reddy found the new MgKN system has approxi-
mately 30 K lower congruently melting temperature than what was believed before.
This finding fill the 70-year gap in metallurgical thermodynamics. Given the sig-
nificance of Dr. Reddy’s research, his published findings are included in National
Institute of Standards and Technology (NIST) database.

• Received the Energy Best Paper Award on thermal energy storage materials:
Energy Committee, Light Metals Division Energy Paper Award, TMS, 2010.

• Energy Best Paper Award: Student award, Energy Committee, Light Metals
Division, TMS, 2013.

Accomplishments Research worked led to a technologically potential flow sheet for
radionuclides and heavy metals from energy waste materials. Dr. Reddy’s research
also led to pilot plant testing of aluminum spent pot liners.

Research Area 5: Fuel Cells and Capacitors for Portable Power Applications
Successful application of fuel cell technology is key for the sustainable hydrogen
economy. The widespread commercialization of the technology has still not been
made possible due to high costs associated with the fuel cell components. One such
component in the fuel cell stack is the bipolar/end plate. Dr. Reddy’s research
works concentrated on developments in the materials, design, and concepts for
bipolar/end plates in the polymer electrolyte membrane fuel cell stack.
Experimental results for use of Fe-based alloys for bipolar plate as an alternative to
the expensive conventionally used graphite material are developed. The develop-
ments of the models for optimizing the design parameters in the gas flow-field of
these plates are discussed. Based on these simulations results, some of the new
concepts for these plates were urbanized. These include: use of metal foam in the
gas flow-field and corrugated thin sheet bipolar/end plate. Experimental results with
these new concepts are presented and compared with the model predicted results.
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Applications of these new concepts in the development of commercial fuel cell
stacks in the era of hydrogen economy are discussed.

Novel Capacitor electrode materials based on Mn-oxides, cobalt and vanadium
oxide were developed. Experimental and electrochemical modeling were conducted
to optimize the capacitor parameters. Coin Capacitors was designed, fabricated and
tested for its long term performance. Dr. Reddy research works led to fabrication
and testing of micro-fuel cells, portable fuel cells and large scale fuel cells. Novel
low cost catalysts were developed.

• Delivered Defence Science Forum Lecture: 102-Invited lecture, DRDO, New
Delhi, India, 2013.

Accomplishments Research work led to fabrication and testing of micro-fuel cells,
portable fuel cells and large scale fuel cells. Novel low cost catalysts were
developed.

Research Area 6: Addressing Energy and Environmental Concerns in
Production of Light Metals Through Novel Ionic Liquid Electrolytes
Ionic liquids are organic salts which are liquid at room temperature and have wide
operational temperature range. Ionic liquid has some special properties compared
with aqueous solution and regular organic liquid, such as very low vapor pressure,
wide temperature range for liquid phase (400 °C), broad electrochemical window
(*4.5 V) and being environmentally benign. Many potential applications of ionic
liquids in materials processing were assessed by Dr. Reddy. The example appli-
cations include reduction of metal oxide to metal at low temperature, extraction and
refining of reactive metals, electrodeposition, recycling and recovery metals from
composites, mixed scrap and waste materials, heat transfer and thermal energy
storage fluids. Dr. Reddy’s research works concentrates on application of engi-
neering fundamentals and potential applications of ionic liquids as electrolytes in
light metals production, refining and recycling with specific emphasis on energy
and environmental concerns.

The ionic liquids were synthesized and characterized using NMR and
TGA/DSC. Properties of these ILs such as thermal stabilities, heat capacities and
thermodynamic properties were measured. The calculated storage densities for
[C4min][Tf2N] was more than 190 MJ/m3. Feasibility of these ILs particularly
[C4min][Tf2N] as thermal storage and heat transfer fluids applications in interme-
diate temperature solar power generation was evaluated.

Dr. Reddy also developed a novel process for the high energy efficiency elec-
trodeposition of metals from metal oxides and metal compounds by means of
electrolysis in ionic liquids at low temperature. Electrochemical deposition pro-
cesses of Zn from ZnO and Cu from Cu2O, Pb from PbO using Urea ((NH2)2CO)
and Choline chloride (HOC2H4N(CH3)3

+Cl−) or (ChCl) were developed. Successful
deposition of pure metal from metal oxide dissolved in Urea/ChCl (2:1) was
accomplished with efficiency greater than 87%.

Dr. Reddy developed patented technology for an electro-winning and elec-
trorefining of aluminum and titanium using ionic liquids at low temperatures.
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The process is based on using ionic liquids of 1-butyl-3-methylimidazolium chlo-
ride with the addition of AlCl3 and TlCl4 in the temperature range of 50–140 °C,
molar ratio (AlCl3 to C4mimCl) of 1.5–2.0 and voltage varied from 2 to 4 V. The
cathode deposits obtained were dendrite free pure aluminium (>99.9% pure) and
Al–Ti (up to 37 wt% Ti) alloy. Cathode current densities of up to 500 A/m2 for
electrowinning of aluminium were achieved. The surface modification of electrodes
not only improves the cathode current density but also eliminates the dendritic
deposition of metals. Use of glassy surface finish, aluminum cathode and aluminum
alloy anode improved the current density of the process. The critical cathode
overpotential and limiting current density at which aluminum dendritic growth
begins was determined as −0.53 V and 518 A/m2, respectively. Lower overpo-
tentials (<0.42 V) prevent the dendrite formation in the aluminum deposits. It was
concluded that the overpotential is the key in preventing dendrite formation.

Dr. Reddy developed a 3-D mathematical model (CFD) for the batch reactor
electrodeposition of metals process. The optimum conditions for electrodeposition
of metals and alloys were determined. The model results are in good agreement
with the experimental data for the Al electrowinning process.

• Delivered the award lecture Milton E. Wadsworth Award for Extractive
Metallurgy, Society for Mining, Metallurgical and Exploration Inc.,
SME-AIME, USA, 2005.

Accomplishments The advantages of the electrodeposition of metals using ionic
liquids compared to industrial aqueous metals processes are low temperature, low
energy consumption, and low pollutant emissions.

Patents 4 approved; 1 pending; The University of Alabama signed 1 patent license
agreement with BASF.

PROFESSIONAL AWARDS AND HONORS RECEIVED

• Fellow of ASM International: American Society for Metals International,
1996.

• Distinguished Member (Fellow): Society for Mining, Metallurgical and
Exploration Inc., SME-AIME, 2008.

• National Dean’s List: Named in the National Dean’s List, The University of
Utah, USA, 1979.

• Who’s Who in Technology Today: Named in the Who’s Who in Technology
list, USA, 1986.

• NATO Fellowship: NATO Advanced Study Institute on Molten Salt
Chemistry, held at Universita De Camerino, Italy, 1986.

• ASM-IIM Fellowship Award: ASM International, 1987.
• Sterling Who’s Who Member: Sterling Executive Club, USA 1995.
• Service Award: Light Metals, TMS, 1996.
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• Service Award: Light Metals, TMS, 1997.
• Research Award: J. Manufacturing Technology, 1999.
• Research Award: Light Metals Recycling Best Paper Award, TMS, 2001.
• Eminent Engineer of the Society Honor: Tau Beta Pi Eminent Engineer, The

Tau Beta Pi engineering Honor Society, 2002.
• Distinguished Lecturer Award: Extraction and Processing Distinguished

Lecturer Award (EPD), TMS, 2002.
• Milton E. Wadsworth Award for Extractive Metallurgy: Society for Mining,

Metallurgical and Exploration Inc., SME-AIME, 2005.
• Excellence in Engineering Award: American Telugu association (ATA), USA

2006.
• Henry Krumb Lecturer Award: Society for Mining, Metallurgical and

Exploration Inc., SME-AIME, 2006–2007.
• Chief Guest: Inauguration of Winter School, Advanced Materials: Concepts

and Applications (AMCA), NIT, Warangal, India, 2008.
• Excellence in Research and Education Award: Osmania University Alumni

Association, North America, USA, 2008.
• Science Award: Extraction and Processing Division Science Award, TMS,

2009.
• Distinguished Service Award: Extraction and Processing Division

Distinguished Service Award, TMS, 2009.
• Energy Best paper Award: Energy committee, Light Metals Division Energy

Paper Award, TMS, 2010.
• TMS Distinguished Service Award: Alexander Scott Distinguished Service

Award, TMS 2012.
• Energy Best paper Award: Student award, Energy committee, Light Metals

Division, TMS, 2013.
• Distinguished Alumni Professional Achievement Award: National Institute

of Technology, India, 2016.

14 S. Wang



Status of the Development of Flash
Ironmaking Technology

H.Y. Sohn, Y. Mohassab, M. Elzohiery, D.-Q. Fan and A. Abdelghany

Abstract The Flash Ironmaking Technology being developed at the University of
Utah is aimed at producing iron directly from iron oxide concentrate. In this
technology, the concentrate is reduced by H2 and CO gas mixtures formed from the
partial oxidation of natural gas in a flash reactor. Natural gas represents an eco-
nomically and environmentally superior reductant/fuel for the flash ironmaking.
The rate equations for the reduction kinetics by H2, CO and H2 + CO gas mixtures
were determined in the temperature range 1150–1600 °C. These rate equations
were applied to experimental results from a laboratory flash reactor using
Computational Fluid Dynamics CFD simulation. A new mini-pilot reactor, which is
capable of operating at 1150–1550 °C with a concentrate feeding rate of 2–5 kg/h,
has been installed. Commissioning of the reactor with an emphasis on preheating of
the reactor, production of reducing gas mixtures and the feeding and collection of
iron ore concentrate and product particles has been completed.

Keywords Flash reaction � Magnetite concentrate � Reduction kinetics �
Hydrogen reduction � Ironmaking � Natural gas

Introduction

Blast furnace (BF) produces over 90% of the world iron from iron ore. Ironmaking
via BF is a multi-step process, involving sintering/pelletization, cokemaking, and
decarburization, which consume energy and produce hazardous emissions and
greenhouse gas CO2. The Flash Ironmaking Technology being developed at the
University of Utah [1–8] aims at producing iron directly from iron oxide concen-
trates by a gas-solid flash reaction utilizing natural gas as the reductant and fuel in
the temperature range of 1200–1600 °C. The direct use of iron ore concentrate
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(<100 μm) will bypass pelletizing and sintering steps, thus lowering energy con-
sumption by 30% compared with the average blast furnace process [9].

The use of inexpensive and abundant natural gas will eliminate the cokemaking
step, thus reducing the CO2 gas emissions by *40% compared to an average blast
furnace [4]. As a part of developing this process, reduction kinetics of magnetite
concentrates by hydrogen and carbon monoxide gas mixture in the temperature
range of 1150–1600 °C was studied. In order to establish the reduction kinetics
with the gas mixture, the reduction kinetics by the single gases were first deter-
mined. A laboratory-scale flash reactor was then built and used for producing iron
directly from iron oxide concentrate using hydrogen or natural gas partially com-
busted with oxygen serving as a source of heating as well as reductant. Electric
power was used to compensate for heat loss due to the high surface area to volume
ratio in this small reactor. This was the first experimental realization of the flash
ironmaking technology. CFD was used to apply the developed rate equation to the
results of this lab scale flash reactor and good agreement was achieved. These
promising results obtained by the lab scale reactor lead to designing a mini-pilot
reactor that is heated completely by a natural gas flame. This reactor is able to
operate in the temperature range of 1150–1550 °C with a concentrate feeding rate
2–5 kg/h.

Reduction Kinetics Determination

The reduction of iron ore concentrate by H2 and CO was investigated previously by
many researchers, but the investigations were mainly focused on large particles or
pellets at temperatures lower than the temperature to be used in the flash iron-
making process (1250–1550 °C). Most of the kinetics studies were performed on
hematite ore [10–13].

The magnetite concentrate to be used in the flash ironmaking process contains
oxide gangues that were found experimentally to lower the melting point of the
particles to 1350 °C. Therefore, the reduction mechanism in the solid state at
temperatures below 1350 °C is different from that at higher temperatures. Thus, the
reduction kinetics were determined below 1350 °C separately from those above
1350 °C.

Experiments were designed and rate equations were formulated for the reduction
of magnetite by H2, CO and H2 + CO mixtures in the temperature range
1150–1350 °C within which the particles remain solid and at 1350–1600 °C within
which the particles experience fusion and melting. The samples produced in this
work were analyzed by an ICP method, which was developed in this laboratory to
determine the iron content in the samples. This method has high accuracy in
determining iron content in the samples containing high amounts of oxide gangues
as in the concentrate used in this work [14].

The formulated rate equations are important in developing the flash ironmaking
process as they will be used for analyzing the data obtained from a laboratory scale
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flash reactor and also for designing an industrial flash reactor. In both reactors,
natural gas is partially oxidized with industrial oxygen thereby forming a mixture of
CO and H2 gas, in which H2 will be the main reducing agent. The reduction kinetics
by each gas was determined before investigating the reduction rate with H2 + CO
mixtures.

Reduction Kinetics in Temperature Range 1130–1350 °C

For each experiment, the reduction degree was calculated based on the amount of
removed oxygen from the sample before and after reduction. Magnetite reduction
by hydrogen was determined to follow the nucleation and growth kinetics equation
with the Avrami parameter n = 1. The dependence on the H2 gas partial pressure
was found to be of the first order with activation energy of 193 kJ/mol. The
complete rate equation obtained for the reduction of magnetite with hydrogen in the
temperature range 1150–1350 °C was

�Ln 1� Xð Þ½ � ¼ 8:65� 106 � e
�193;000

RT � pH2 �
pH2O

KH2

� �
lm
� t ð1Þ

where X is fractional removal of oxygen combined with iron, R is the gas constant
8.314 J/mol K, T is temperature in K, p is partial pressure in atm, KH2 is equilib-
rium constant for the hydrogen reduction of wustite, t is time in s and lm stands for
logarithmic mean.

The reduction rate by CO was much lower than by hydrogen. The CO reduction
also followed the nucleation and growth model with the Avrami parameter n = 0.4.
The Avrami parameter is typically greater than 1, but there are examples of reac-
tions with n less than 1, in which the nuclei growth rate decreases with growth [15].
Wunderlich [16] has analyzed a large amount of data on the rates that follow the
Avrami equation, and reported that the Avrami parameter can range from lower
than 1 to greater than 6.

The dependence on CO partial pressure was found to be of first order and the
activation energy was 479 kJ/mol. The complete rate equation obtained for the
reduction of magnetite with carbon monoxide gas in the temperature range 1150–
1350 °C was

�Ln 1� Xð Þ½ �1=0:4¼ 3:41� 1014 � e�479;000
RT � pCO � pCO2

KCO

� �
lm
� t ð2Þ

in which all other symbols have been defined after Eq. (1) except that KCO stands
for the equilibrium constant for the reduction of wustite by CO.

In both cases, there was no effect of particle size on the reduction rate within the
size range tested (20–53 µm). The most likely reason for the absence of size effect
is that the particles experience thermal stress and develop cracks of similar
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dimensions when rapidly heated as they are fed into the reactor at a high temper-
ature. The reaction rate thus depends on the dimension of the solid between the
cracks and no longer on the original size. Figure 1 shows some of the results
obtained from the experiments.

These rate equations were used to develop a rate equation for the reduction
kinetics by CO + H2 gas mixtures. The presence of CO increased the reduction rate
to be higher than the sum of the rates by individual gases. The results obtained are
shown in Fig. 2.

Reduction Kinetics in Temperature Range 1350–1600 °C

The 1st order model in term of the fraction of solid remaining unreacted, equivalent
to the nucleation and growth kinetics with n = 1, best describes the reduction
kinetics of magnetite concentrate by H2 in this temperature range. The reaction

Fig. 1 Reduction degree of magnetite as a function of residence time by H2 and CO singly under
different conditions in the temperature range 1130–1350 °C

Fig. 2 Reduction degree of magnetite as a function of residence time by H2 + CO mixtures under
different conditions in the temperature range 1200–1350 °C
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kinetics had a first-order dependence on the hydrogen partial pressure. Particle size
had a significant effect on the reduction, as expected for the reaction of a
molten/fused sphere. The activation energy was 177 kJ/mol. The complete rate
equation obtained for the reduction of magnetite with hydrogen gas in the tem-
perature range 1350–1600 °C is

�Ln 1� Xð Þ½ � ¼ 4:2� 107 � e
�177;000

RT � dp
� ��1

pH2 �
pH2O

KH2

� �
lm
� t ð3Þ

where R is 8.314 J/mol K, T is in K, dp is the particle size in μm, p is in atm, and t is
in s.

In the case of reduction by CO, the nucleation and growth model also described
the reduction kinetics. Similarly to the lower temperature range, an Avrami
parameter n = 0.5 was found to best describe the results. The dependence on CO
partial pressure was found to be of the first order and the activation energy was
49 kJ/mol. The results showed the same dependence on particle size as in the case
of reduction by hydrogen, which is consistent with the fact that the size dependence
originates from the geometrical factor. The complete rate equation obtained for the
reduction of magnetite with carbon monoxide gas in the temperature range 1350–
1600 °C is

�Ln 1� Xð Þ½ �1=0:5¼ 4:2� 102 � e
�49;000

RT � dp
� ��1

pCO � pCO2

KCO

� �
lm
� t ð4Þ

where R is 8.314 J/mol K, T is in K, dp is in μm, p is in atm, and t is in s.
Figure 3 shows some of the results obtained from the experiments. These rate

equations were used to develop a rate equation for the reduction kinetics by
CO + H2 gas mixtures. The increase in reduction rate due to the presence of CO
over the sum of the rates by individual gases was even greater in the higher
temperature range than in the lower temperature range, as shown in Fig. 4.

Fig. 3 Reduction degree of magnetite as a function of residence time by H2 and CO singly under
different conditions in the temperature range 1350–1600 °C
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Laboratory Scale Flash Reactor

A laboratory scale flash reactor [17] was used to verify the rate expressions under
an actual flash reaction condition. In this reactor, hydrogen or methane were used as
the fuel/reductant by producing a non-premixed flame. Due to the high volume to
surface ratio, electrical heating was used to compensate for the heat loss in the
reactor. A three-dimensional computational fluid dynamics (CFD) model was
developed to simulate the reduction of magnetite concentrate by hydrogen in which
the fluid flow, heat transfer, and chemical reactions involved were incorporated.
The governing equations for the gas phase were solved in the Eulerian frame of
reference, while the particles were tracked in the Lagrangian framework. The partial
combustion of H2 injected through a non-premixed burner was simulated and the
temperature profiles and reduction degrees obtained from the simulations had a
satisfactory agreement with the experimental measurements, as shown in Fig. 5.
The magnetite reduction by H2 + CO mixtures produced from the partial oxidation
of natural gas is now under investigation.

Fig. 4 Reduction degree of magnetite as a function of residence time by H2 + CO mixtures under
different conditions in the temperature range 1350–1600 °C

Fig. 5 Comparison between
the calculated reduction
degrees by CFD versus
experimental results [17]
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Mini-pilot Scale Flash Reactor

A mini-pilot flash reactor was built in the University of Utah for the flash reduction
of magnetite concentrate. The new reactor has an inner diameter of 0.8 m and a
reaction zone length of 2.3 m. This reactor has an 18 cm thick refractory layer to
minimize heat loss. The reactor is preheated by full combustion of natural gas with
oxygen through a preheat burner with a heating rate of 90–95 °C/h. The operating
temperature range is 1200–1550 °C.

The new reactor is controlled completely with an automated system with a high
built-in safety measures. The reactor vessel is designed to withstand a pressure up to
3.4 atm, and is equipped with an off-gas duct with a rupture desk that allows the gas
to escape from the reactor if the pressure inside the reactor exceeds 0.7 atm. The
concentrate feeding rate is 2–5 kg/h.

The reactor is equipped with a main burner by which natural gas is partially
combusted with oxygen to produce a mixture of H2 and CO reducing gases as well
as H2O and CO2. This main burner produce a swirl in the produced gas for better
distribution of the reducing gases and heat in the reactor as well as increasing the
residence time of the particles. When the main burner is used, the off-gas is flowed
through a flare stack where all the remaining H2 and CO gases are completely
burned before releasing to the atmosphere. An industrial gas analyzer is used to
measure the contents of H2, CO, CO2, O2 and CH4 in the gas stream; to ensure the
complete combustion during the preheat mode; and to check the H2 and CO
amounts produced during the experiment by the main burner.

The preheating and main burner components are water cooled to avoid any
damage to them during the experiment. Alternative powder feeding ports are
available on the roof of the reactor for different feeding modes.

Conclusions

The reduction kinetics of magnetite concentrate particles by H2, CO and H2 + CO
gas mixtures was investigated in the temperature range of 1150–1600 °C. The rate
equation of the magnetite reduction by each gas singly was obtained. The nucle-
ation and growth model was used to describe the reduction kinetics by each gas in
two temperature ranges of 1150–1350 °C and 1350–1600 °C. For magnetite
reduction with CO gas, an Avrami parameter of less than 1 was determined,
indicating a possible restriction on the nuclei growth by diffusional effects in them.
These rate equations were used to formulate a rate equation for reduction by
H2 + CO mixtures. A laboratory scale flash reactor was used to verify the kinetics
results under actual flash reaction conditions in which H2 or natural gas is partially
combusted with oxygen to produce the reductant and heat. CFD simulation was
used for comparing the kinetics model to the experimental results and good
agreement was achieved. A mini-pilot flash reactor that can operate in the
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temperature range 1200–1550 °C has been built and commissioned. The new
reactor is preheated by complete combustion of natural gas with a heating rate of
90–95 °C/h. The magnetite concentrate feeding rate ranges from 2 to 5 kg/h.
Experimental tests using this mini-pilot reactor is scheduled to begin in the near
future.
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Innovations and Insights in Fluid Flow
and Slime Adhesion for Improved Copper
Electrorefining

Weizhi Zeng, Michael L. Free and Shijie Wang

Abstract Copper electrorefining is an old technique that is generally performed in
electrolytic cells with a bottom inlet and top outlet that are convenient for elec-
trolyte flow control. Nevertheless, this configuration cannot effectively direct
electrolyte flow to the regions between electrodes, which results in weak convection
and inadequate delivery of chemical species and additives. In this article, we dis-
cuss the innovations in electrorefining cell design to improve electrolyte flow for
better cathode quality and simulation of fluid flow field and particle movements
based on finite element modeling method. The resulting fluid flows in cells can
transport suspended slime particles to the cathode, where they can be incorporated
as impurities. The concentration of suspended slime particles is inversely related to
slime adhesion, which is strongly influenced by slime particle sintering, and sin-
tering is dependent on temperature and slime particle composition. Thus, the
combination of innovative fluid flow and slime particle sintering can play important
roles in improving cathode quality.

Keywords Fluid flow � Slime particle movement � Innovative cell � Slime
adhesion � Sintering and coalescence

Introduction

Electrorefining and electrowinning is widely used to produce Grade A copper
(99.99% purity). They are performed in large electrolytic cells in industry. Most
refineries are still using traditional electrolytic cells that have a bottom inlet and a
top outlet on sidewalls. This configuration has been employed since the first copper
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electrolysis operation in Europe in 1865 [1], and is convenient for electrolyte level
control. Nevertheless, it has many drawbacks, which significantly affect impurity
control in both electrorefining and electrowinning.

Under such configuration, electrolyte inflow enters the cell from the bottom inlet,
with most of its kinetic energy dissipated on the way to the inter-electrode domains,
where most electrochemical reactions, species transfer, and slime particle transport
in copper electrolysis occur. As a result, two significant problems can be encoun-
tered here: electrolyte additives and chemical species can not be delivered to the
regions near electrodes efficiently; convection between the electrodes is poor, as
electrolyte flows here are almost only driven by density gradients [2, 3].
Consequently, cathode surface quality is affected; larger electrolyte copper con-
centration is required for electrowinning; operating current density is limited.

For copper electrorefining, this configuration raise further problems. According
to previous studies [4], most cathode contaminations in copper electrorefining
originates from suspended slimes, rather than settled slimes or impurity ions. The
configuration featuring a bottom inlet and a top outlet makes upward electrolyte
flows dominant in electrolytic cells, which is unfavorable for slime particle settling
[2, 3, 5]. Therefore, the concentration of suspended slime particles can not be
reduced, and cathode deposit is usually under high risk of impurity contamination
in traditional electrolytic cells.

Consequently, innovations in copper electrolytic cell designs would be of great
help in improving productivity, efficiency, and purity in copper electrorefining.
Some refineries have been doing research on new cell designs and have even
installed their innovative electrolytic cells [6, 7]. Nevertheless, most copper
refineries are still using traditional electrolytic cells, and literatures concerning the
design, mechanism and effects of innovative electrolytic cells can be barely found.
Thus, this paper will give a description of one of our innovative electrorefining cells
[8], along with the simulation results of fluid flow field and slime particle
movements.

While we can use innovative electrolytic cells to help improve cathode purity by
generating dominant downward flows and settling most released slime particles, it
can be even better if we can improve the adhesion of slime particles and increase
the sizes of released particles. In our recent studies, we found that slime particle
sintering/coalescence have significant effects on anode slime adhesion and the sizes
of slime particles [4, 9]. Furthermore, we can control the extent of slime particle
sintering/coalescence through cell temperature and anode composition [4]. Some
results and suggestions will be presented in this paper.

Therefore, this paper shows two approaches to improved copper electrorefining.
One is the design and application of innovative electrolytic cells and the other one is
the control of the adhesion and sizes of slime particles.
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Design and Simulation Results of an Innovative
Electrolytic Cell

The designed innovative electrolytic cell has a configuration of top outlet, bottom
inlet, and shortened distance from the inlet to the inter-electrode gap, which are
considerably different from traditional electrolytic cells. The effects and advantages
of such configurations can be evaluated by modeling and simulation of the inno-
vative cell. The geometry of the cell is shown in a 3D Cartesian coordinate system
in Fig. 1.

As shown in Fig. 1, the cell has dimensions of 0.1 m × 0.075 m × 0.12 m, with
one pair of electrodes sit in the middle, one inlet at the top, and one outlet at the
bottom. The heights of the anode and the cathode are 0.09 and 0.095 m, respec-
tively. The widths of the electrodes are 0.08 m. Note that only the front sides of the
electrodes have electrochemical reactions. The distance between the electrodes is
2.5 cm, and the distance between the inlet and the anode is 2.4 cm.

The domain of the innovative cell was discretized into tetrahedral elements and
the geometric faces were discretized into triangular elements. By applying gov-
erning equations for current distribution, fluid flow, and particle motion [8], the
electrolyte flow field and the slime particle movements can be simulated under
specific boundary conditions, which are 11 ml/min flow rate, 50 °C cell tempera-
ture, and 300 A/m2 current density in this study. The resulting electrolyte flow field
is shown in Fig. 2a, b.

Fig. 1 The geometry of the innovative electrolytic cell (units in meters) [8]
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As shown in Fig. 2a, looping fluid flows (downward flows along the anode and
upward flows along the cathode) are generated in the inter-electrode gap, due to
electrolyte density gradients caused by electrochemical reactions [2, 3]. In addition,
electrolyte inflows enter the cell through the top inlet. Most of the inflows cross
over the inter-electrode gap and reach the other side of the cell behind the cathode.
Part of the inflows turn down along the back side of the anode and create strong
circulating flows under the anode. Then, some of these circulating flows enter the
inter-electrode gap from its sides, as shown in Fig. 2b, leading to more convections
and better species transfer in the gap. The configuration of top inlet and bottom
outlet makes downward flows dominant in the innovative cell and can help settle
down slime particles. Furthermore, most of the downward flows along the anode
turn to the outlet rather than towards the cathode after reaching the bottom domain
of the cell, which is helpful for removing slime particles from the cell. The slime
particle movements under the electrolyte flow field are shown in Fig. 3a–d.

In Fig. 3a–d, slime particles are injected from the top inlet every 500 s from
t = 0 s. Therefore, several groups of slime particles co-exist in the cell. After
entering the cell, most slime particles begin to drop due to gravity and the down-
ward flows, though some can cross the inter-electrode gap. When the dropping
slime particles reach the bottom of the anode, some of them can be picked up by the
looping flows and then climb up along the cathode, but most of them are settled
down or transported to the outlet by the dominant downward flows. The movements
of slime particles show that electrolyte slimes are well controlled under the fluid
flow field in the innovative cell, with few opportunities to reach and contaminate
the cathode.

Fig. 2 The electrolyte flow field in the innovative cell from different angles [8]
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Fig. 3 Slime particle movements in the innovative cell at different time points after released from
the inlet [8]
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Control of the Adhesion and Sizes of Slime Particles

Anode slime adhesion has significant effects on slime particle behavior and cathode
purity in copper electrorefining. Generally, larger anode slime adhesion leads to
better copper cathode quality, because less slime particles are released to the
electrolyte and transported to cathodes. Therefore, the adhesion of slime particles
needs to be improved in copper electrorefining.

It was found in our recent studies that the behavior of slime particles is largely
affected by cell temperature [4]. In a series of tests, copper electrorefining was
performed at different cell temperatures, with different types of slime particles col-
lected and weighed after each test. Figure 4 shows the resulting slime distributions at
different temperatures. The adhesion of anode slimes varies significantly as tem-
perature changes. At room temperature, no slime particles were attached to the
anode; at 65 °C, anode slime adhesion reaches the maximum; after that, it decreases
gradually as temperature further increases. Meanwhile, the amount of suspended
slimes keeps dropping as temperature increases, and the weight of settled slimes
decreases until the peak adhesion temperature and is then recovered. Consequently,
temperature plays an important role in slime particle behavior and transport, and
there exists a peak adhesion temperature for each anode. According to our studies
[4], peak adhesion temperatures are typically in the range of 55–70 °C.

Besides, the sizes of slime particles increase as cell temperature increases. As
shown in Fig. 5, settled slimes have larger sizes at higher cell temperatures. Only
minor size increase is shown for the suspended slimes, because that suspended
slimes are smaller than 9–10 μm and would be converted to settled slimes if their
sizes become too large [4]. Larger slime particles are more likely to settle down
without affecting the purity of copper cathodes. With further studies in slime
behavior at high temperatures [4], it was found that slime particle
sintering/coalescence occurs when the surrounding temperature is raised above the

Fig. 4 Slime distributions in copper electrorefining at different temperatures
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sintering temperature, which is affected by the composition of slime
particles/anodes. Generally, slime particles from high impurity anodes have lower
sintering temperatures [4]. As a result, higher cell temperatures can induce more
slime particle sintering/coalescence, which leads to improved anode slime adhesion
and larger sizes of released slime particles. Figure 6 shows the adherence of slime
particles on the anode by sintering/coalescence.

Improved slime particle adhesion and larger released particle sizes can effec-
tively reduce the concentration of suspended slimes. As a result, impurity con-
centrations in copper cathodes can be lowered. Figure 7 presents the bismuth levels
in the harvested copper cathodes at different cell temperatures, which were deter-
mined by DC Arc. Bismuth levels are above 0.5 ppm when cell temperatures are
below 45 °C. At higher temperatures, the resulting copper cathodes have much
lower bismuth levels. It is clear that cell temperature has larger effects on the high
impurity anodes, which have slime particles with lower sintering temperatures and
are more sensitive to temperature increase.

According to the results, anode slime adhesion and the sizes of released slime
particles are largely affected by slime particle sintering/coalescence, which can be
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Fig. 6 SEM image of the anode slimes layer structure in front of the anode surface of a harvested
anode [4]
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controlled by cell temperature and anode composition. It was also found that high
current density can promote slime particle sintering/coalescence by generating more
heat in front of the oxide layer on the anode [9].

Conclusions

Based on the results, the innovative cell can provide strong convection in the
inter-electrode gap that can facilitate species transfer, as well as dominant down-
ward flows that can help settle down slime particles. Also, the adhesion and sizes of
slime particles can be controlled by temperature, current density, and anode com-
position. As a result, we can reduce the number of released slimes by improving
slime adhesion, increase the settling velocities of slime particles by increasing their
sizes, and facilitate slime particle settlement by improving electrolyte flow field.
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Molten Flux Design for Solid Oxide
Membrane-Based Electrolysis
of Aluminum from Alumina

Uday Pal, Shizhao Su and Thomas Villalon

Abstract Compared with the current Hall–Héroult process for smelting aluminum,
the Solid Oxide Membrane (SOM)-Based electrolysis process brings various
advantages such as simplified design, lower cost, lower energy use, and many other
environmental benefits. However, the state-of-the-art SOM electrolysis process is
limited by the solid oxide membrane’s stability and its compatibility with the
molten salt and the electrode materials. This work will identify cost-effective
molten salt compositions and membrane materials/architecture along with elec-
trodes and current collectors that are all chemically compatible and provide opti-
mum electrochemical properties for efficient aluminum oxide electrolysis.

Keywords Solid oxide membrane � Yttria stabilized zirconia � Aluminum
production � Flux

Introduction

The Solid Oxide Membrane-based Electrolysis process is a cost-effective and
energy efficient clean metals production technology that utilizes an oxygen-ion-
conducting solid oxide membrane (SOM) to directly electrolyze the desired metal
oxide dissolved in a non-consumable molten salt. During the SOM electrolysis
process, the desired ions of the metal such as magnesium, aluminum, silicon, or a
rare earth are reduced at the cathode while oxygen ions migrate through the
membrane and are oxidized at the anode (Fig. 1). It provides a general route for
directly reducing various metal oxides to their respective metals, alloys, or inter-
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Fig. 1 Schematic of the
generic SOM electrolysis
process

metallics. Compared with current metal production processes, such as the
chloride-based electrolysis process for magnesium production and the Hall–Héroult
process for smelting aluminum, the SOM process brings various advantages such as
simplified design, lower cost, lower energy use, and many other environmental
benefits. However, the state-of-the-art SOM process is limited by solid oxide
membrane’s stability and its compatibility with the molten salt and the electrode
materials. This work will attempt at identifying cost-effective molten salt compo-
sitions and membrane materials/architecture along with electrodes and current
collectors that are all chemically compatible and provide optimum electrochemical
properties for efficient aluminum oxide electrolysis.

Background

Today’s metals industry is a major consumer of carbon-based energy and generates
significant amount of pollutants including greenhouse gases (GHG). The societal
impetus to lower energy consumption and GHG emissions provides motivation for
the development of clean technologies that could reshape the metals industry and
enable environmental sustainability. To meet this challenge, (SOM)-based elec-
trolysis process for metals production is being developed. It is a cost-effective,
energy-efficient, and potentially zero direct emission process. The SOM-based
electrolysis technology produces metals (Me) from their respective oxides (MeOx)
by the direct electrolysis reaction: MeOx → Me (cathode) + x/2 O2 (anode).
Specifically, in the metal product value chain from mined ores to finished products,
the most energy-intensive step is usually the oxide to metal conversion process. For
example, in primary aluminum production via the Hall–Héroult process, Al2O3 is
directly electrolyzed, the electricity use is more than double the reaction enthalpy
due to heat losses through frozen cryolite sidewalls. In addition, the hot CO2 gas
emitted from the graphite anodes contains not only HF, which renders heat recovery
from exiting gas impractical, but also perfluorocarbons, powerful GHG with global
warming potential that is 5000–10,000 times that of CO2. Compared with the
traditional methods of extractive metallurgy, the SOM process brings various
advantages such as simplified design, lower cost, lower energy use, and possibly
zero direct emissions. The state-of-the-art SOM process features the utilization of
an oxygen-ion-conducting membrane, such as the yttria-stabilized zirconia (YSZ),
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for directly electrolyzing metal oxides. Since the late 1960s, researchers have
recognized and investigated the use of zirconia solid electrolyte for metals pro-
duction and refining; however, limited progress was achieved due to the poor
stability of the zirconia membrane, low current density, and lack of an appropriate
current collector assembly. Pioneering work in our laboratory identified new molten
salt compositions with increased solubility of many oxides, decreased zirconia
membrane corrosion rate, and helped in developing an inert-anode current collector.
It has generated new interest in the solid oxide membrane-based electrolysis process
for metals production. The technology has been applied on a laboratory scale to
reduce various metal oxides or oxide compounds to the respective metals or alloys,
including Mg, Al, Ti, Ca, Fe, Cu, Ta, Cr, Nb, Yb, Nd, Pr, Dy, Si, CeNi5, and
LaxCe1-xNi5, Ti–Fe alloy, and Ti–Si intermetallics [1, 2]. However, the major
impediment towards scale-up design and commercialization of this process for
primary production of metals is identification of compatible cell components
(molten salt composition, solid oxide membrane, cathode, and anode) that have the
required properties under the chosen operating conditions (temperature and envi-
ronment) for energy efficient and cost-effective operation. This paper targets alu-
minum production and provides a strategy to determine possible compatible
membrane materials, salt compositions, and electrodes having the required prop-
erties. The major risk is materials instability under the operating conditions, how-
ever, several alternate materials can be considered for risk mitigating strategy. If
successful, the resulting process will reduce aluminum oxide at lower cost, use at
least 30% less electricity compared to the Hall–Héroult process, and not directly
generate greenhouse gas (GHG) emissions.

New Research Strategy

New research must focus on the selection of membrane materials/architecture, salt
systems, and electrodes for cost-effective and energy efficient aluminum production
via the solid oxide membrane based electrolysis process. Solid Oxide Membrane
stability during oxide electrolysis in molten salts is affected by both salt compo-
sition and the applied electric potential [3]. Based on our experience in modeling
such systems, the design criteria and the property requirements for the membrane
material, salt systems, and electrodes are outlined below.

• Selected saltmust have high ionic and negligible electronic conductivity.Apossible
candidate flux system for 1000–1100 °C operation is MeF2–CaO–Al2O3 system
where ‘Me’ is one or more of Ca, Mg or other alkaline earth metals. A possible
candidate system for 700–900 °C operation is MF–CaO–Al2O3 system where ‘M’
is one or more of Na, Li, or other Group I elements. The objective here is to design
the conducting flux to have the required oxide solubility, low volatility, and also
match its basicity with the membrane for stability.
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• Selected membrane can have a one-end-closed tubular structure (Fig. 1). It can
either be a stand-alone structure or coated over a porous support tube of the
same material. It must have high oxygen ion conductivity (see table below) and
preferably some (5–25%) electronic conductivity for low anodic charge transfer
resistance and enable application of larger potentials (up to 5 V) for increased
metal production rate without membrane dissociation.

• Selected membrane must be compatible with the salt (must have similar oxide
basicity), reducing environment (stable under cathodic conditions) and the
oxidizing gas environment on the anodic side (oxygen).

• Membrane Material and Design Option 1: Bi-layer membrane such that one
layer is compatible with the cathodic (salt) side and the other layer is compatible
with the anodic side (e.g. acceptor doped ceria and zirconia films on the cathodic
and anodic sides, respectively).

• Membrane Material and Design Option 2: One-layer of composite membrane
(e.g. acceptor doped ceria or zirconia with an electronic or mixed conducting
perovskite such as LaCrO3 or La1-xSrxCo1-yFeyO3-x-y). These membranes will
be stable and have the required oxygen ion and electronic conductivities under
both cathodic (salt) and anodic (oxygen) environments. This will allow appli-
cation of higher potentials without membrane dissociation.

• Membrane Material and Design Option 3: A single-phase mixed oxygen
ion-electron conducting perovskite membrane layer that is stable under both
cathodic (salt) and anodic (oxygen) environments (e.g. La1-xSrxCo1-yFeyO3-x-y).
Single phase brownmillerite and pyrochlore phases that are similarly mixed
conducting may also be considered.

• Anode: Porous composite of acceptor doped ceria or zirconia with a p-type
electronic or mixed conducting perovskite such as La1-xSrxMnO3 or
La1-xSrxCo1-yFeyO3-x-y, and silver. Previously developed inert anode current
collector [4] can also be used with such anodes.

• Cathode: Liquid Al as cathode with C or TiB2 serving as current collector (prior
work) [4].

The above mentioned materials system must be screened to meet the following
property requirements:

SOM cell
component

Conductivity
(S/cm)

Ionic
transference
number

Electronic
transference
number

Volatility
(µg/cm2-
s)

Stability Viscosity
(Pa-s)

Oxide
content
(w%)

Molten salt
(supporting
electrolyte)

>2 *1 <0.1 <1 Match
basicity
with
membrane

<0.1
Improve
ion
diffusivity

>5
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SOM cell
component

Oxygen-ion
conductivity
(S/cm)

Other conducting
characteristics

Stiffness
GPa
Strength
Gpa

Corrosion
rate in
molten salt
(µm/hour)

Stability (no
composition
or phase
change)

Oxide
membrane

>0.01 Mixed
ionic-electronic
conductivity for
stability and charge
transfer

>100
>0.1

<0.2 Under both
anodic and
cathodic
conditions

SOM cell
component

Electronic
conductivity
(S/cm)

Other
characteristics

Volatility
(µg/cm2-s)

Stability Sustained
current
density at
3–5 V

Cathode >100 Low charge
transfer
resistance

<0.01 Compatible with
molten salt,
current collector,
and metal
(aluminum)
produced

>1 amp/cm2

(Comparable
or exceed
Hall–Héroult
process)

Anode >100 Low charge
transfer
resistance; for
solids, match
expansion with
membrane
(within 12%)

<0.01 Compatible with
membrane and
current collector
under anodic
conditions
(oxygen
atmosphere)

>1 amp/cm2

(Comparable
or exceed
Hall–Héroult
process)

Component materials having the required properties need to be screened and run
in trials of SOM electrolysis for Al production. The results of the electrolysis
process can be analyzed using equivalent circuit modeling (Fig. 2) to quantify all
the efficiency (polarization) losses [5]. The results will enable selection of the most
cost-effective and optimum combination of salt chemistry, membrane material,
electrodes and current collectors for the scale-up trial. Successful outcome of the
work will make SOM electrolysis emerge as a promising process for Al production
and also demonstrate it as an attractive and viable technology that can replace other
state-of-the-art metals production processes.

Results

Aluminum oxide (alumina) is dissolved in a molten salt flux and electrolyzed
employing an oxygen-ion-conducting yttria-stabilized zirconia. The above strategy
was employed to select and design the molten salt flux. The base flux chosen was a
eutectic composition of CaF2–MgF2. The more acidic the fluoride (e.g. MgF2 in
CaF2–MgF2 system) the more it favors forming complex ions; acidity is inverse of

Molten Flux Design for Solid Oxide Membrane-Based Electrolysis … 39



basicity. When an oxide with a higher melting point, having no common specie and
dissimilar size and structure is added to the fluoride flux (e.g. when Al2O3 is added
to CaF2–MgF2) it is generally expected to have a very limited increase in the
entropy of mixing and any limited solubility is expected to be due to complex
aluminum oxyfluoride ion formation resulting in a decrease in the enthalpy of
mixing. The acidic oxide (Al2O3) added will have a greater tendency to react with a
more basic oxide, such as the ZrO2 membrane, and thus result in the membrane
attack. This phenomena has been experimentally observed in our laboratory (see
Fig. 3).

Fig. 2 Equivalent circuit of the SOM electrolysis cell with a traditional zirconia membrane:
a General case and b Ideal case

Fig. 3 YSZ membrane attack
due to Al2O3 dissolved in
MgF2–CaF2 flux (SEM
image, YSZ exposed
to molten flux for 8 h at
1175 °C)
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On the other hand if AlF3 is added to the CaF2–MgF2 flux, more alumina
(Al2O3) may dissolve in the flux resulting in a higher concentrations of the alu-
minum oxyfluoride complex ion. However, the formation of oxyfluoride species
would likely compete with the reaction between the alumina and the zirconia
membrane (membrane attack). The oxyfluoride species in general also have a
higher vapor pressure and so even if it is the stable specie it may be lost if the
temperature of the system is high. Laboratory experiments have indeed shown that
aluminum oxyfluoride species volatilize at temperatures above 1000 °C (see
Fig. 4).

When the AlF3 is added to the flux, it volatilizes as aluminum oxyfluoride taking
the oxygen from the basic CaO; the resulting flux had lower aluminum, oxygen and
fluorine contents. To overcome these difficulties a more basic oxide than zirconia
was added to the CaF2–MgF2 flux. The basic oxide is selected considering the
mixing and bonding behaviors between the alumina and the basic oxide.
For instance if CaO is selected for addition with alumina it is known that the
CaO–Al2O3 system has a lower melting eutectic following similar consideration
between the entropy and enthalpy of mixing; the complex alumina ions that form
get depolymerized by the oxygen ions from the basic oxide. Therefore, when basic
oxide CaO is added to CaF2–MgF2 flux, it dissolves due to increase in the entropy
of mixing and the resultant flux is capable of dissolving the alumina (Al2O3)
forming complex ions without forming the volatile oxyfluoride species (see Fig. 5).

Thus when CaO is added to the eutectic CaF2–MgF2 system, it dissolves the
alumina likely not as an oxyfluoride but as a complex alumina ion that is associated
with calcia (CaO); extent of polymerization is determined by the oxygen ions in
calcia. Thus the more basic calcia interacts with the alumina and prevents it from
attacking the zirconia membrane. For chemical inertness with the membrane, it was
found necessary to tune the flux composition of the CaF2–MgF2–CaO–Al2O3

Fig. 4 Thermogravimetric analysis of 45 wt% MgF2–55 wt% CaF2 with 6 wt% CaO, 4 wt% YF3
and 2 wt% AlF3. Aluminum oxyfluoride is highly volatile
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system such that it matched the optical basicity of the flux composition represented
by the eutectic CaF2–MgF2 system containing 10 wt% MgO (optical basicity
0.7–0.8). The latter composition was the flux used for magnesium oxide electrolysis
using the yttria-stabilized zirconia membrane [6]. Also, if the zirconia membrane is
stabilized with an oxide such as Yttria (Y2O3), then appropriate additions of yttrium
fluoride and/or yttria must be added to the flux to eliminate any chemical potential
gradient of yttria between the flux and the zirconia membrane (see Fig. 6).

The viscosity can be adjusted by tailoring the amounts of the eutectic fluoride
system, the basic oxide, and the acidic oxide. Increasing the amount of the fluoride
system and the basic oxide relative to the acidic oxide will decrease the viscosity
(alumina is a network former and the basic oxide is a network breaker). The
electrical conductivity can also be similarly adjusted. Increasing the amount of the
fluoride system relative to the oxides increase the electrical conductivity of the
system. The volatility can be tailored through selection of the fluoride system.
Group II fluorides in general have lower volatility than Group I fluorides.

Based on the above-mentioned strategy we engineered a flux system for alumina
electrolysis and successful aluminum production employing an oxygen-ion con-
ducting yttria-stabilized zirconia membrane [7]. The flux composition that was
successfully engineered was a eutectic MgF2–CaF2 (45 wt% MgF2–55 wt% CaF2)
system having 3–9 wt% Al2O3, 6–12 wt%CaO, and 4 wt%YF3. The flux opti-
mization process is shown in a flow chart (Fig. 7). The physico-chemical properties
of the flux system were measured and it met all the property requirements (specified
above), such as electrical conductivity, transference numbers, melting point,
volatility, membrane stability, viscosity, and alumina solubility [7].

Fig. 5 Thermogravimetric analysis of 45 wt% MgF2–55 wt% CaF2 with 12 wt% CaO, 9 wt%
Al2O3 and 4 wt% YF3
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Fig. 7 Flux optimization flow chart

Fig. 6 The YSZ membrane after exposed to the flux (45 wt% MgF2–55 wt% CaF2 with 3 wt%
Al2O3, 6 wt% CaO and 4 wt% YF3) at 1200 °C for 500 h, showing negligible corrosion and
limited yttria depletion layer (YDL) growth
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Conclusion

A design strategy and some experimental results are presented to identify and
evaluate molten salt compositions and membrane materials/architecture along with
electrodes and current collectors that are chemically compatible and provide opti-
mum electrochemical properties for efficient aluminum oxide electrolysis employ-
ing the solid-oxide-membrane based electrolysis process.
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Effect of Slag Phase on Mixing and Mass
Transfer in a Model Creusot Loire
Uddeholm (CLU) Converter

A. Chaendera and R.H. Eric

Abstract Gas jet was blown through bottom nozzles of a 1/5th scale CLU model
in the presence and absence of slag. Kerosene and water were used to simulate the
slag and metal phases respectively. Mixing time increased with increasing bath
height and with a decrease in the gas flow rate. It was related to bath weight, bath
height and gas flow rate. Slag increased mixing time by about 16% and the mass
transfer values by about 32%. Mass transfer rates were higher near the bath surface
and in the gas-liquid plume region. They increased with increasing gas flow rate
and with a decrease in bath height. A relationship showing the dependence of
derived mass transfer coefficient on the gas injection rate was established.
Turbulence characteristics inside the bath liquid were established to vary with
location, vessel geometry and gas injection rate.

Keywords CLU converter � Mixing time � Mass transfer coefficient

Introduction

Gas stirring plays very important role in steelmaking processes. The gases purged
into the converter bring about thorough mixing of the bath thus accelerating the
physical and chemical reactions taking place in the vessel. Knowledge of the slag
impact on mixing and mass transfer rates in the converter operation helps to
accurately determine the necessary gas blowing rate for efficient stirring of the bath.
Therefore, a thorough understanding of the slag phase influence on mass transport
in the bath is vital for efficient operation of the CLU-converter.
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Nyoka et al. [1, 2] studied the process of mass transport in a CLU converter
using one-fifth scale water model experiments. Their investigations were conducted
in the absence of a simulated slag phase. The bath was stirred by air injection
through five bottom-placed nozzles. The mixing conditions in the bath were
evaluated in terms of the gas flow rate (Q) and bath weight (W) through Eq. (1).

Tmix ¼ 1:08Q�1:05W0:35 ð1Þ

The bath surface and the gas-liquid plume regions in the purged bath were
identified as the zones exhibiting the highest mass transfer rates and turbulence
effects. Lehner et al. [3] in their investigations immersed graphite rods into argon
stirred melts of known composition for specified times. The dissolution pattern was
found to be non-uniform, with the maximum dissolution rates occurring in the
vicinity of the melt surface. The mass transport coefficients were largely indepen-
dent of the bath depth away from the bath surface but showed a small increase
towards the bath bottom. The results of several studies [1, 6, 7] showed that the rate
of mixing in metal processing operations depends on the rate of energy input or
energy dissipation. Investigations by Wright [4], showed that the dissolution rates
of the rods outside the plume region were lower than the rates in the gas-liquid
plume region at the same gas flow rate. The mass transfer rates were found to
increase with gas injection rates.

Akdogan and Eric [5] established that the presence of a simulated slag layer
caused an increase in the mixing time. That was explained in terms of the simulated
slag layer tending to dissipate some of the input energy. In gas-stirred metallurgical
vessels the turbulence caused by the gas-liquid plume rising through the bath
facilitates the increase in mixing. Several researchers [6, 7] have come up with
different mathematical relationships to explain the mass transport phenomenon in
the reactors. Asai et al. [6], presented the results of earlier studies and their own
cold model work in terms of the values of exponent n, by the relationship in Eq. (2)
where K is mass transfer coefficient and n is the stirring factor of the gas flow
rate (Q).

K aQn ð2Þ

Numerous values of n have been reported in various plant and pilot plant studies
on the desulphurisation of steel as well as in many water model experiments.

Szekely et al. [8] investigated mixing, flow phenomena and mass transfer in
argon stirred ladles. The mass transfer measurements obtained for the dissolution of
carbon rods in argon stirred melts provided semi-direct confirmation of predictions
made regarding the turbulence patterns within the system. The mass transfer rate
was observed to increase with an increase in the stirring gas flow rate. They also
found that the local turbulence exhibited appreciable spatial variations. The vicinity
of the plume recorded high levels of turbulence especially in the upper regions.
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Experimental Measurements

The experimental set-up consisted of a clear cylindrical PVC tank that was one-fifth
the size of the CLU-converter that was being simulated. Water and kerosene (10%
by volume) were adopted to simulate the metal and the slag phase respectively. The
top oxygen lance was not simulated in the investigation. The omission of the top
lance was considered acceptable, since it is not used continuously and for a long
period of time during the actual blowing process in the commercial CLU-converter.
Total bath heights (including the slag layer) of 0.56, 0.61, 0.67, 0.72 and 0.78 m
were investigated. The water bath heights before the addition of kerosene were 0.50,
0.55, 0.60, 0.65 and 0.70 m. Gas flow rates in the range between 0.010 and
0.023 m3/s were adopted for the investigations. The gas injection rates between the
model and the real CLU-converter were related through the modified Froude
number, the value of which was kept 242 that was calculated for the industrial vessel.

Bath Mixing Intensity Measurements

The location for the pH-temperature probe in the bath and the point for injecting the
tracer solution were fixed. The experimental conditions that were adopted by Nyoka
et al. [1] were also used for these investigations. This was done to allow for a clear
comparison of results obtained in the absence and in the presence of the simulated
slag phase. The experimental runs were 20 min long. The average of at least eight
values obtained from different experimental runs was adopted as the mixing time
under the investigated conditions. The mixing time was calculated at 99.7% bath
homogeneity. The effects of bath height, gas flow rate and the presence of slag
phase on the mixing behaviour of the bath were measured.

Mass Transfer Experiments

Solid-liquid mass transfer measurements were performed by the mass loss tech-
nique. The investigation involved measuring the mass losses of the solid benzoic
acid specimens suspended at various radial and vertical locations in the gas purged
bath for 15 min. Instantaneous mass loss measurements were reduced to equivalent
mass transfer coefficients according to Eq. (3) in which m = ρπR2L, A = 2πRL,
and ΔC is the change in concentration. The term k is the mass transfer coefficient, R
is the radius, L is the length, and ρ is the density of the specimen (Fig. 1).

ðdm=dtÞ ¼ kADC ð3Þ
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Taking the benzoic acid concentration in the bulk liquid to be zero, the mass
transfer coefficient is estimated from Eq. (4) where Cs is the saturation concen-
tration of benzoic acid in water.

k ¼ ðdR=dtÞq=Cs ð4Þ

Measuring the radii of the specimens that had undergone uneven dissolution
during bath purging posed a challenge. Consequently, average radii were calculated
when necessary from the weight losses recorded on the specimens. Experimental
results were used to explain the effect of bath height and gas flow rate on the mass
transfer coefficients in the bath, which were calculated from the obtained data. The
experiments were carried out at gas flow rates of 0.010, 0.015 and 0.023 m3/s and
water bath heights of 0.4, 0.5 and 0.65 m. The spatial positioning of the specimens
in the experiments has been presented elsewhere [2].

Results and Discussion

The results obtained were discussed in terms of the bath height and gas flow rate.
The effect of these operating variables on mixing intensity and solid-liquid mass
transfer was analyzed.

Flow meter

Platform

Valve

Compressed 
air

Drainage 
pipe

Temperature-pH 
meter

Probe holder

Water 
bath

Dosing syringe

Syringe holder

Probe  

Slag                              
phase

Fig. 1 The general set-up of the apparatus used for mixing time measurements [9]
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Mixing Rates

Generally, the mixing time was observed to decrease with increasing gas flow rate.
Figure 2 presents the effect of gas flow rate on the mixing time. This trend was
explained in terms of the gas-liquid plume velocity changes that resulted from
increasing the gas flow rate. At a constant bath height, as the gas flow rate increased
the centre line plume velocity increased resulting in rapid recirculation of the bath
that enhanced mixing. In earlier investigations [5, 10], it was noted that as the gas
flow rate increased the plume cone angle increased thus increasing the plume radius
at the surface and effectively increasing the plume volume in the bath. The enlarged
high turbulence region enhanced the bath liquid circulation and mixing in the bath.
The largest decrease in mixing time was observed at the highest bath height
investigated, 0.78 m. The mixing time decreased by about 40% at this bath height
but only by 31% at 0.56 m bath height. The observed changes in mixing time
showed the possible depreciating influence of gas flow rate at higher levels of
specific energy input.

Many researchers [1, 4, 5, 11] have also observed the inconsistent behaviour of
the mixing time shown in Fig. 2 at 0.50 and 0.55 m water bath heights. The
seemingly consistent occurrence has been attributed to various reasons. The most
convincing explanation was given by Mazumdar et al. [11]. They attributed the
anomalies to zone shifting in the bath. In the current study, the probe was posi-
tioned in a generally ‘slow moving zone’ that was determined under specific
conditions adopted in the preliminary experiments. Mixing rates in the various
regions of the bath vary according to bath liquid activity or turbulence. Due to
probable zone shifting, the probe was situated in a less active zone when the mixing
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Fig. 2 Effect of gas flow rate on the mixing time at different bath heights
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time increased with an increase in gas flow rate. After this anomaly, it was observed
that the mixing time at the 0.55 m water bath height resumed the normal trend when
it decreased after the gas flow rate was increased to 0.0212 m3/s. It was therefore
concluded that the new zone of activity was now determining the time taken for
bath homogeneity. The existence of minimum mixing time values could have
resulted from a probable swirling of the bath. Observations by Krishna et al. [10], of
the two-phase plume and flow conditions in the bath revealed that the plume
swirled above a certain gas flow rate resulting in enhanced mixing rates in the bath.
The minimum mixing times recorded in this study were therefore attributed to
probable swirling of the plume that increased the rates of mixing in the bath.

Above a certain value of specific energy input, the level of tracer dispersion
considered for the mixing time value to be determined could have been altered.
Under conditions of very high stirring employed it was possible that, the partially
affected zones in the bath were reached by the mixing power of the purging gases.
The result was an increase in the volume of the bath liquid in the bulk flow regime
and a consequent shifting of the equilibrium concentrations of acid in the two flow
regimes. Consequently, the mixing time increased against an increase in gas flow
rate and as a result the mixing time values recorded tended to be longer than was
expected. It was therefore deduced that under these conditions the transfer of acid in
the radial direction was lowered as the gas-liquid plume velocity in the axial
direction increased.

Using the experimental results obtained, a correlation that could be used to relate
the mixing time (T) to gas flow rate (Q) and bath weight (W) under the investigated
conditions was established as,

Tmix ¼ 2:87Q�0:73W0:24 ð5Þ

The established correlation shows a greater influence of the gas flow rate on the
mixing time than the weight of the load in the model CLU-converter. To get a
clearer picture the effect of the bath height on mixing time was also investigated.

For the gas flow rates investigated, the mixing time increased with an increase in
the bath height as presented in Fig. 3. The decrease in specific stirring energy input
resulted in increased dead volumes at the bottom of the vessel and decreased bubble
formation as the bath height increased thus, the reduction in mixing intensity
observed. The bath height effect on the mixing time was greatest at the lowest gas
flow rate as significant specific energy input changes were recorded here. An
inconsistent variation of the mixing time and bath height was also observed.

The occurrence of peaks in Fig. 3 at gas flow rates 0.0183 and 0.0212 m3/s was
attributed to zone shifting in the bath as explained above. A peak was observed
when a quieter zone occupied the point where the probe was located. Assuming this
was the case then, the mixing times recorded were bound to be the opposite of what
was expected since mixing rates in the various regions of the bath vary according to
activity or turbulence.

The mixing pattern at total bath heights above 0.61 m could be explained in
terms of the columnar effect becoming pronounced with an increase in bath height.
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Castillejos and Brimacombe [12] and Asai et al. [6] discussed that at high ratios of
bath height to diameter of the vessel, dead volumes that formed near the bottom of
the vessel had the effect of increasing mixing time. Krishna et al. [10] explained this
phenomenon by means of a multiple circulation model, in which the bath consists
of several circulation cells in the axial direction that make mixing by bulk flow
ineffective. The formation of the circulation cells in the bath inhibits the thorough
mixing of the bath solution. Thus, longer periods of mixing are observed under
conditions of increased bath load as more circulation cells are formed. When the
formation of circulation cells in the bath occurs at lower bath heights, the mixing
time that is recorded tends to be longer than the expected value. The multiple
circulation cells model could also be used to explain the large mixing time values
recorded at the 0.61 m bath height and gas flow rates of 0.0183 and 0.0212 m3/s.
The deviation from the ‘normal’ depends on the extent of circulation cells forma-
tion. Using this model, the formation of circulation cells in the bath was therefore
more pronounced at the gas flow rate of 0.0183 m3/s than at 0.0212 m3/s.

The bath height in the vessel that had a diameter of 0.5 m was observed to have
the largest effect on the mixing time. Using the experimental results obtained, a
correlation that could be used to relate the mixing time (T) to gas flow rate (Q), bath
weight (W) and bath height (H) was established as,

Tmix ¼ 4:39Q�0:73W0:24H1:12 ð6Þ
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The mixing time values estimated from this correlation had an average deviation
of ±3% from the experimentally determined values. Figure 4 presents a compar-
ison of the mixing time estimates obtained using the two correlations.

The crosses in Fig. 4 above represent the sample points estimated by Eq. (6) and
the solid line by Eq. (5). The sample points that were determined taking the bath
height into consideration, i.e. +, are closer to the experimentally determined values
represented by the triangles, Δ. These two corresponding values can be identified in
Fig. 4 by checking points falling on the same specific energy input line. The solid
line in Fig. 4 was plotted from the points calculated from the relationship that did
not take the contribution of the bath height into account.

The effect of slag was established by comparing the results of the current study
to those obtained by Nyoka et al. [1]. Longer mixing time results were recorded
because of the increased load coming from the incorporated slag phase. The
influence of tracer partitioning between the two liquids constituting the bath also
prolonged the mixing time further. Since the incorporated slag phase constituted
only 10% of the bath, it was argued that the reduced mass transfer rates of the tracer
in the bath liquid had a huge influence.

Investigations by Akdogan and Eric [5] centred on measuring the rate of transfer
of a tracer from the water phase to the kerosene phase, i.e.; liquid-liquid mixing and
mass transfer. They reported that the time taken for the tracer to distribute into
equilibrium partitioning ratios was a variable of gas flow rate, bath height and
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nozzle configuration. As a result of the density differences of the kerosene and
water, the purged liquid at the bottom of the bath where dosing was effected had a
greater proportion of water than kerosene. The consequence of that was the pro-
longing of the mixing time as an equilibrium portion of tracer had to be transferred
to the larger part of the slag phase in the dynamic fluid system.

The mixing time values predicted using the established correlations with and
without the slag phase were also compared on the basis of their variations with
specific energy input to the water bath. Figure 5 presents a comparison of predicted
mixing time values when the baths were at the same water bath height but had
different weights because of the slag included in the other case. It is apparent from
the graphs in Fig. 5 that the mixing time increased with the inclusion of the slag
phase. It took a longer period for the same energy input to cause the same level of
mixing on an increased bath volume. The slag phase dissipated some of the input
energy to the bath. Thus, higher mixing time values were recorded. The effect of the
slag phase increased with the specific stirring energy density. Presence of slag
reduced the mean gas velocity in the bath. Thus, an increased change in mixing
time value was observed when the specific energy input increased. These obser-
vations indicated the significance of kinetic energy at high specific stirring energy
density. Under conditions of high bath weight, the kinetic energy factor of input
energy has relatively less effect on mass transfer rates that are mainly controlled by
buoyancy energy. Other factors therefore become more significant in influencing
the mixing behavior of the bath.

At lower stirring rates, the bath took long periods to homogenize. The extended
period observed during bath homogenization allowed the tracer enough time to
partition itself, in equilibrium amounts, between the two phases making up the bath
liquid. This occurred in almost the same time as it would have in a single phase.
This was the reason why the mixing time change with the presence of the slag phase
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was small at lower specific energy input than at high specific energy input. Under
the latter conditions, bath homogeneity was quickly achieved in a single phase
system. Thus, the presence of a second phase tended to prolong the mixing time as
the tracer distributed itself in a bath that was not homogenous. The different
kerosene-water proportions at the bottom and surface was responsible for the
inhomogeneity of the bath liquid. In the absence of stirring or at very low stirring
rates, mixing of the tracer is mainly controlled by convective forces that are less
affected by a second phase. Therefore, the mixing time values approached each
other as the specific energy input was lowered. An average increase in mixing time
of 16.3% was calculated from the correlations used for the conditions investigated
in the presence of slag.

The effect of the presence of slag was clearly shown by graphical comparisons of
the results in Fig. 5. The graphs in Figs. 6 and 7 illustrate further the effect of the
simulated slag phase under the conditions investigated.

It is apparent that the inclusion of a second phase had the effect of increasing the
mixing time. The difference in mixing time values was lesser at lower bath heights
where the specific input rates were lower and vice versa. An average value of the
percentage change in mixing time was calculated from these results to be 17%. The
value compared quite well with the 16.3% value obtained from Fig. 5 presentation.
The close similarity of these percentage changes in Tmix values is important. The
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similarity exhibited supported the soundness of the developed mathematical rela-
tionships. It was therefore concluded that the analysis presented provided a true
picture of the influence of the slag phase on mixing in the model bath. The com-
parison of the two investigations was therefore considered successful.

Mass Transfer Rates

The solid-liquid mass transfer rates in different regions of the bath were represented
by calculated mass transfer coefficients. Figure 8 presents an example of the effect
of increasing gas flow rate on mass transfer coefficients in the bath. S2, S3, S4 and
S7 are individual solid benzoic acid samples suspended at different locations.

The increased stirring power imparted by the purging gases was responsible for
increasing the energy needed for the dissolution of the benzoic acid specimens. At a
constant bath height, as the gas flow rate increased, the center line plume velocity
increased resulting in rapid recirculation of the bath. The plume cone angle was
observed to increase with gas flow rate thus effectively increasing the plume vol-
ume in the bath. The effect of the enlarged high turbulence region was the
enhancement of circulation, mixing and solid-liquid mass transfer. Significant mass
transfer rates were observed near the bath surface. The weight of the much reduced
overlying liquid near the bath surface promoted the multiplication of the rising air
bubbles in the buoyancy energy dominated region. Under these conditions more
stable gas bubbles were formed, thereby promoting turbulence and mass transfer.
The wave action, splashing and eddies caused by the gases leaving the bath at high
velocity markedly enhanced the dissolution rates of benzoic acid specimens in the
region.

Mass transfer coefficients were almost constant inside the bath but increased
slightly at the bottom. Samples S2 and S7 were located inside the bath but outside
the highly turbulent gas-liquid plume. Sample S3 was in the eye, transition region
between the turbulent gas plume region that was originating from the nozzles and
the recirculation liquid from the bath surface. The kinetic energy of the bath liquid
and bubble formation were lower in these zones. The presentation in Fig. 8 shows
that there was almost uniform change in the mean mass transfer rates as the gas flow
rate increased. Comparable gradients of the plots indicated an almost constant effect
of increased stirring power on the mass transfer coefficients inside the bath. The
gradient of the graph observed for sample S4 is slightly steeper indicating the
influence of more turbulence that existed in the region close to the bath surface as
the gas flow rate was increased. The results obtained were consistent with the
observations made in earlier investigations. The mass transfer coefficient was
highest close to the bath surface, lower and almost uniform inside the bath before
increasing slightly at the bottom of the vessel. The spatial positioning of the benzoic
acid specimens in the three regions influenced the observed mass transfer charac-
teristics. The geometry of the bath also modified the mass transfer characteristics of
the bath in certain locations, especially close to the step at bottom.
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Increasing bath height reduced the mass transfer properties in the model con-
verter. Figure 9 presents the effect of bath height on the mass transfer coefficient.
The negative gradients of the graphs resulted from reductions in specific bath
energy as the bath load was increased at a constant gas flow rate. The change in
mass transfer coefficients was gradual for most locations at 0.010 m3/s gas flow
rate. However, the gradients of the graphs became steeper as the gas flow rate
increased. The sensitivity of mass transfer coefficients at higher gas flow rates was
attributed to a much larger specific energy input drop as the bath height was
increased. As the load increased, input energy dissipation also increased hence the
reduction in the specific input energy to the bath. The exponential relationship that
exists between mass transfer and the gas injection rate was also responsible for
greater sensitivity of the mass transfer coefficients at higher gas flow rates.

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024

Gas flow rate (m3/s)

M
as

s t
ra

ns
fe

r 
co

ef
fic

ie
nt

 
(*

10
-5

m
/s)

S2 S3
S4 S7

Fig. 8 Effect of gas flow rate on mass transfer coefficient at 0.44 m bath height

0.00

0.50

1.00

1.50

2.00

2.50

0.40 0.45 0.50 0.55 0.60 0.65

Bath Height (m)

M
as

s t
ra

ns
fe

r 
co

ef
fic

ie
nt

 
(*

10
-5

m
/s)

S2 S3
S4 S7

Fig. 9 Effect of bath height on mass transfer coefficient at 0.01 m3/s gas flow rate

56 A. Chaendera and R.H. Eric



Turbulence in gas-stirred metallurgical vessels was established to be a result of
the gas-liquid plume rising through the bath by Akdogan and Eric [5]. An increase
in mass transfer rates was attributed to increased turbulence in the bath. At very
high gas blowing conditions used in the CLU-converter, the effect of gas flow rate
on mass transport becomes less pronounced. The observations made in this study is
supported by the work done by Wright [4] and Chou et al. [13]. In these studies of
mass transport, it was established that the mass transfer rate increased with gas flow
rate. The mass transfer coefficients initially increased strongly with the gas flow
rate, but this effect diminished with further increases and lower stirring factors were
observed at higher gas flow rates. The dissolution rates were observed to be sig-
nificantly higher in the plume region than in the other parts of the bath. Chou et al.
[13] also attributed this to better mixing of oil and water in the cold model. As the
gas flow rate approached 0.00067 m3/s the improvement in the mass transfer rate
with gas flow rate became less obvious.

A comparison of mapping results obtained in the absence and presence of the
simulated slag phase was done to establish the effect of the simulated slag phase.
Comparisons of the respective mass transfer coefficients obtained in the model
experiments are presented in bar charts. The results of the experiments showed that
the mass transfer values were lowered by the presence of the slag phase. This was
attributed to an increased bath load reducing the specific stirring energy under the
given conditions. Although a lesser factor, due to increased viscosity of the bath
when slag was present, the dissolving capacity of the bath was reduced. The
decrease in the mass transfer coefficients in the presence of slag were not constant
but averaged 19.3% for all the gas flow rates investigated. The decreases were about
26, 14 and 18% for the gas flow rates 0.010, 0.015 and 0.023 m3/s respectively. The
changes in mass transfer coefficients were highest at low gas flow rates. This was
explained by the fact that, when stirring energy is low any opposing energies or
factors result in a large change in mass transfer coefficients. The effect was min-
imised as the gas flow rate increased, resulting in increased stirring energies,
whereas the retarding factors remained almost unchanged.

Figure 10 presents the mass transfer coefficient in the bottom region of the
converter in the presence and absence of the slag phase. Mass transfer coefficients
were generally higher in the regions close to the nozzles where samples S3, S4 and
S5 were located. The step at the bottom of the model converter was responsible for
increased turbulence in its vicinity thus, the higher mass transfer rates observed on
sample S3. Mass transfer rates in the bottom region increased with gas flow rate.

However, the mass transfer rates in this region were generally low because the
samples were placed at the end of the bath liquid re-circulating loop. The liquid in
this region had lost much of its kinetic energy. Turbulence was therefore limited as
gas bubbles were only confined to regions in the vicinity of the nozzles.

The presentation in Fig. 11 is an example of comparisons of the mass transfer
coefficients near the cone region. The samples were located above the nozzles,
where the cylindrical section of the vessel started. A greater influence of the
gas-liquid plume in this region became apparent. As a result of the close vicinity of
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the nozzles to the region, samples S4 and S5 that were located inside the high
turbulent gas-liquid plume experienced much increased mass transfer rates.

Generally, the mass transfer rates were higher in the bottom region than near the
cone region for positions that did not fall inside the plume. The mass transfer rates
followed the turbulence patterns. Two distinct regions were observed in the near
cone region. There was a region that fell inside the plume and another one that was
extending from the vessel walls to the interface between the re-circulating liquid
and the plume region. Existence of dead volumes in the latter region was quite
probable.

When the gas flow rate was low slow moving slag (kerosene) droplets were
observed in this region for quite long periods of time before they broke up into minute
particles and became indistinguishable which was an indication of the existence of
dead volumes resulting in low turbulence levels and low mass transfer coefficients.
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The average change in mass transfer coefficients was 37.7% in the cone region.
The reductions in mass transfer coefficients in the presence of the slag phase were
about 38, 39 and 36% for the gas flow rates 0.010, 0.015 and 0.023 m3/s respec-
tively. A greater reduction in the mass transfer coefficient values near the cone
region than in the bottom region was observed when the slag was present. This
probably resulted from a combination of two factors. Firstly, the less exposure of
the samples in the bottom region to the aggressive gas-liquid plume turbulence
meant that the samples experienced marginal changes originating from a reduced
bath stirring power that resulted from the presence of slag. The major driving force
for dissolution in the bottom region was eddies produced by the bath liquid
bouncing off the bottom of the vessel. These eddies were most likely less affected
by the reduction in specific stirring energy of the bath. Secondly, in the near cone
region, mass transfer processes were mainly driven by gas stirring power related to
turbulence. The reduced influence of the bottom step in this region led to reduced
gas stirring power. Thus, the reduced specific energy input resulted in less effective
mass transfer in the presence of slag.

Samples near the bath surface region recorded the highest mass transfer rates. As
explained earlier, the increased turbulence resulting from a much wider plume
region plus the splashing action of the liquid was responsible for the high mass
transfer rates. The sudden pressure drop at the bath surface also added to the
turbulence in this region. Eddies produced in the liquid by the gas leaving the bath
at high velocity were responsible for the increase in the dissolving power of the
liquid in the vicinity of the bath surface.

Figure 12 shows the effect of slag on mass transfer coefficients near the bath
surface. Samples at location S4 recorded maximum mass transfer coefficients. The
plume effect at this location was marginal only in the bottom region where the
sample was not positioned inside the plume volume. The average change in mass
transfer coefficients was 40% near the bath surface region. The reductions in the
mass transfer coefficients with slag inclusion were about 33, 39 and 48% for the gas
flow rates 0.010, 0.015 and 0.023 m3/s respectively. Comparable average changes
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in mass transfer coefficient values near the cone region and water bath surface
regions show that the presence of the slag had similar effect in the two regions. This
was to be expected as mass transfer processes in both regions were mostly influ-
enced by turbulence in the bath liquid resulting from bath purging.

Conclusions

Under conditions of a constant slag proportion in the bath, the mixing time was
found to increase with bath height and decrease with gas flow rate. The mixing time
data obtained was related to the specific energy dissipation rate. The correlation,
Tmix = 4.39Q−0.73W0.24H1.12, was established to estimate the mixing time in the
model vessel to an acceptable degree of accuracy. Presence of the simulated slag
phase resulted in the mixing time increasing by an average of about 16%. The
mixing time was significantly prolonged at high levels of specific energy input to
the bath and only marginally at very low specific energy levels.

Mass transfer coefficients were experimentally determined at varying gas flow
rates and bath heights using dissolution of cylindrical solid benzoic acid samples
suspended at various positions in the model reactor in the presence of slag. It was
established that the bath liquid is in continuous circulation in an anti-clockwise
motion with the leading edge above the gas purging nozzles. This motion provided
for bulk mixing and mass transfer of the bath liquid. Turbulence characteristics
inside the bath liquid varied with location and gas injection rate. The bath surface
region, the gas-liquid plume region and the bath bottom region displayed higher
mass transfer characteristics. The step at the bottom of the vessel increased tur-
bulence by impeding the smooth bulk liquid flow. As a result, solid-liquid mass
transfer characteristics of the bath increased in its locality.
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Part II
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Modeling of Aluminum Electrowinning
in Ionic Liquid Electrolytes

Mingming Zhang and Ramana G. Reddy

Abstract A 3-D mathematical model was developed for the batch reactor of low
temperature aluminum electrowinning using ionic liquid electrolytes. This model
describes the deposition process by incorporating the mass transport of participating
ionic species, homogeneous chemical reactions within the diffusion layer, and the
associated electrochemical kinetics. Processing parameters, current and potential
distribution, species concentration, fluid flow distribution, and electrode spacing
were evaluated for the optimal reactor performance. The results indicated that the
electrode spacing significantly affects the electrolyte fluid flow and current density
distribution. The parallel electrode configuration (in line with electrolyte inlet)
improved the convection and resulted in uniform current density distribution and
electrolyte fluid flow. However, for this electrode configuration, electroactive
species distribution was most favorable between the electrodes. Perpendicular
configuration of electrodes resulted in a more non-uniform fluid flow within elec-
trolyte domain, and it has a potential to cause non-uniform deposits. Aluminum
electrowinning experiments were conducted using batch reactor at 80 °C, elec-
trolyte flow rate of 5–20 ml/min, and applied cell voltage of 3–3.5 V. Good
agreement was obtained between the model and the batch aluminum electrowinning
experimental results.
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Introduction

The low temperature aluminum electrowinning process in ionic liquids has been
shown to possess a number of advantages over traditional organic solvents and
molten salts. It is considered to be a low energy consumption process, since the
operating temperatures are low (<100 °C), and the emission of pollutants is neg-
ligible due to low vapor pressure [1]. Particularly chloroaluminate ionic liquids
made by mixing imidazolium chloride and AlCl3 have been investigated by many
groups as possible electrolyte for aluminum production [1–3]. The CnmimCl-AlCl3
melts showed high conductivity, produced high purity, and thick adherent deposits
[3]. By varying the molar ratio of the organic salt to AlCl3, basic, neutral and acidic
melts can be formed. System with a molar ratio of AlCl3:RCl greater than 1 is
acidic, which contains R+, Al2Cl7

− and AlCl4
− ions. Aluminum electrodeposition is

feasible only in acidic melts. The cathode reaction can be expressed as:

4Al2Cl�7 þ 3e� ¼ Alþ 7AlCl�4 ð1Þ

The reaction taking place at the anode is:

4AlCl�4 ¼ 2Al2Cl�7 þCl2 þ 2e� ð2Þ

The overall electrolysis reaction can be obtained by combining Eqs. (1) and (2):

2Al2Cl�7 ¼ 2Alþ 2AlCl�4 þ 3Cl2 ð3Þ

A parallel plate electrochemical reactor is the most convenient cell design for an
electrowinning process. Such design helps to obtain the current density, energy
consumption and efficiency of aluminum deposition process data. These process
parameters depend on the input of the cell potential, electrolyte composition and
flow rate. Pickett [4] has given cell design methods for parallel plate cells. But they
were based on the assumption that the mass transfer controlled electrode reaction is
dominant. The models developed by Parrish and Newman [5] and Caban and
Chapman [6] approaches are referred to as thin diffusion layer models. They
assumed that the reactant concentration is constant in the bulk solution and differs
only within the thin diffusion layer of the electrodes. White et al. [7, 8] presented a
mathematical model for a parallel plate electrochemical reactor and associated
recirculation system. They assumed that the distance between the electrodes is
much smaller than the dimensions of the electrodes and the axial diffusion and
migration were ignored. Georgiadou [9] further refined these models considering
exponential kinetics of heterogeneous electrode reactions under steady state laminar
flow. All these models mentioned above were studied for aqueous electrolytes and
their PDE equations were solved using either finite difference (FD) or finite volume
(FV) methods in two dimensions (2-D).

Wahnsiedler [10] developed the isothermal electrochemical model for industrial
Hall cells. The authors have developed a general three-dimensional (3-D) model
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mainly applicable to Hall industrial aluminum electrowinning cell. Their model
uses fluid dynamics codes based on concentration, heat and momentum conser-
vation. A macro-homogeneous approach has been developed by Newman [11], to
describe the potential variations in the electrolytes. The material balance in the
electrolyte was described using the concentrated solution theory and in the solid
phase using a Fickian diffusion equation in Cartesian coordinates. Later, Pals and
Newman [12], Song and Evans [13] and Wang et al. [14] extended this model by
including the energy balance terms in order to predict cell temperature. This
electrochemical-thermal model using local heat generation terms has shown to be
more accurate and includes all the features of the isothermal model developed by
Wahnsiedler [10]. The electrochemical-thermal model in its entirety or in partial
was used by various researchers for modeling single electrodes and or full elec-
trochemical cells to simulate various operating cell conditions at high temperatures.
The problems encountered with aluminum electrowinning systems such as gas
evolving, thermal runaway, and occurrence of undesired side reactions were
addressed using this model.

The objective of this paper is to provide design information for the
laboratory/batch scale electrowinning process using ionic liquid electrolytes at near
room temperatures. In conjunction with various scale experimental efforts, a 3-D
numerical modeling was developed for understanding and controlling the fluid
dynamics and electrochemical reactions at the electrode-electrolyte interface during
the low temperature aluminum electrowinning in ionic liquids. The approaches
developed in this paper can be extended for the large scale production of aluminum
using ionic liquids.

Experimental Methods

The ionic liquid electrolytes were prepared according to the procedures reported
earlier [2]. The ionic liquid (C6mimCl) was mixed with anhydrous AlCl3 in the
electrolyte reservoir with a constant stirring in glove box (deaerated with argon).
After the temperature of the electrolytic mixture was stabilized, the reservoir was
removed from glove box to ventilated cabinet and connected to the electrolytic cell.
Electrolysis begins when the flow rate and temperature of electrolyte reaches
pre-determined values. The ceramic piston pump and hot plate were used to control
the flow rate and temperature of the electrolyte.

The electrolysis experiments were conducted using an electrolytic cell (500 ml
cylindrical beaker) as shown in Fig. 1. Cathode was copper sheet (5.5 � 3.0 � 0.1 cm)
and anode was graphite plate (5.5 � 3.0 � 0.4 cm). A Kepco ABC programmable
power supply (Flushing, N.Y.) was used as AC power supply and a Keithley 2000
Multimeter was used to measure the cathode potential. A Corning stirrer/hotplate
Model PC-320 (Acton, MA) was used to maintain the temperature of electrolyte and
theflow rate of electrolytewas controlled by aCole Palmer Series Q ceramic valveless
piston pump (Vernon Hills, IL).

Modeling of Aluminum Electrowinning in Ionic Liquid Electrolytes 67



Table 1 shows the conditions employed in the electrowinning experiments. All
experiments were conducted under a constant applied cell voltage condition. Inert
gas (Argon) was purged through electrolysis cell during all experiments. After the
experiment, the pump was stopped and electrodes were removed from the cell. The
deposits were cleaned and weighted. Further analysis was performed to determine
current efficiency and microstructures of the deposits.

Mathematical Formulation

Electrical Potential Modeling

The electrical potential distribution in 2-D electrowinning domain results was
presented in our earlier paper [15]. In the present paper, the same methodology was
extended to 3-D domain by solving the Poisson equation which describes the
potential distribution within the bulk electrolyte. The Poisson equation relates the
charge density to the Laplacian of the electric potential, as shown in Eq. (4).

Anode 
(Graphite plate)

Cathode
(Pure copper plate)

Inert Gas

─ +

Hot plate

Cin

Cout

Pump

Thermometer

Mixed Electrolyte
 Reservoir

Fig. 1 Schematic for the
batch recirculation
electrowinning

Table 1 Electrowinning parameters

Electrolyte composition C6mimCl + AlCl3 (Al concentration: 5 mol/L)

Temperature 80 °C

Cathode Copper

Anode YBD extrude carbon

Electrolyte flow rate 5–20 ml/min

Avg. current density 150–250 A/m2

Applied cell Volt. 3.0 V versus Al(III)

Electrode area 5.5 � 3.0 cm2
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However, the use of both Poisson’s equation and electroneutrality could render
inconsistence especially when it needs to determine the behavior of each species in
the electrolyte near the electrodes. This is because the charge density in the electric
double layer near the electrodes cannot be neglected. This double layer region has
very large electric field and thus the electroneutrality may not be valid. The detailed
equations describing this region are addressed in section Electrode-Electrolyte
Interface.

The Poisson equation for U is solved with constant values of U at the electrodes,
and zero flux at the other boundaries.

r � r/ð Þ ¼ r2/ ¼ � q0

e
ð4Þ

With the help of the Ohm’s and Coulomb’s Laws, it is possible to numerically
solve the Poisson equation in 3-D domain;

i ¼ �jrU ð5Þ

r � U ¼ 0 ð6Þ

The partial current densities can be evaluated once the conductivity and
potentials are known. The conductivity of the electrolyte can be calculated by the
following equation [16].

j ¼ F2
X2
i¼1

miCi;ref ð7Þ

Fluid Flow Modeling

The fundamental physical laws applicable to the electrolyte fluid flow system are
the Navier-Stokes equations. The expression for the electrolyte fluid motion is
given by:

q
@u
@t

þ qðu � rÞu ¼ �rPþ lr2uþ qg ð8Þ

The continuity equation which expresses conservation of the mass is given by:

r � ðquÞ ¼ 0 ð9Þ

For the electro-hydrodynamic flow which is the case in electrowinning process,
it is necessary to simultaneously solve for the transport of space charge and the
electric field, in addition to the momentum equations and the mass conservation.
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Mass Transport in Bulk Electrolyte

The governing equations for species involve a mass transport for species i and the
electroneutrality condition. The governing equations within the electrolyte domain
include differential material balances for all species considered in the model. The
conservation of species expression is given by:

@Ci

@t
¼ Dir2Ci þ zi

zij jmir � ðCir/Þ ð10Þ

where, t denotes time, Di is the diffusion coefficient, zi is the electrical charge
number and mi is the ionic mobility of species i.

The electroneutrality condition in the electrolyte domain is given by:

X
i

ziCi ¼ 0 ð11Þ

The current density is determined by combining the Eqs. (10) and (11). The
equation is given by:

i ¼ �F
X
i

ziDirCi � F
X
i

z2i DirU ð12Þ

Electrode-Electrolyte Interface

Because electrode reactions which occur at the electrode-electrolyte interface play a
major role in determining the electrochemical kinetics, knowledge of these reac-
tions is critical in evaluating the process parameters such as current efficiency and
current density. Species charges and solvent dipoles are arranged at the interface
between electrode and electrolyte solution. The arrangement in the inter-phase
region at the boundary of an electrode-electrolyte is termed as “electric double
layer”. Several models were proposed to describe electric double layer. These are:
(a) Helmholtz compact layer model, (b) Gouy-Chapman diffuse layer model, and
(c) Stern model. A more comprehensive model addressing the inter-phase phe-
nomena in three-dimension is the Bockris-Devanathan-Muller (BDM) model. This
triple layer model incorporates all the above three models. Because of the
non-linear variation in the charge density within the electric double layer, the
potential distribution is no longer governed by Laplace’s equation. The charged
species and potential distribution equations are coupled together. They have to be
solved simultaneously in order to obtain the current density and potential distri-
bution within the interface.
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q0 ¼
X

qicj ¼
X

zjecj ð13Þ

cj ¼ c1j exp � zje/0

kBT

� �
ð14Þ

r2/ ¼ � q0

e
¼ � 1

e

X
zjec1j exp � zje/0

kBT

� �
ð15Þ

Due to the complexity involved in solving the above Eqs. (13)–(15), it was
assumed that i = i0k. The conductivity k was calculated using Eq. (7). The solution
potential /o (at the cathode surface /oc and anode surface /oa) was calculated by
substituting i and k into the Eq. (5). The equilibrium open-circuit potential Ek is
given by Eq. (16). Then the reaction current density was calculated by
Butler-Volmer Eq. (17).

Ek ¼ E0
k �

RT
nkF

ln
Y
i

Ci1
q

� �sik

ð16Þ

ik ¼ iref0k

Y
i

Ci0

Ciref

� �cik

� exp
aaknkF
RT

VM � U0a � Ekð Þ
� �

� exp � acknkF
RT

VM � U0c � Ekð Þ
� �� �

ð17Þ

Boundary Conditions

The boundaries of the studied electrowinning cell include inlet, outlet, electrode
surfaces and inner cell walls. The implementations of these boundary conditions are
shown in Fig. 2. The boundary conditions were evaluated assuming that the fluid
flow is incompressible laminar flow (Re < 1000). The grid was extended to store
the values of the physical properties at the boundaries. The boundary conditions
applied in the discretized equation via source term are described in the following
sections.

Nodes

Integration 
points 

Fig. 2 Finite volume based
discretization
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Inlet Boundary Conditions
The distributions of all flow variables, except pressure, were specified at the inlet to
the electrowinning cell. The flow direction was top nozzle to the bottom nozzle on
the opposite side of cell. Uniform initial conditions were assumed for Ci and T,

Ci ¼ C1 ð18Þ

T ¼ T0 ð19Þ

On the fluid inlet boundary,

ui ¼ u0 ð20Þ

Ci ¼ Ci1 ð21Þ

@U
@n

¼ 0 ð22Þ

Outlet Boundary Conditions
At the outlet boundary, the flow is directed out of the domain. The hydrodynamic
boundary condition (i.e., mass and momentum) involves constraints on the
boundary static pressure, velocity or mass flow. For all other transport equations,
the outlet value of the variable is part of the solution.

In our model, zero gradients for all variables, except pressure, in the normal
direction were assumed.

On the fluid outlet boundary,

@Ci

@n
¼ 0 ð23Þ

@U
@n

¼ 0 ð24Þ

Wall Boundary Conditions
In this modeling work, non-slip and non-penetrating wall conditions were assumed. The
electrolyte velocity in the additional grid line was set to be zero (the grid line used for
implementation wall boundary conditions). Since there is no mass transfer of species
through the cell wall, the gradient of the species concentration was set to zero, (∂Cw/
∂n = 0). This was implemented by setting the values of the species concentration at the
wall as the nearby cells.

On insulating wall boundaries:

ui ¼ 0 ð25Þ
@Ci

@n
¼ 0 ð26Þ
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@U
@n

¼ 0 ð27Þ

Electrode Surface Boundary Conditions
On a cathode (+) or anode (−) surfaces, the interfacial flux of certain species should
be equal to the generation or consumption of the species by the associated elec-
trochemical reactions, i.e. the normal flux of reacting species is a sum of reaction
currents (iK), whereas for non-reacting species is zero. The conditions are given by:

Reacting species:

�Di
@Ci

@n
� ziDiCi

@U
@n

¼ ð�1Þ
X
k

sikik
nk

ð28Þ

Non-reacting species:

�Di
@Ci

@n
� ziDiCi

@U
@n

¼ 0 ð29Þ

The kinetic and thermodynamic parameters, species diffusion coefficients, and
reference species concentrations used to solve this model are listed in Table 2 and
Table 3. The governing equations and associated boundary conditions were
numerically solved using finite volume method which is discussed in the following
section.

Table 2 Standard potentials
for reactions at cathode and
anode [1, 2, 16]

Reactions nk cik aak ack i0k
ref

(A/m2)
Ek
0

(Volts)

(1) 3 0.7 0.5 0.5 10−5 −0.5

(2) 2 0.7 0.5 0.5 10−5 2.50

Table 3 Transport properties of aluminum ions in C6mimCl-AlCl3 mixture (at 25 °C) [3, 15]

Species/Anions C6mim+ AlCl4
− Al2Cl7

− Cl−

Reference concentration, Ci, ref � 103(mol/ml) 1 0.5 0.5 0.1

Diffusion coeff., Di � 105(cm2s−1) 0.144 1.065 0.61 9.321

Mobility (mi = Di/RT) � 109, cm2 mol J−1s−1 0.581 4.30 2.46 37.6

Transport number, t+/− 0.71 0.23 0.06 –

Density, g/m3
– 1.294 1.389 1.234

Molecular weight, g/mol – 279.96 413.22 –

Molar volume, Vmol, cm
3/mol – 216.4 297.54 –

Conductivity, mS/cm – 22.6 14.5 –
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Results and Discussion

Electrical Field Distribution

The results of the computation of the potential distribution and the electrical field is
shown in Fig. 3 for Vapp = 3 V versus Al (III) in the xy-plane at z = 0.5, 1.0, 3.0
and 9.0 cm. As seen from these figures, the electrical potential is distributed
intensively between two separated electrodes and the main gradient exists around
the edges of electrodes and induces electrolyte to flow from anode to cathode.
Therefore, electric field intensity is high between the electrodes and almost zero in
the cross region between electrodes and cell wall.

Concentration Profile

During the aluminum electrowinning in chloroaluminate ionic liquid electrolyte, the
current is transported through the bath almost exclusively by the Al2Cl7

− and
AlCl4

− ions, whereas the cation Cnmim+ acted as supporting electrolyte. Figure 4
shows 3-D examples of concentration profiles of Al2Cl7

− within the electrowinning
cell. Concentration gradients were found to decrease from the upper part of cell to
the inactive bottom part. The iso-concentration contour becomes steeper near the
center of the electrodes. The higher concentration gradients on the outside of
electrode surface are likely due to the presence of large inactive surface. This
surface allows partial replenishment of the boundary layer by the diffusion of the
electroactive species. It is also observed that the contours are smooth and even at
the low Reynolds number. In addition, the development of the concentration profile
with increasing Reynolds number was as expected. At the low Reynold number, the
concentration changes in the electrodes realm were mainly due to diffusion and
migration. At greater Reynolds number, the convection effects dominated and

Fig. 3 Iso-potential contour
with aspect ratio 1:1 at
applied cell potential 3.0 V
versus Al(III)
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concentration changes were confined into a smaller distance from the electrode
surfaces, since the thickness of the mass transfer boundary layer was progressively
reduced.

Current Density Distribution

The current density modeling are based on the electrical field and current density
distribution calculation. Figure 5 shows the computed current density vector plots.
As seen in the current density vector plot, current flow from the anode through the
electrolyte to the cathode, while it is nearly zero everywhere else. The streamtraces
which are actually the paths of ions moving in the current field within the elec-
trolyte correspond to the current line. The current density near the edges of

Fig. 4 Iso-concentration contours of Al2Cl7
− with aspect ratio 1:1 under laminar flow for

Re = 7.31 (a) and for Re = 731 (b)

Fig. 5 Distribution of dimensionless primary current density with aspect ratio 1:1 at applied
potential 3.0 V versus Al(III)
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electrode is generally more intensive than elsewhere within the cross section. With
varying electrode distance, the mean current density values W within the cross
section electrolyte domain changes. Under optimum electrode distance the mean
current density (dimensionless) becomes maximum corresponding to the applied
minimum cell voltage, where the electrolyte concentration, temperature and
geometry of cell are set to constant. Our early modeling results on cylindrical
electrowinning cell showed the relation between applied cell voltage and electrode
distance with mean current density as a parameter when electrolyte temperature was
90 °C and concentration was 50 mol% of AlCl3. The optimum electrode distance
was determined to be*1.5 cm when maximum mean current density was achieved
with minimum applied cell voltage [15].

Based on the results of 3-D electrical field and current density modeling on
electrowinning cell, the experimental data were compared with modeling results as
shown in Fig. 6. The modeling results were in good agreement with experimental
data below 3.5 V, but there was significant difference with applied cell voltages
above 3.5 V. This may be due to the cathodic side reactions are significant when
cell voltage increases to higher than 3.5 V. The electrochemical window of the
studied ionic liquid electrolyte is between 2.2 and 4.0 V. When the applied cell
voltage approaches the maximum electrochemical cell voltage (window) of ionic
liquid electrolyte, electrochemical properties of ionic liquid electrolyte may also
experience abnormal behavior as observed in the discrepancy between our mod-
eling and experimental results.

Conclusions

A 3-D mathematical model for the low temperature aluminum electrowinning in
ionic liquid electrolytes is developed. A number of ionic liquid electrowinning
process parameters were evaluated for optimal reactor performance, including
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current and potential distributions, species concentration profiles, fluid flow dis-
tribution, and electrode spacing. The results indicated that the electrode configu-
ration significantly affects the electrolyte fluid flow and current density distribution.
The parallel electrode configuration (in line with electrolyte inlet) improved the
convection and resulted in homogenous current density distribution and electrolyte
fluid flow. The Electroactive species distribution was most favorable between the
electrodes in the case of parallel electrode configuration. Perpendicularly configured
electrodes resulted in a more complex fluid flow within electrolyte domain.

The specific conclusions derived from present study are as follows:

(1) The electric field intensity is high between the electrodes and almost zero
outside cross section of the electrodes.

(2) The current density and fluid flow for two different electrode configurations
were evaluated. Higher current densities are obtained with the parallel
configuration.

(3) Aluminum electrowinning experiments were conducted using batch reactor.
The current density modeling results are in good agreement with experimental
data below applied cell voltage of 3.5 V.

Acknowledgements The authors would like to thank the financial support from the U.S.
Department of Energy, The University of Alabama and the computer software assistance from
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Appendix

List of Symbols

Ci Concentration of specie i, mol/m3, C*i = Ci/C
Ci
0 Surface concentration of specie i, mol/m3

Ci
ref Reference concentration of specie i, mol/m3

Ci
∞ Bulk concentration of specie i, mol/m3, Ci∞

* = Ci∞/C
Di Diffusion coefficient of specie i, m2/s
Ek Equilibrium open-circuit potential of reaction k, Volts
Ek
0 Standard potential of reaction k, Volts

F Faraday’s constant, 96,487 C/mol
g The acceleration of gravity, 9.8 m/s
i Primary current density, Am−2

i0k Reference current density of reaction k, Am−2

iref0k
Exchange current density of reaction k at an interface, A/m2

ik Current density of reaction k, A/m2

kB Boltzmann constant, 1.380 � 10−23 J/k; 8.617 � 10−5 electron-volt/k
mi Mobility of specie i, cm2mol J−1s−1, mi = Di/RT
n Outward normal direction to a boundary surface
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ni,j Components of the outward normal surface vector
nk Number of electrons transferred in reaction k
P Pressure, Pascal
qi Electron charge of specie i, 1.602 � 10−19 C per electron
R Universal gas constant, 8.314 J/mol K
Sik Stoichiometric coefficient of specie i in reaction k
Sh Source term in scalar equation
T Temperature, K
t Time, second
u Velocity of the electrolyte, m/s
ui Velocity of the specie i, m/s
[ui] i Component mean velocity, m/s
VM Electrode potential, Volts
Vapp Applied cell potential, Volts
xi,j Components of the Cartesian co-ordinate
zi Charge number of specie i
aak Anodic transfer coefficient of reaction k
ack Cathodic transfer coefficient of reaction k
e Permittivity of electrolyte, Faradays/meter
q′ Charge density, ev/m3

cik Constant order of reaction k
Гh Scalar diffusion coefficient term
Ф Electric potential, Volts
Ф0 Solution potential in electrolyte adjacent to electrode surface, Volts
j Conductivity of the electrolyte, S/m or Ω−1m−1

q Density, kg/m3

h Scalar variable
l Kinetics viscosity of the electrolyte, cm2/sec
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Electrochemical Processing
of Rare Earth Alloys

Karen Sende Osen, Ana Maria Martinez, Henrik Gudbrandsen,
Anne Støre and Ole Kjos

Abstract The light rare earth metals Nd, Pr, La, Ce as well as some alloys with Fe,
are today produced in China by electrolysis in molten fluorides using oxide raw
materials. A major challenge is to obtain a good cell operation without
de-composing the electrolyte leading to emissions of perfluorinated carbon
(PFC) green-house gases to the atmosphere. This work is focused on understanding
the fundamental requirements to run the electrolysis cells for DyFe alloy production
in an efficient and environmental friendly way. Electrolysis experiments was carried
out in DyF3-LiF melts at 1050 °C. A Fe rod was used as consumable cathode and
the (consumable) anode was made of graphite. To establish at which anode
potential PFC occurred and thus enabling optimisation of the oxide batch feed rate,
analysis of the anode gases was performed with Fourier Transform Infrared
Spectrometer (FTIR). The produced DyFe alloy was characterised by X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS).

Keywords Dysprosium electrolysis � Gas analysis � Perfluorinated carbon �
Fluoride melt

Introduction

The light rare earth metals Nd, Pr, La, Ce as well as some alloys with Fe, are today
produced in China by electrolysis in molten fluorides using oxide raw materials.
A major challenge is to obtain a good cell operation without de-composing the
electrolyte leading to emissions of perfluorinated carbon (PFC) green-house gases
to the atmosphere.

The “Chinese technology” relies on an electrolytic process using a vertical
electrode set-up cell, with graphite anodes and molybdenum or tungsten as inert
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cathode materials, where the Rare Earth element (RE) is deposited in a liquid form
[1]. Consumable cathodes of transition elements are also used to obtain the cor-
responding RE-based alloy. The most common case is the use of Fe as cathode
material, enabling use of the alloy product as a master alloy for permanent alloy
manufacturing. The electrolyte typically consists of an equimolar REF3-LiF mixture
and RE2O3 is used as raw material at a temperature of operation of ca. 1050 °C [2].
Despite the fact that there is limited reliable information on the actual electrolysis
technology used in China, it seems that the typical operational anodic current
densities are around 1 A/cm2 with CO reported as the main anode off-gas product,
and that the process releases large amounts of PFC gases (mainly CF4 and C2F6)
almost continuously [3]. It is believed that conventional electrolytic production of
Nd contaminates the atmosphere with PFC as much as the entire aluminium
industry if the off-gases were not treated. PFCs are qualified as one of the gases
with highest global warming potentials (GWP) for ozone-depleting substances. The
tabulated data for 100-year GWP relative to CO2 are 6500 and 9200 for CF4 and
C2F6, respectively (values referred to the GWP of CO2). The life time is established
to be 10,000 and 50,000 years for CF4 and C2F6, respectively [4].

Reports on Dy–Fe electrolysis are scarce, but the off gas composition during
electrodeposition of Nd have been studied by several. Keller [3] studied the off gas
during Nd electrolysis in NdF3–CaF2–LiF (60-20-20 wt%) with 1 wt% Nd2O3. At
915 °C, below a cell voltage of 3.5 V, only CO/CO2 was evolved. The content of
both CF4 and C2F6 became significant at 4.5 V. CF4 levelled off at higher voltages
(5–7 V), but the C2F6 continued to rise and became the predominant PFC com-
ponent. Guihua et al. [5] studied the off gas products in NdF3–LiF with only
residual oxide content during polarisation at 1273 and 1173 K, and found that at the
lower temperature C2F6 and CF4 were produced under stable operating conditions
without leading to anode effect (massive increase in cell potential and current drop
due to blockage of active anode sites by the formed PFC).

A main challenge is to run a process with no PFC gas evolution and at the same
time maintain a good cell operation in terms of avoiding sludge formation due to
over feeding of oxide. To avoid PFC evolution, a sufficient supply of oxide is
continuously needed to match the operational amperage. The relatively low oxide
solubility and slow dissolution rate gives a narrow operational window in this
respect. The objective of this work is to understand some fundamental requirements
on how to carry out DyFe alloy production without PFC emission. This was done
by studying the gas composition by on line gas analysis during electrolysis
experiments in equimolar DyF3–LiF melts at approximately 1050 °C.

Experimental

A vertical electrode set up was used for the electrolysis cell. This included graphite
anodes surrounding the iron cathode rod. Such a set up would ensure an even
current distribution. The molten DyF3–LiF (50:50 molar basis) electrolyte was
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contained in a glassy carbon crucible (Mersen Nordic AB) and the experiment was
run in a gas tight tubular furnace at 1050 ± 5 °C under Ar 5.0 atmosphere. Sintered
alumina tubes were used both for feeding the Dy2O3 material and gas sampling.
The Dy2O3 raw material was stored in a desiccator.

Electrolysis experiments were performed by applying constant current using an
HP 6031A System Power Supply. The cell voltages as well as the temperature
variations were logged during the course of the experiment by means of a multi-
channel Keithley 2000 Multimeter. The temperature was monitored continuously
using a thermocouple type S (Pt–Pt 10% Rh). A Fourier Transform Infrared
Spectrometer (FTIR) apparatus (Protea ProtIR 204m) was used for online analysis
of the off-gases (CO, CO2, C2F6 and CF4) of the cell during the electrolysis.
Existing models were used in order to transform the FTIR readings to actual gas
concentrations, upon calibration of the apparatus.

Approximately 580 g of equimolar DyF3–LiF had been mixed, pre-melted and
cooled in a graphite crucible. The obtained chunk of salt was then placed in the
glassy carbon crucible, and the furnace was sealed off with the electrode set up in
place and heated to ca. 1060 °C. After melting, around 2 wt% Dy2O3 (anhydrous
99.9% (REO), Strem Chemicals Inc.) was added and left to dissolve until the
morning after. Then a melt sample was taken and immediately analyzed with
respect to oxide content by carbothermal method using LECO TC-436 DR (Leco
Corp., USA) to verify that everything had dissolved. When this was confirmed, the
electrolysis experiment was run galvanostatically at anodic current density of
around 0.15 A/cm2, and initial cathodic current density of around 1.5 A/cm2. The
argon flow through the furnace was kept constant during the whole experiment to
500 mL/min, and the out gas was led through the FTIR via the alumina out gas tube
situated above the melt “inside” the anode. Subsequent amounts of oxide were fed
batch wise during the course of the electrolysis. The oxide additions could be
carried out without opening the cell to the atmosphere, so the gas analysis could
take place during the whole experiment without disturbance. The cell voltage,
current and temperature were recorded, and in addition, the glassy carbon crucible
was used as a “quasi reference electrode” so that the potential between the anode
and the crucible and cathode and crucible could be monitored.

After typically 5–6 h of electrolysis, the furnace was slowly cooled under argon
to room temperature. The next day the cell was opened, salt crushed, and any metal
produced recovered. The composition of the Dy–Fe alloy obtained at the cathode is
expected to have a dysprosium content of ca. 80 wt%, according to the reported
phase diagram [6].

Results and Discussion

Figure 1 shows electrolysis data, and Figs. 2 and 3 the results from the gas analysis
plotted together with the anode voltage for one of the experiments.
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The characteristic periodic sudden increases in the anode voltage (spikes) from
around 3.4 to 3.6–3.7 V that can be seen in the figures, correlates with the onset of
CF4 gas (shown most evidently in Fig. 3). Upon oxide feeding, the anode potential
dropped to around 3 V, and started to climb slowly again until the sudden increase
to 3.6–3.7 V, accompanied by CF4 evolution. As the experiment went along, this
feature was deliberately used to govern the oxide addition rate. An optimal feed rate
for Dy2O3 in terms of batch addition frequency that would prevent CF4 onset could
be established by feeding just before the abrupt anode potential rise occurred.

This behaviour of the anodic voltage is due to the depletion of dissolved oxides
at the anode interface and subsequent discharge of fluoride ions from the electrolyte.
The reoccurring potential jumps accompanied by CF4 formation probably repre-
sents an incipient anode effect that would eventually end in a massive rise in
potential and drop of current if no action had been taken (oxide addition). However,
it seems possible to sustain a stable operation at higher anode potentials and lower
oxide contents, with co-evolution of CF4. Due to a temporarily blocking of the
oxide feeder tube, no oxide was fed to the bath for about 30 min (time period from
*125 to 160 min), and from Fig. 1 it can be seen that after jumping up to 3.6–
3.7 V, the potential remained there and no current block occurred. Similar PFC
released previous to a full anode effect has also been observed during aluminium
electrolysis, either as so called “Low voltage” anode effects, or as continuous back
ground emissions [7].
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On average, more than 99% of the off gas was CO, but in the first period of the
electrolysis, also significant amounts of CO2 was observed. However, the CO2 con-
centration dropped, but smaller amounts seemed to evolve simultaneously as CF4.

The reason for the mentioned decline in the CO2 content in the beginning might
be that the primary anode product when oxide is discharged in fact is CO2 as in
aluminium electrolysis, but as more dysprosium iron alloy is formed as the elec-
trolysis proceeds, some of the dysprosium dissolves into the melt and reacts back
with CO2 to form Dy2O3 and CO. Some of the CO2 formed might also react with
the carbon in the graphite anode and be converted to CO according to the
Boudouard reaction. However, it cannot be ruled out that CO could be the result of
a primary reaction.

That the evolution of CO2 also to coincides with CF4 might be due to formation
of the former as some of the CF4 reacts with dissolved Dy2O3 in the melt.

No C2F6 gas was detected, however, the cell potential never exceeded 4 V.
Upon opening the cell after cooling, metal lumps consisting of a Dy–Fe alloy

could be recovered from the bottom of the crucible, shown in Fig. 4a.
The iron cathode, shown in Fig. 4b, had evidently been consumed. The

deposited material around the Fe cathode situated just above the electrolyte surface
was analysed by X-ray Diffraction (XRD). The analysis of the deposit showed
mainly Dy fluoride salt (LiDyF4), and some amounts of dysprosium oxyfluoride,
LiF and Dy metal.

Analysis of the cathode product by XRD, demonstrated the presence of DyFe2
and Dy, and this is expected after slow cooling of the cathode product, according to
the phase diagram.

Figure 5 shows back scattered Scanning Electron Microscopy (SEM) micrograph
analysis and Energy Dispersive X-ray Spectroscopy (EDS) analysis of the Dy–Fe
alloy obtained. The hexagonal phase is rich in Fe, the continuous phase rich in Dy.
The relatively high carbon content of 2 wt% might be due the reaction of the liquid
alloy and the bottom of the cell reactor (glassy carbon crucible).

By weighing the recovered metal and assuming a Dy content of 80 wt%, and
knowing the total amount of Dy2O3 added as well as the oxide concentrations in the
melt before and after electrolysis, an oxygen balance could be carried out. The

Fig. 4 a Dysprosium-iron lump recovered after the experiment, b iron cathode consumed
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oxide yield was found to be *32%, meaning that around 68% is “not accounted
for”. This has probably ended up as sludge at the bottom of the cell. XRD of the
three layers of salt that can be observed in Fig. 4a indicated a higher content of
dysprosium oxy fluoride in the lowest layer. All though the average Dy2O3 addition
rate was kept at around 60% of the total charge imposed, the single batch sizes
seemed to have been too large for all of it to have time to dissolve before it settled
in the cell bottom. Dysinger and Murphy reported on similar challenges in Nd
electrolysis, and commented that once settled in the cell bottom the oxide will not
dissolve in an appreciable rate [8]. Continuous feeding would probably help to
utilize more of the oxide added.

The current efficiency of the process was determined to be approximately 19%
by weighing the cathode product.

Oxide yield and current efficiency calculated by using the gas analysis to esti-
mate the total amount of oxygen that exit the cell yielded numbers in the same
range as the weighing method.

A significant part of the loss in current is most likely due to back reactions
between the anode and cathode products in the small laboratory cell. Other current
losses might be due to Dy metal dissolution and co deposition of Li, perhaps giving
rise to electronic conduction. The back reaction may be diminished by increasing
the anode cathode distance. It is in general also more probable to obtain higher
current efficiencies in larger scale electrolysis cell.

Dy 
rich

Fe 
rich

Fig. 5 Back-scattered SEM micrograph analysis of the Dy–Fe alloy product and EDS elemental
analysis
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Summary and Concluding Remarks

The objective of this work was to understand some fundamental requirements on
how to avoid PFC emission during DyFe alloy electrolysis. Electrolysis experi-
ments in equimolar DyF3–LiF melts at approximately 1050 °C and simultaneous on
line gas analysis was carried out.

The optimal Dy2O3 batch feed rate for avoiding PFC formation could be
established by following the cell voltage and gas analysis and correlating the onset
of PFC with the values and the changes that occurred in the anode potential.

On-line analysis of the cell off-gasses by FTIR showed that the main component
in the off gas is CO, but significant amounts of CO2 were observed in the beginning
of the electrolysis. If CO2 is the primary anode product, back reaction between CO2

and dissolved Dy yields CO as a reaction product.
Dy–Fe alloy was produced, and the phases DyFe2 and Dy of the solidified lump

was verified by XRD.
The oxide yield and current efficiency determined by weighing the cathode

product was approximately 32 and 19% respectively.
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Effect of Cobalt and Iron Concentration
on the Potential for Oxygen Evolution
from Pb–Ca–Sn Anodes in Synthetic
Copper Electrowinning Electrolytes

C.E. Abbey and M.S. Moats

Abstract It is well known that the addition of cobalt to copper sulfate—sulfuric
acid electrolytes decreases the overpotential for oxygen evolution and decreases the
rate of corrosion of Pb–Ca–Sn anodes. This effect, however, has not been ade-
quately quantified in the presence of iron and manganese in this type of electrolyte.
This work provides quantifiable data on the effect of cobalt concentration in the
range of 0–0.6 g/L in synthetic electrowinning electrolytes with and without the
presence of iron. The effect of cobalt on anode potential was determined using 2
and 24 h chronopotentiometry experiments. As expected, Pb–Ca–Sn potentials
increased with decreasing cobalt concentration over the range of 0–0.6 g/L Co with
and without the presence of Fe. Two regression models were developed to allow
plant operations the ability to predict anode potentials as a function of cobalt
concentration with or without iron in the electrolyte.

Keywords Anode potential � Copper electrowinning � Cobalt � Iron � Manganese

Introduction

Electrowinning is an imperative determinant of the quality of copper produced [1].
Approximately 30% of the energy consumed during electrowinning is used for
anodic reactions, especially oxygen gas evolution [1]. A decrease in the oxygen
overpotential and anode oxidation would improve the profitability of copper elec-
trowinning operations. In line with efforts at increasing profitability, cell house
design modifications [2] to include more automation, lead alloy variations [3] and
cobalt addition [4] have been the foci of electrowinning optimisation research in
recent years. These options have been proposed to improve the future of copper
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electrowinning [5]. Reducing anode potential, energy consumption and anode
corrosion is vital to profitability.

Several reviews have compared different lead alloy [3], coated titanium alloy,
and mesh on lead [6–9] anodes. Other non-lead alloys containing titanium have also
been compared with lead alloy anodes [10]. Non-lead anodes provide reduced
anode potentials but are expensive; hence multi-directionally rolled Pb–Ca–Sn
anodes [11] remain the most widely used electrode for many industrial operations.

According to the review by Clancy et al. [4], the Pb in the anode reacts with
sulfates in the electrolyte to form PbSO4, which has low conductivity, leading to
increasing potential under constant current operation. Oxygen evolution occurs
after the PbSO4 reacts with H2O to form either α-PbO2 [12] or β-PbO2 [13]
depending on the conditions. The overpotential needed to drive the oxygen evo-
lution reaction is high on lead anodes partly due to the potential needed to form and
sustain PbO2.

Cobalt is known to reduce oxygen overpotential and power consumption, pro-
mote higher quality copper and protect lead anodes resulting in longer lifespans.
This is true whether it appears in the electrolyte [4, 14–16] or as an alloy in the
anode [3]. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy
(XPS) characterization of anode surfaces show no Co compounds and indicate that
the presence of Co ions do not form a Co film that protects the anode surface from
oxidization [14]. This suggests that Co plays a catalytic role in reducing the
porosity of the PbO2 (whether rhombic or tetragonal) layer. This less porous layer is
responsible for hindering the oxidation of PbSO4 to PbO2 [14].

The effect of the Co in the presence of Fe or Mn in the electrolyte has not been
sufficiently quantified. The advantages of having about 0.5 g/L Co in the electrolyte
have been reported [15] and some have even attempted to explain the mechanism of
anode corrosion reduction [15, 17]. Central African ores can produce electrolytes
with high [Co] and significant concentrations of manganese and iron. This paper
reports quantifiable data on the effects of 0.1 g/L increases in [Co] from 0–0.6 g/L
Co on the anode potentials in the presence or absence of Fe in the electrolyte. These
conditions are similar to an industrial operation in central Africa.

Experimental

All experiments were conducted in an electrolyte (250 mL) with a starting
concentration of 170 g/L H2SO4, 0.6 g/L Mn, 20 mg/L Cl− at a temperature of
50 °C ± 1 °C. A second batch of tests was performed with the addition of 0.6 g/L Fe
(III). In both conditions, cobalt concentrations examined were 0.0, 0.1, 0.2, 0.3, 0.4,
0.5 and 0.6 g/L.Mn and Cl concentrations were not controlled during the experiment.

A three electrode cell was used with a Pb–Ca–Sn working electrode with a
surface area of *1 cm2 placed 3.8 cm from a platinum mesh counter electrode.
A mercury-mercury sulfate reference electrode (0.64 V vs. standard hydrogen
electrode (SHE), at room temperature, 0.63 V vs. SHE at 50 °C) was inserted
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directly into the cell equidistant from the working and counter electrodes. Electrode
potentials are reported versus SHE.

Chronopotentiometry was performed for 2 or 24 h to measure the anode
potential of the Pb–Ca–Sn anode as a function of cobalt concentration and to grow
anode scale (presumably PbO2 and MnO2). A 300 A/m2 current density was
applied based on the measured surface area of each working electrode. Anode
potential data was collected every 3 s. All experiments were repeated and all
measurements presented are averages of at least two runs. There was less than 1%
variation between replicates.

Results and Discussion

Pb–Ca–Sn electrodes were operated at 300 A/m2 in 170 g/L H2SO4, 0.6 g/L Mn,
and 20 mg/L Cl− at 50 °C ± 1 °C. Figure 1 shows a plot of the 24 h chronopo-
tentiograms with 0.6 g/L Fe. The 2 and 24 h tests and with (MnFeCo) and without
Fe (MnCo) reveal that anode potential increases with decreasing cobalt concen-
tration as observed in [15] for different [Co]. The anode potential data produced by
Tjandrawan [1] at 0.15 g/L Mn and 0.15 g/L Co are within the variation of the data
at 0.1 and 0.2 g/L [Co] from this study. Generally, the presence of Co and Fe
reduced the anode potentials as shown in Figs. 2 and 3. From the data with and
without Fe, equations of the form shown in Eq. 1 were used to produce a reasonable
empirical model [18].

y ¼ aþ b½Co�n ð1Þ

Fig. 1 Chronopotentiometry data for Pb–Ca–Sn electrode operated at 300 A/m2 in 170 g/L
H2SO4, 0.6 g/L Mn, 0.6 g/L Fe, 20 mg/L Cl− at 50 °C at various cobalt concentrations for 24 h
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Fig. 2 Average anode potential for Pb–Ca–Sn over the last 10 min of a 24 h experiment and
mathematical model for electrolyte versus cobalt concentration at 300 A/m2 in 170 g/L H2SO4,
0.6 g/L Mn, 20 mg/L Cl− at 50 °C without Fe

Fig. 3 Average anode potential for Pb–Ca–Sn over the last 10 min of a 24 h experiment and
mathematical model for electrolyte versus cobalt concentration at 300 A/m2 in 170 g/L H2SO4,
0.6 g/L Mn, 20 mg/L Cl− at 50 °C with 0.6 g/L Fe

The mathematical equations for predicting anode potential at 50 °C in 170 g/L
H2SO4 with and without Fe are given in Eqs. 2 and 3. The correlation coefficient,
R2, for Eqs. 1 and 2 were 0.915 and 0.715 respectively.

MnFeCo Anode Potential V vs: SHEð Þ ¼ 1:928� 0:135½Co�0:32 ð2Þ

MnCo Anode Potential V vs: SHEð Þ ¼ 1:951� 0:096½Co�0:42 ð3Þ
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The models can be used to predict anode potential for [Co] over the ranges of
0–0.6 g/L Co with or without 0.6 g/L Fe. The data also indicates that Co and Fe
individually and jointly reduce the anode potential with the combination giving the
highest anode potential decrease. This indicates the possibility of a synergistic
interaction between iron and cobalt. While iron appears to reduce the anode
potential in these tests, increasing iron concentration also reduces cathodic current
efficiency [19]. Even so, copper electrowinning electrolytes often are maintained
with a 8:1 to 10:1 Fe to Mn ratio to avoid the production of high oxidation state
manganese species [20]. Reducing the [Co] in the electrolyte increases the anode
potential and increases the Mn oxidation rate (cyclic voltammetry data not shown
here due to space constraint).

The empirical formulae are valid over the range of 0.0–0.6 g/L cobalt concen-
trations. Hence, the anode potential can be estimated to evaluate electrical costs as a
function of cobalt concentration to make informed decisions about operating a
tankhouse. Tables 1 (with Fe) and 2 (without Fe) illustrate the effect of reducing
[Co] from a baseline concentration (600 mg/L) on power requirements and costs
based on the assumptions of a tankhouse with 44,000 A, 156 cells, $0.15/kWh, and
a 95% online factor. These values are vital for an operation considering lowering

Table 1 Added electrical power requirement and power costs projected to be caused by lowering
the cobalt concentration in electrolyte from 600 mg/L with 0.6 g/L Fe

Cobalt Concentration (mg/L) Added power requirement (kW) Added power cost ($/year)

600 0 (base case) 0 (base case)

500 44 56,000

400 96 119,000

300 156 195,000

200 233 290,000

150 281 351,000

100 343 428,000

Table 2 Added electrical power requirement and power costs projected to be caused by lowering
the cobalt concentration in electrolyte from 600 mg/L without 0.6 g/L Fe

Cobalt Concentration (mg/L) Added power requirement (kW) Added power cost ($/year)

600 0 (base case) 0 (base case)

500 40 50,000

400 85 105,000

300 136 170,000

200 198 248,000

150 237 296,000

100 283 354,000
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their cobalt concentration. The cost involved can be compared with profit from
extra cobalt recovered sales to make a decision.

Conclusions

Results of experiments examining the effect of cobalt concentration on Pb–Ca–Sn
anode potential under typical copper electrowinning conditions have been provided.
The results show that the anode potential increases with decreasing cobalt con-
centration with or without the presence of 0.6 g/L Fe for the [Co] tested. Empirical
equations were developed to allow the prediction of anode potentials as a function
of [Co] between 0–0.6 g/L when there is Fe in the electrolyte or not. The results
indicate that Co, Fe and Mn are likely interacting at or near the anode surface. This
interaction should be studied further.
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Cobalt Electrodeposition from Cobalt
Chloride Using Urea and Choline Chloride
Ionic Liquid: Effect of Temperature,
Applied Voltage, and Cobalt Chloride
Concentration on Current Efficiency
and Energy Consumption

Andrea R. Kim and Ramana G. Reddy

Abstract Electrodeposition of cobalt from cobalt chloride using the urea and the
choline chloride ionic liquid (2:1 molar ratio) was studied to search the optimized
parameters for the higher current efficiency. The cyclic voltammetry was tested with
0.2 M CoCl2 using various scan rates to determine the reduction potential in
Urea/ChCl at 323 K. Based on the data from cyclic voltammetry test, the transfer
coefficient and the diffusion coefficient were calculated as 0.22 and
3.38 × 10−6 cm2/s, respectively. The parameters for electrodeposition of cobalt
were various temperatures (323–383 K), applied potentials (2.4–3.3 V), and con-
centration of CoCl2 (0.2–0.5 mol/L). Current efficiency and energy consumption
were calculated to investigate the optimal condition for the electrodeposition of
cobalt. The highest current efficiency (95%) was obtained under the temperature
323 K, the applied voltage 2.7 V, and concentration 0.5 mol/L of CoCl2. Scanning
electron microscope (SEM) and X-ray diffraction (XRD) were used for the char-
acterization of cobalt deposits.

Keywords Cobalt � Electrodeposition � Ionic liquid � Current efficiency � Energy
consumption � Morphology

Introduction

Cobalt is the 33rd most abundant element in the earth’s crust. The cobalt is formed
with other metal ores such as arsenides, sulfides, and oxide. Cobalt can be used in
various applications with producing cathodes in lithium ion batteries, super alloys,
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magnets, inks, catalysts for chemical industry [1–6]. The electrodeposition of cobalt
alloy from aqueous solution is not an easy process due to the narrow electro-
chemical potential window of water [7]. The ionic liquids are good solutions for
electrodeposition because of large electrochemical windows comparing to
non-ionic liquid solutions. The ionic liquid has the several advantages as an elec-
trolyte: wide potential windows, high solubility of metal salts, high conductivity,
thermal stability, non-flammability, and low vapor pressure [8–11]. The Deep
Eutectic Solvent (DES) is a new type of solvent and urea and choline chloride
(ChCl) mixture (2:1 molar ratio) is one of significant DES [12]. Comparing to the
common ionic liquid, the mixture of choline chloride and urea has several advan-
tages: low price, easy storage, easy preparation, and non-toxic. In addition, its
physic-chemical properties are really similar to the typical ionic liquids [13, 14].

Thus, the reline (commercial name of mixture of Urea/ Choline chloride) was
used for the extraction and the electrodeposition of metal [15]. Yang and Reddy
[16, 17] investigated the solubility of ZnO in the eutectic mixture of Urea/ChCl
with the FTIR spectroscopy, the cycle voltammetry, the calculations of the current
efficiency and the energy consumption in various temperatures, applied voltages,
and concentrations of [BMIM]HSO4 addition for the electrodeposition of Zn with
ZnO. They [18] also studied the solubility of PbO in reline with the same method
(FTIR spectroscopy) and successfully synthesized the pure lead on the copper
substrate. Cojocaru et al. [19] studied the electrochemical impedance spectroscopy
of selenium behavior to present the cathodic process from the electrodeposition of
Se films in reline. They reported that electrochemical impedance measurements
showed that the cathodic process of selenium ions in ChCl-urea and ChCl-EG ionic
liquids had almost similar characteristics. Ana-Maria et al. [20, 21] discussed the
electrochemical reaction in the electrodeposition of copper using reline and CuCl.
Their group calculated the diffusion coefficient in CuCl and reline system. They
also studied the electrochemical behavior of CuCl2 in reline using the cyclic
voltammetry and the electrochemical impedance spectroscopy. Ali et al. [22]
published the electrodeposition of copper from reline with CuCl2. They success-
fully synthesized and investigated the dense, smooth, and continuous copper
deposition using scanning electron microscopy and X-ray diffraction. The current
efficiency of their deposition of pure copper is about 97%. Chu et al. [23] proved to
form zinc-cobalt alloys from choline chloride and urea solvent mixture. They
investigated that the size of grain cluster of Zn–Co deposition increases as the
negative value of potential increases. Abbott group [24] deposited zinc-tin alloy in
reline on the platinum electrode. Their group showed that zinc and tin could be
deposited as individual metals and as an alloy. Gómez et al. [25] were successful in
electrodepositing platinum on the vitreous carbon electrode. They discussed that the
deposition condition depended on the nature of solvent and the deposited species
because of the change of electrochemical window which is the factor to improve the
current efficiency and minimize the damage of the coating. Costovici et al. [26]
electrochemically synthesized the ZnO nano powder using the platinum cathode
and zinc anode with at least 85% efficiency at 20–30 °C. Their cyclic voltammo-
gram showed the continuous increasing current caused by the dissolution of Zn and
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the oxidation of peroxide ion in the anodic scan. At the same time, the precipitated
ZnO was synthesized. Anicai et al. [27] studied the electrodeposition of Ni on Cu
substrate with some cracks due to the corrosion behavior on it. They also performed
the cyclic voltammetry to investigate that the limit cathodic peaks for Ni
(II) reduction at 30 and 80 °C were located at −1.05 V and −0.75 to −0.88 V,
respectively. Huynh et al. [28] used choline chloride/ urea (1:1 molar ratio) to
synthesize Al from AlCl3 on glassy carbon, iron, and copper cathodes, whose
current efficiencies were 30.8, 64.45, and 29%, respectively. They also analyzed the
purities of Al depositions on each cathode, which were 92.42% for glass carbon,
70.33% for iron, and 82.63% for copper, respectively. Golgovici et al. [29] per-
formed the electrodeposition of Cd and CdTe on the platinum cathode from TeO2

and CdCl2. They observed only one couple of reduction/oxidation peaks from Cd2+

ion and the complex shape due to Cd2+/Te4+ ions using the cyclic voltammetry. Li
et al. [7] reported the electrodeposition of Co from CoCl2 on copper cathode. They
used the cyclic voltammetry to study that two irreversible reactions occurred from
Co2+ to Co with one-step two electron process. They also calculated the diffusion
coefficient at 373 K, the current efficiency at various temperatures, and the
reduction potentials.

This work is focused on investigating the experimental parameters which lead
the optimized consequences with high current efficiency and low energy con-
sumption in Urea /ChCl–CoCl2 mixture. The transport coefficient and the diffusion
coefficient were calculated at low temperature as well using cyclic voltammetry.

Experimental Procedure

Preparation of Urea and Choline Chloride Ionic Liquid

Choline chloride (HOC2H4N(CH3)3Cl) (98%) and Urea (Co(NH2)2) (99.3%) from
Alfa Aesar were dried for more than 2 h to remove residual moisture in the salts.
These two chemicals were mixed in the molar ratio 1:2 (46.15% urea and 53.85%
choline chloride) to synthesize the right amount of ionic liquid. The mixture of urea
and choline chloride was heated at 363 K to obtain a homogeneous clear solution
with constant stirring. Cobalt chloride in the right amount for each study (Alfa
Aesar, 99.7%) was dissolved in the ionic liquid mixture for more than 12 h.

Cyclic Votammetry

Tungsten wire, silver wire, and platinum wire were used as a working electrode, a
reference electrode, and a counter electrode, respectively. All electrodes were
cleaned by SiC paper until it is shiny to obtain better results by eliminating oxide on
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the surface and washed with deionized water. The electrodes were fixed in a rubber
cap with a thermometer and were covered on a beaker filled in ionic liquid. The CV
test was performed using pure reline and reline with 0.2 mol/L CoCl2 at 323 K. The
scan rate range used was 20–80 mV/s to determine reduction potential of reline
with 0.2 M CoCl2 at 323 K.

Electrodeposition of Cobalt

The copper sheet was the working electrode and the graphite sheet was the counter
electrode. Both working and counter electrodes were cut to appropriate size
(2.5 cm × 5 cm) to fit into the beaker. The copper sheet was polished by SiC paper
for the same reason in the CV test. The electrodes were fixed in Teflon plate using
bolts and nuts. The insulator is shaped to fit into the beaker. The experiment of
electrodeposition of cobalt from cobalt using urea and choline chloride had been
performed for 2 h with variation of temperatures, cell voltages, and concentrations
of CoCl2. The temperature variation rage was 323–383 K (50–110 K), the applied
voltage range was 2.4–3.3 V, and the concentration of CoCl2 range was 0.2–
0.5 mol/L.

EG&G PARC model 273A Potentiostat/Galvanostat was used for cyclic
voltammetry and electrodeposition experiment using chronoamperometry. The
deposited cobalt on cathode was rinsed with deionized water and ethanol, then dried
to analyze using SEM and XRD.

Characterization of the Deposited Cobalt

The characterization of deposited cobalt on cathode was analyzed using Scanning
Electron Microscopy (SEM, JEOL 7000, Japan) and X-ray diffraction pattern
(Bruker D8 XRD) with Co kα radiation. SEM was used to analyze the morphology
of deposited cathode surface and XRD was used to examine the phase and structure
of the deposit.

Result and Discussion

Cyclic Voltammetry

To study the electrode reaction such as the electron transportation in the ionic
liquid, the cyclic voltammetry test was performed at 323 K. As shown in Fig. 1, the
cathodic limit which generates the hydrogen cathodic gas [30] is about −1.2 V at
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323 K. Figure 2 shows the CV curve of 0.2 mol/L CoCl2 Urea/ChCl mixture
according to the different scan rates. As the scan rate increases, the cathodic
reduction potential becomes more negative, which indicates the irreversible process
takes place. For the irreversible process, the transfer coefficient of
Co2+ + 2e− → Co can be calculated by the following equation [31]:

Ep � Ep=2

�� �� ¼ 1:857RT=anF ð1Þ

where Ep is the cathodic potential in V, Ep/2 is the half of cathodic potential in V,
R is the gas constant which is 8.314 J/K mol, T is the temperature in K, α is the
transfer coefficient, n is the number of exchanging electrons, and F is the Faraday
constant, 96,500 C/mol. Using the equation above and the data from Fig. 2, the
average transfer coefficient is 0.22.

Fig. 1 Cyclic voltammogram
of Urea/ChCl (2:1 ratio) with
50 mV/s scan rate at 323 K

Fig. 2 Cyclic voltammogram
of 0.2 mol/L CoCl2-
Urea/ChCl as function of
various scan rates at 323 K
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To calculate the diffusion coefficient of cobalt ion in the electrolyte at 323 K, the
following equation and the slope from Fig. 3 [32] can be used:

Ip ¼ 0:4958nAci
anF
RT

� �1=2

D1=2v1=2 ð2Þ

where Ip is the cathodic peak current in A, A is the electrode area in cm2, ci is the
initial concentration in mol/cm3, α is the transfer coefficient, D is the diffusion
coefficient in cm2/s and v is the scan rate in V/s. The calculated diffusion coefficient
is 3.38 × 10−6 cm2/s using Fig. 3. Table 1 lists the transfer coefficient and the
diffusion coefficient in various ionic liquid systems. According to Table 1, the
calculated values are reasonable as compared with the literature data in the same

Fig. 3 Cathodic current
density peaks from cyclic
voltammogram of 0.2 mol/L
CoCl2-Urea/ChCl as a
function of various scan rates
at 323 K

Table 1 The transfer coefficient and the diffusion coefficient in various ionic liquid systems

System T (K) α D (cm2/s) Reference

CoCl2 in Urea/ChCl 323 0.22 3.38 × 10−6 This work

CoCl2 in Urea/ChCl 373 0.36 1.7 × 10−6 [7]

CoCl2 in urea-NaBr-KBr 373 0.45 2.5 × 10−6 [33]

CoCl2 in urea-NaBr-acetamide 353 0.26 2.83 × 10−7 [34]

CoCl2 in urea-NaBr-acetamide 353 0.23 2.24 × 10−7 [35]

Co(BF4)2 in BMIMBF4 353 0.3 7.6 × 10−8 [36]

Co(TFSA)2 in BMPTFSA 300 – 7.2 × 10−8 [37]

CoCl2 in AlCl3-EMIC 295 – 4.40 × 10−7 [38]

ZnO in Urea/ChCl 373 0.2 1.89 × 10−8 [17]

PbO in Urea/ChCl 363 0.52 1.42 × 10−7 [18]

AlCl3 in BMIC 363 – 2.2 × 10−7 [39]

AlCl3 in EMIC 363 – 9.1 × 10−7 [40]

T temperature, α transfer coefficient, D diffusion coefficient
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ionic liquid system with different temperatures. The data in Table 1 shows that the
transfer coefficient is generally greater at high temperature in the system. This may
be due to the faster ion transfer rate at high temperature. The diffusion coefficient
depends on the concentration of electrolyte according to Eq. (2). Thus, higher
concentration results in the higher diffusion coefficient.

Electrodeposition of Cobalt

To determine the effect of temperature on the electrodeposition of cobalt on the
copper cathode, four experiments were performed under the fixed cell voltage,
concentration of CoCl2, and time. Based on the data from the experiments, the
current density plot, the current efficiency, and the energy consumption were
calculated.

The current efficiency ðgÞ of electrodeposition can be calculated by the following
equation:

g ¼ m1

m2
� 100% ð3Þ

where m1 is the weight of deposited cobalt on cathode in gram, its value can be
calculated from the weight difference of the cathode before and after the elec-
trodeposition. m2 is the theoretical weight of cobalt in grams which can be calcu-
lated using Faraday’s law [26]:

m2 ¼ Ita
nF

ð4Þ

where I is the applied current in A, t is the deposition time in s, a is the molecular
weight of cobalt in grams, and F is Faraday constant.

The energy consumption (E) is the measure of consumption of power and can be
calculated by:

E ¼ V
Q
g

ð5Þ

where V is cell voltage used in this experiment, Q is total charge required for a
certain amount deposit of cobalt on cathode, and g is the current efficiency on the
cathode.

The Effect of Temperature on the Electrodeposition of Co

Figure 4 shows that the current density decreases rapidly at the initial 40 s and
begins to be stable for the rest of the time. The current density drop is due to the
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concentration polarization on the cathode. As the heating temperature increases, the
current density increases because the diffusion rate increases with temperature,
which increases the ion transportation near the copper substrate. The lower vis-
cosity of the electrolyte with increasing temperature would also cause higher cur-
rent density at higher temperature.

The current efficiency and the energy consumption at different temperatures are
summarized in Table 2. The current efficiency as a function of the temperature is
ranged from 76.78 to 78.55%. Thus, there exists no significant difference in the
current efficiency with temperature. The more amount of the cobalt deposited was
obtained at higher temperature because of increase in diffusion rate. However,
higher current density due to higher temperature also causes a result in the more
theoretical weight from the calculation using Eq. (4). Thus, the current efficiency
which is the ratio of actual and theoretical weight of the deposit may not be greater
at high temperature. The current efficiency at 323 K is greater than other values and
thus the energy consumption at 323 K is the lowest.

The surface morphology of the cobalt deposited on the copper cathode at dif-
ferent temperatures was studied using SEM. In Fig. 5, all micrographs show the
clustered particles that are uniformly layered on copper substrates. The size of
cobalt particles at 323 K is relatively small compared with that of the other
depositions at higher temperatures. As the temperature increases, cobalt particles
become larger but remain spherical. Figure 6 shows the cross-sectional Co deposits
at 323 and 383 K under the concentration of 0.2 mol/L, 3.0 V and 2 h. It can be
seen that the cobalt deposition is uniformly distributed on the copper cathodic
electrode. Also, the dependence of the particle size in the cross-sectional area on the
temperature (Fig. 6) is similar to that in the surface morphology of the cobalt
deposition (Fig. 5).

Fig. 4 Current density as a
function of time at various
temperatures under the
applied voltage 3.0 V and
concentration 0.2 mol/L of
CoCl2
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Effect of the Applied Voltage on the Electrodeposition of Co

The effect of the cell potential on the cathode for the electrodeposition of cobalt was
studied. The current density, calculating the current efficiency and the energy
consumption, and the surface morphology using SEM and XRD patterns were
determined. The current density as a function of time at 353 K, 0.2 mol/L of CoCl2
for 2 h with different applied voltage was plotted as shown in Fig. 7. The highest

Table 2 Summary of the
current efficiency and the
energy consumption as
function of temperature
(concentration of
CoCl2 = 0.2 mol/L, Cell
voltage = 3.0 V)

Temperature (K) η (%) E (kWh/kg)

323 78.58 3.47

343 76.78 3.55

363 78.22 3.49

383 77.62 3.52

η current efficiency, E energy consumption

Fig. 5 SEM micrographs of Co electrodeposits at a 323 K, b 353 K, c 363 K, d 383 K under the
applied voltage 3.0 V, concentration 0.2 mol/L of CoCl2 and 2 h
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current density is observed at 3.3 V while the current density at 2.4 V is the lowest.
As the larger cell potential is applied, the higher current density is obtained. This
might be due to the larger reduction potential on the cathode surface as the larger
cell voltage is applied.

The current efficiency and the energy consumption according to the cell voltage
are summarized in Table 3. The current efficiency increases as the cell voltage
increases from 2.4 to 2.7 V. However, there is a huge current efficiency drop
observed at 3.0 V because the ionic liquid was decomposed during the experiment.
Also, the dendrite formation would be another reason for decreasing current effi-
ciency at the higher cell voltage. The energy consumption at 2.4 V is only

Fig. 6 SEM micrographs of cross-sectional Co electrodeposits at a 323 K and b 383 K under the
applied voltage 3.0 V, concentration 0.2 mol/L of CoCl2, and 2 h

Fig. 7 Current density as a
function of time at the
different applied voltage
under the temperature 323 K
and concentration 0.2 mol/L
of CoCl2
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2.61 kWh/kg, which is the lowest value compared with others. The energy con-
sumption increases significantly at 3.0 V.

The surface morphology on the copper cathode with the applied voltage was
examined using SEM in Fig. 8. The deposition at the applied voltage 2.4 V is
compact and uniformly layered without particles and clusters. At 2.7–3.0 V, the
micrographs show the nodular shape of particles and clusters and of the similar
particle size. However, the cluster size at 3.0 V is larger than that at 2.7 V. At

Table 3 Summary of the
current efficiency and the
energy consumption as
function of reduction
potential. (concentration of
CoCl2 = 0.2 mol/L,
Temperature = 323 K)

Cell voltage (V) η (%) E (kWh/kg)

2.4 83.64 2.61

2.7 87.92 2.79

3.0 78.58 3.47

3.3 73.54 4.08

η current efficiency, E energy consumption

Fig. 8 SEM micrographs of Co electrodeposits at the applied voltages a 2.4 V, b 2.7 V, c 3.0 V,
d 3.3 V under the temperature 323 K, concentration 0.2 mol/L of CoCl2 and 2 h
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3.3 V, the dendrite forms on the uniform and dense cobalt deposition as a back-
ground. The cross-sectional morphologies of Co deposition at 2.4 and 3.3 V are
shown in Fig. 9. No particle is shown on the copper substrate. However, the
boundary between the copper and the cobalt deposits shows that the cobalt was
layered uniformly on the copper electrode at 2.4 V. At 3.3 V, a few dendrites in the
circle in Fig. 8b are observed but not uniformly distributed. This resulted from the
loss of the dendrites when the deposited sample was cut to prepare the specimen for
the SEM. However, the dendrites were observed in other spots far from the cut area,
as shown in Fig. 10, where the average size of the cobalt dendrites was measured as
156 μm.

Fig. 9 SEM micrographs of cross-sectional Co electrodeposits at the applied voltages a 2.4 V and
b 3.3 V under the temperature 323 K, concentration 0.2 mol/L of CoCl2 and 2 h

Fig. 10 SEM micrographs of
the single dendrite of Co
electrodeposits under the
temperature 323 K,
concentration 0.2 mol/L of
CoCl2, the applied voltage
3.3 V, and 2 h
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Effect of the Concentration of CoCl2 on the Electrodeposition of Co

The effect of the concentration on the electrodeposition of cobalt with different
concentration of CoCl2 was investigated. As shown in Fig. 11, there is not much
difference between results from 0.2 to 0.5 M of CoCl2. However, the current
density at 0.5 mol/L of CoCl2 is still higher than lower concentration values. The
trend in this current density plot shows that the current density increases at higher
concentration. This might be due to more reducible ions in the higher concentration
electrolytes.

The calculated current efficiency and energy consumption are listed in Table 4.
As the concentration of CoCl2 increases from 0.2 mol/L to 0.3 mol/L, a small
increase in the current efficiency was observed. The current efficiency increases
significantly at 0.5 mol/L CoCl2. The saturation of CoCl2 was observed when
0.6 mol/L CoCl2 was added to Urea/ChCl. This indicates maximum solubility of
CoCl2 is about 0.5 mol/L CoCl2. That might cause the sudden increase of current
efficiency at 0.5 mol/L which resulted in lower energy consumption which is rel-
atively lower than other data. The low temperature and the low applied voltage lead

Fig. 11 Current density as a
function of time at the
different concentrations of
CoCl2 under the applied
voltage 2.7 V and
temperature 323 K

Table 4 Summary of the current efficiency and the energy consumption as function of
concentration of CoCl2 (Temperature = 323 K, Cell voltage = 2.7 V)

Concentration of CoCl2 (mol/L) η (%) E (kWh/kg)

0.2 87.92 2.79

0.3 85.06 2.89

0.5 95.00 2.59

η current efficiency, E energy consumption
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to the smaller total charge for the lower energy consumption. The optimized energy
consumption in this work is 2.59kWh/kg at 0.5 mol/L.

The microstructures of the cobalt deposition on the copper substrate with dif-
ferent CoCl2 concentrations were analyzed using SEM, as shown in Fig. 12. The
shapes of the depositions at the CoCl2 concentrations 0.2 and 0.3 mol/L are really
similar to each other although more particles and clusters are appeared under the
0.3 mol/L concentration. In Fig. 13, XRD peaks from the cobalt deposit at
0.2 mol/L CoCl2 is shown from the copper cathode to test the purity of Co
deposition. All peaks match with the pure cobalt metal (ICDD File #04-001-3273).
This proves that highly pure Co deposits are obtained without any other elements
through the experiments. In the surface morphology at 0.5 mol/L, particles are
rounded with slightly larger size. The cross-sectional morphology is determined, as
shown in Fig. 14, for the concentration of electrolytes under 2.7 V, 323 K, and 2 h.
In Fig. 14a of 0.3 mol/L CoCl2, the spherical particles are observed on the copper
electrode. In Fig. 14b of 0.5 mol/L CoCl2, the shape of particles in the formation of

Fig. 12 SEM micrographs of Co electrodeposits at concentration of CoCl2 a 0.2 mol/L,
b 0.3 mol/L, c 0.5 mol/L under the applied voltage 2.7 V, the temperature 323 K and 2 h
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cobalt deposition is spherical which are similar to the particles in Fig. 14a.
However, the Co deposition layer without the particles at 0.5 mol/L (Fig. 14b)
might be thicker than that at 0.3 mol/L (Fig. 14a). As the concentration of the ions
increases at the cathode, the growth of the cobalt deposited layer forms the large
grains by diffusion.

Fig. 13 XRD pattern of the Co electrodeposit on copper cathode

Fig. 14 SEM micrographs of the cross-sectional Co electrodeposits at the concentration of CoCl2
a 0.3 mol/L and b 0.5 mol/L under the applied voltage 2.7 V, temperature 323 K and 2 h
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Conclusion

To obtain the high purity cobalt deposit with high efficiency, the effect of tem-
perature, cell voltage, and CoCl2 concentration on the electrodeposition of cobalt
from CoCl2 in Urea/ChCl (2:1 ratio) was investigated using current density, current
efficiency, and energy consumption. The cyclic voltammetry was conducted with
0.2 mol/L CoCl2 using various scan rates to determine the reduction potential in
Urea/ChCl at 323 K, which was the temperature of the lowest energy consumption.
The curve of cyclic voltammetry shows that the reduction of Co2+ to Co is an
irreversible process with one step, 2 electrons transport. Based on the data from
cyclic voltammetry test, the transfer coefficient of Co2+ and the diffusion coefficient
were calculated as 0.22 and 3.38 × 10−6 cm2/s respectively, which were reasonable
as compared with the literature. Under the applied voltage 3.0 V and concentration
0.2 mol/L of CoCl2, the current efficiency with the temperature range of 323–383 K
didn’t change significantly but still the highest current efficiency (78.58%) was
observed at 323 K with the lowest energy consumption (3.47 kWh/kg). Under the
temperature 353 K and concentration 0.2 mol/L of CoCl2, the change of the applied
voltage showed the lowest energy consumption (2.61 kWh/kg) at 2.4 V with cur-
rent efficiency 83.64%. The higher applied voltage caused the lower current effi-
ciency due to the formation of dendrites during the cobalt deposition. Under the
temperature 323 K and cell voltage 2.7 V, increasing the concentration of CoCl2
showed the highest current efficiency (95%) with the lowest energy consumption
(2.59 kWh/kg) at the concentration of 0.5 mol/L CoCl2, which was about saturation
concentration in the present system. SEM images of the surface morphology of
cobalt deposits on the copper cathodes according to the different parameters were
obtained. The XRD analysis of the cobalt deposit confirmed the deposition of pure
cobalt.
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METTOP-BRX Technology—Eliminating
Concerns and Highlight Potentials
of the Concept of Tankhouse Optimization

A. Filzwieser, I. Filzwieser, S. Wallner and M.B. Hanel

Abstract Whenever thinking about increasing tankhouse performance two major
aspects has to be considered, the technological feasibility as well as the economical
impact. For meeting the requirement of an increased current density leading to an
increased productivity, Mettop has developed the METTOP-BRX Technology,
which allows the introduction of fresh electrolyte between each pair of anode and
cathode. As an example of a greenfield approach the installation at Xiangguang
Copper Co., Ltd will be described. Since the start up in 2011, Xiangguang Copper
Co., Ltd operates one of their two copper refining tankhouse with a current density
of 420 A/m2 and a current efficiency above 98% in average. At Montanwerke
Brixlegg Ag, as an example of a brownfield installation, the annual production
could be increased by 50%. Although for many years a total of two industrial
applications are in operation, the successful implementation of this technology that
result in significant operational and economic advantages has not been fully
accepted within the industry due to misunderstandings, incorrect interpretations and
lack of awareness. It is intended with this paper to create a better understanding
about the parallel flow technology and help to eliminate worries and concerns.

Keywords Tankhouse optimization � Copper hydrometallurgy � Parallel flow
device

Introduction

Whenever thinking about increasing tankhouse performance two major aspects
have to be considered, the technological feasibility as well as the economic impact.
For an optimized tankhouse performance, not only in copper industry but also for
zinc electrolysis, the following points are of interest:
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• High tankhouse capacity
• High current efficiency
• High chemical cathode quality
• Low operating cost
• Lower footprint
• Low bound capital.

Increasing tankhouse capacity can generally be done in two ways: Either by
increasing the cathodic deposition area (i.e., adding more cells or increasing the
number of electrodes in the cell) or by increasing the current density. The former
possibility is relatively cost-intensive, as new buildings and infrastructure are
required, and sometimes it is not possible due to limited space and/or other
restrictions. Increasing the current density is generally a matter of the actual elec-
trical system but it is also limited as current efficiency and cathode quality tend to
decrease with increasing current density, due to problems with both cathodic
deposition and anodic dissolution. Consequently, the current densities that are used
in electrorefining are far below the theoretical limiting current density.

According to physical and chemical laws, the only way to increase the current
density in a way that ensures that the electrodeposition is still pure and that the
metal sheets are smooth and of a high quality, is to minimize the diffusion boundary
layer and/or to influence the electro crystallization by an optimized inhibitor dis-
tribution. This can be achieved by increasing the flow directly at the cathode, for
example by using a manifold inlet to achieve a parallel electrolyte flow and
introduce the fresh electrolyte with the active inhibitors directly at the cathodes.

For meeting all those requirements, Mettop has developed together with
Montanwerke Brixlegg AG, Austria a new type of manifold inlet: the
METTOP-BRX Technology [1–3]. Described simply, the METTOP-BRX
Technology increases the productivity of a conventional electrorefining cell by
allowing the operator to increase the current density up to 400–420 A/m2. This is
accomplished by increasing the electrolyte flow rate and introducing it into the cell
parallel to the electrode surfaces. Introduction of the electrolyte in this way, in
contrast to introducing it at the end wall of the cell, aids the transfer of Cu2+ from
anode to cathode by enhancing the natural convection of electrolyte between the
two opposing electrodes, minimizing the diffusion boundary layer at the cathode
surface, and improving the homogeneity of the electrolyte temperature and chem-
istry within the cell.

The parallel electrolyte flow can be realized by either using a Parallel Flow
Device (PFD), namely a separate device that is installed in the cell, or a Parallel
Flow Plate (PFP), namely an integrated system in the polymer concrete cell.
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Theoretical Background and Functional Principle

To increase current density in a copper refining electrolysis the limiting current
density has to be increased. The only physical quantity which can be influenced in a
wider range is the diffusion boundary layer δN as shown in Eq. 1. The concen-
tration in the bulk electrolyte is limited to 45–50 g/l because above 50 g/l the
movement of the Cu ions will be negatively affected. The diffusion coefficient could
be influenced via the temperature but the temperature is limited to 65 °C.

ilim ¼ n � F � D � c
0

dN
ð1Þ

ilim limiting current density [A/m2]
n valency of ions [–]
F Faraday constant (F = 96,485 [As/mol])
D diffusion coefficient [m2/s]
c0 concentration in bulk electrolyte [mol/m3]
δN thickness of diffusion layer [m].

Decreasing the diffusion boundary layer means increasing the relative movement
of electrolyte in front of the cathode surface. The limiting current density is theo-
retically the highest current density which can be used in a given system. At the
limiting current density the copper ions concentration in front of the cathodes is
zero.

However, the current density used in industrial practice amounts only 30–35%
of the theoretical limiting current density. That ratio can be increased by an
excellent operation practise. A perfect electrode lining, homogeneous copper con-
centration and electrolyte temperature distribution as well as a perfect inhibitor
distribution (directly in front of the cathode!) are of importance.

To increase the limiting current density and the industrial used current density
the following has to be done:

Decreasing the diffusion boundary layer by increasing the relative electrolyte
velocity between electrolyte and cathode surface.

Distribution of all inhibitors directly in front of the cathodes
The electrolyte flow within an electrolysis cell can be divided in a forced con-

vection and a natural convection. The forced electrolyte flow in a conventional
electrorefining cell is shown on the left side in Fig. 1. The electrolyte enters the cell
at the bottom of the front and leaves it at the upper opposite end. One major
disadvantage of this conventional arrangement of inlet and outlet is that the fresh
electrolyte, and hence also the additives like inhibitors, is not inserted directly in
front of the active cathode surface, where it is needed, and a part of it also leaves the
cell by bypassing the electrodes on the sides. By using a conventional forced
convection the relative movement between electrolyte and cathode is hardly
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influenced by the forced convection. The diffusion boundary layer is mainly
influenced by the natural convection.

Figure 1 (right side) shows the natural convection in the cell, which occurs
during electrorefining due to differences in electrolyte density near the electrodes.
Close to the anode, the density of the electrolyte increases due to anodic dissolution
and hence higher concentration of metal ions, whereas near the cathode a local
decrease of density occurs due to electrodeposition. This natural convection was
proven and determined quantitatively by measurements of fluid flow velocity
between anode and cathode, as shown in Fig. 2.

Again, to increase the limiting current density the diffusion boundary layer has to
be decreased and therefore the relative movement (velocity) between electrolyte and
cathodes surface has to be increased. This means higher electrolyte velocities
enable higher limiting current densities in electrorefining. These higher velocities
can be realized by implementing a parallel electrolyte flow between the electrodes.
The development of the Parallel Flow Device (PFD) enables this conditions.
However, the position of the electrolyte inlet has to be chosen accurately, as a high
electrolyte velocity at the anode can also cause problems with the anode slime,

Fig. 1 Forced electrolyte flow in a conventional electrorefining cell (left) and natural convection
during electrorefining (right)

Anode Cathode

Fig. 2 Electrolyte velocity between anode and cathode in mm/s (left) and flow profile of a parallel
flow cell
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which may be detached from the anode surface, transferred to the cathode, and
cause dendrites and buds there.

The flow profile of a parallel flow cell is shown on the right side of Fig. 2.
Due to a higher electrolyte flow (up to three times higher than the standard flow)

the velocity in front of the cathode is much higher and therefore the diffusion
boundary layer is decreased. Which means a higher limiting current density and
therefore a higher industrial used current density is achieved using the parallel flow
concept.

Inhibitor Distribution

To produce a very smooth copper cathode and to operate the tankhouse on a high
current efficiency following inhibitors have to be added:

Glue: 50–100 g/t copper
Thiourea: 50–100 g/t copper
HCl: 30–70 mg/l.

The inhibitors are added to the electrolyte before the fresh electrolyte is entering
the cell. In a conventional cell the inhibitors are not in front of the cathode (where
they have to be; see Fig. 1).

Using a parallel flow concept the inhibitors are introduced directly in front of the
cathodes and therefore smooth copper cathodes are produced even at very high
current densities (up to 450 A/m2). The inlet of the fresh electrolyte has to be close
to the bottom of the cell (see Fig. 3 left). By doing so, the upwards flow of the
natural convection can be used and the fresh electrolyte (and all inhibitors) are
directly in front of the cathode surface. The density of the fresh electrolyte is lower
as the used electrolyte and this leads also to an upwardly flow.

Using the METTOP-BRX Technology a current density of up to 450 A/m2 at a
current efficiency of above 98% can be achieved.

Anode Cathode Anode CathodeFig. 3 Comparison of
electrolyte flow profile using
the METTOP-BRX
Technology (left) with the
natural convection at a
conventional system (right)
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Overall, the impact of introducing a parallel flow can be summarized [4–6]:

• Due to a higher electrolyte flow rate (up to three times higher than a standard
flow rate) and a flow directly in front of the cathode leads to a decreased
hydrodynamic and diffusion boundary layer. A direct introduction of the inhi-
bitors near the active cathode surface lead to a more homogeneous distribution
of inhibitors on the cathode surface and furthermore increase the product quality
in terms of surface quality

• A simultaneous introduction of the inhibitor glue guarantees the same glue
activity all over the cell lengths

• Since the distance between the anode and cathode is precisely fixed, the current
density distributions is more homogenous

• The direct electrolyte introduction leads furthermore to a more homogenous
electrolyte temperature distribution.

METTOP-BRX Technology—Hardware for Different
Kinds of Application

There are two different approaches for optimization of the tankhouse performance,
either when installing a perfectly new tankhouse (greenfield approach) or an
upgrading of an existing tankhouse (brownfield approach).

Brownfield Approach—Parallel Flow Device
(PFD) for Upgrading Existing Tankhouses

The core of the METTOP-BRX Technology is a Parallel Flow Device (PFD; Fig. 4
left side), which introduces the fresh electrolyte between each pair of electrodes

Fig. 4 Sketch of the parallel flow device (PFD) within the tankhouse (left) and magnified view of
the nozzles and cathode positioning system (plastic rectangles, right side)
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within the tankhouse. Special positioning devices—so-called cathode spacers as
shown in Fig. 4—provide an accurate electrode positioning, as well as a defined
relative position of cathode and nozzles. The nozzles, which are designed for each
individual tankhouse, direct the fresh electrolyte in an upwards flow in front of the
cathode surface, which only enhances the already existing flow resulting from
natural convection. The PFDs are customer-tailored to guarantee optimum results
for each specific tankhouse.

Greenfield Approach—Parallel Flow Plate
for Optimized Tankhouse Performance

The Parallel Flow Plate (PFP) is a combination of PFD and the cell itself: In new
tankhouses—or when replacing cells in an existing tankhouse—the METTOP-BRX
Technology can be integrated in the polymer concrete cells as shown in Fig. 5. The
main idea is to cast the cell in a way that the volume for the electrolyte distribution
system is already included. Therefore, only a stainless steel front plate with nozzles
and cathode spacers—the Parallel Flow Plate—is attached to the cell. Implementing
PFPs minimizes the installation effort, as only the front plate has to be mounted.
Furthermore, these systems can be preassembled at the cell supplier and the cus-
tomer can install the complete cells just like normal cells.

In both application cases the, the basic equipment can be summarized:

• A welded stainless steel construction (PFD) or a combination of the polymer
concrete cell and a stainless steel plate (PFP) for distributing the fresh electrolyte
evenly along the entire cell

Fig. 5 Sketch of the parallel flow plate (PFP, right) and during installation at Montanwerke
Brixlegg AG, Austria
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• Stainless steel nozzles for introduction the fresh electrolyte precisely in between
the anodes and cathodes

• Cathode positioning systems for ensuring the accurate spacing within the entire
cell.

Due to the fact that a higher electrolyte flow rate is required (the outlet velocity
of the electrolyte per nozzle has to be calculated individually for each tankhouse)
the overall tankhouse design has to be adapted and again can be divided between
greenfield and brownfield projects.

Considerations for Installation of the METTOP-BRX
Technology

The use of high current density and the METTOP-BRX Technology requires an
adequate tankhouse design. Optimum performance can only be achieved with a
comprehensive design of the overall process and complete tankhouse equipment,
comprising electrical and electrolyte system, as well as the mechanical components.

For installation of the METTOP-BRX Technology the following requirements
have to be taken into account:

• Electrolyte system for high flow: Adequate piping diameters, as well as direct
pumping instead of overhead tanks

• Electrical system for high current density: Suitable rectifier, transformer, and
bus bars

• A good electrode quality/geometry is essential for exact positioning
• Polymer concrete cells—for smooth walls (PFD installation) and system inte-

gration (PFP)
• Crane positioning system to guarantee exact electrode positioning
• Stainless cathodes or smooth copper mother sheets.

For a greenfield project the adequate design can be easily done. The correct pipe
dimensions as well as the right pumps have to be calculated for a direct pumping
system. There are no specific requirements for the inhibitor dosage system or
filtering system.

For a brownfield project especially regarding the increased flow and circulation
rate compared to the conventional system, the capacity of the piping and pumping
systems will be the limiting factors, since the flow rate is increased by the factor of
three. To overcome these problems individual solutions are offered.

Solutions like:

• Creating internal loops for two third of the electrolyte flow and using the
existing piping for one third
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• Increasing the current density by taking out anodes and cathodes and creating
the higher flow using pumps installed into the calls

• Replacing partly the existing pipes and change to a direct pumping system
(Fig. 6).

References of the Technology in Industrial Scale Use

In both cases, brownfield and greenfield application, Mettop has industrial scale
references for proving the applicability of the METTOP-BRX Technology. In the
following sections a basic description of the installed system as well as the major
benefits will be given.

Montanwerke Brixlegg AG, Austria—Upscaling
an Existing Tankhouse [3, 7, 8]

The longest-standing METTOP-BRX Technology application is found at
Montanwerke Brixlegg AG, a secondary copper producer in Austria, where—after

Fig. 6 Process flow sheet of a greenfield approach as realized in Xiangguang Copper Tankhouse
No. 2
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years of developments and high current density tests—52 cells of the new tankhouse
were equipped with PFDs in 2007. Due to the excellent results regarding cathode
quality and current efficiency, the use of the METTOP-BRX Technology was
extended by another 104 cells in 2011, using both PFDs and PFPs. Since autumn
2011, the new rectifier has been in operation, enabling a current density of more than
420 A/m2, and half of the entire tankhouse has been operating at high current density.

Montanwerke Brixlegg AG has made the following observations and conclu-
sions since the introduction of the METTOP-BRX Technology:

• The technology allows using higher current density and therefore increasing
production.

• With additive adjustments the current efficiency can be increased by two to three
percent.

• In case of bad anode quality, current efficiency can be kept the same as when
using good anode quality—or can even be higher by using the METTOP-BRX
Technology.

• A better cathode quality due to more homogeneous additive distribution can be
achieved.

• Using the technology results in shorter down times when filling the groups due
to higher flow and consequently faster filling. Furthermore, the higher flow
enables a faster heating-up of the anodes (for new anodes) in the cold season.

• Fewer shorts occur due to accurate cathode positioning/guiding system (Fig. 7).

Xiangguang Copper, China—Installation
of a New Tankhouse

The first application of the METTOP-BRX Technology in an entire new tankhouse
(720 cells) is Xiangguang Copper, a primary copper producer in China. The

Fig. 7 Installation of the PFD on site at Montanwerke Brixlegg AG and electrolyte flow after
installation
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tankhouse engineering for their second tankhouse, which had been started up in
May 2011, was done by Mettop. This tankhouse was constructed in the same way
as the existing tankhouse, but now 300,000 t/a cathode copper, compared to the
existing tankhouse with 200,000 t/a production capacity, can be produced by using
the METTOP-BRX Technology. This increase in production rate of 50% is caused
by the much higher current density, namely an increase from 280 A/m2 in the old
tankhouse up to 420 A/m2.

As Xiangguang Copper decided from the very start that the new tankhouse will
be equipped with the METTOP-BRX Technology and the high current density
technology, Mettop designed the whole tankhouse accordingly. The tankhouse
design included:

• Latest generation of PFDs (pyramid cathode spacers, hanging system, cleaning
openings, handling hooks)

• Pumps for direct pumping (i.e., no overhead tanks) for approximately 100 l/min
per cell

• Design of electrical system for 420 A/m2 (2 electric circuits)
• Design of heat exchangers
• Good coordination of electrical and electrolyte circuits under consideration of

potential differences
• Continuous addition of inhibitors.

This first greenfield METTOP-BRX tankhouse started up in summer 2011. In
December 2011, the average current density of the new tankhouse was higher than
98% (98.51%) at current density of 410 A/m2, and the quality of the produced
cathodes was excellent as shown in Fig. 8. In 2012 Xiangguang Copper used
420 A/m2 and achieved an average current efficiency of 98.3%. Today Xiangguang
Copper reports current efficiency of >99% at 420 A/m2 [9].

Fig. 8 Tankhouse with METTOP-BRX Technology at Xiangguang Copper (left) and excellent
surface quality of the cathodes
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Economical Benefits of the METTOP-BRX Technology

For the two industrial scale applications, either brownfield application as well as
greenfield application, detailed economical calculations regarding operational
expenditures, capital expenditures, savings and revenues have been conducted. Due
to different power costs as well as different interest rate levels an economical
calculation or evaluation has to be done for each customer individually. Just for an
overview only a few points which are significant are given for a production of
400,000 t copper cathodes per year.

For a new tankhouse following CAPEX decrease can be achieve using
420 A/m2 (by using the METTOP-BRX Technology) compared to a standard
technology (310 A/m2).

• Lower overall tankhouse footprint (*20%)
• Less cells (26%)
• Less cathode plates (26%)
• Less electrolyte and edge strips
• Less anodes in the tankhouse (25–30 Mio US$ bound capital reduction)!

The costs for machines like anode preparation machine, stripping machine, etc.
and for the electrical installation in terms of generator, rectifier, bus bar, etc. will
stay the same assumed the same production for both systems.

For the OPEX calculation the two following parameters are of importance:

• Interest savings due to a much lower CAPEX costs
• Increase in power consumption due to a higher current density.

Both industrial sites, where the METTOP-BRX Technology is used, report that
the overall OPEX are decreased [9–11] and all economic calculations are sup-
porting these statements even in countries with high power costs.

Summary and Conclusion

Today’s most advanced tankhouse technology—the METTOP-BRX Technology—
allows increasing the current density and productivity, respectively, by up to 50%
compared to conventional copper electrorefining tankhouses. This technology can
either be installed in existing facilities—in order to increase production—or con-
sidered in new plants—in order to reduce the footprint of the entire tankhouse.

The present paper illustrates the potential economic benefit of equipping copper
electrorefining facilities with the METTOP-BRX Technology. Both for a greenfield
project as well as for a brownfield upgrade, the economic value is shown by
industrial inspired examples.
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Right now the benchmark for a copper refinery is Xiangguang Copper, China,
running their tankhouse no. 2 at 420 A/m2 at a current efficiency >99% using the
METTOP-BRX Technology.
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Mathematical Modeling of Molten Salt
Electrolytic Cells for Sodium and Lithium
Production

Donghui Li, Kinnor Chattopadhyay, Lei Gao, Boyd Davis,
Rüdiger Schwarze, Amjad Asad and Christoph Kratzsch

Abstract Sodium (Na) and Lithium (Li) are produced using molten salt electrol-
ysis. The electrochemistry of the electrolyte is well-researched; however, there are
benefits to understanding the melt flow and implications on it for cell design
modifications. The basic configuration of alkali metal cells is the Downs cell. This
consists of a central anode surrounded by a cathode, and this geometry was the
basis for this mathematical modeling study. The behavior of gas bubbles in molten
electrolyte was studied in both Na and Li cells through the use of computational
fluid dynamics (CFD) techniques. The distance between the anode and the cathode
was varied in the CFD model to ascertain whether strong circulatory flows would
change significantly in the cell. The standard k-ε turbulence model was used to
mimic turbulent flow, and a two-way coupled Discrete Phase Model (DPM) was
adopted to simulate flotation behavior of chlorine bubbles and liquid metal droplets.
The liquid metal distribution on the free surface was predicted using the Volume of
Fluid (VOF) multi-phase model.
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Introduction

The use of molten salt electrolysis for light metal production is the norm for
aluminum, sodium, and lithium extraction and is used outside of China for mag-
nesium production. In order to produce sodium metal, a mixture of salts containing
NaCl are used in the Downs cell [1]. In the molten salt, NaCl is present as Na+ and
Cl− ions. When an electric current is passed through the molten salt, Na+ ions are
reduced at the cathode to form sodium metal. Cl− ions are oxidized to make
chlorine bubbles on the anode surface. For sodium production, a steel mesh
membrane is used as a partition between the anode and cathode in order to keep the
sodium away from chlorine, and prevent any chemical reaction. Because of the
difference in density between the lighter metal and its salt bath, the molten sodium
droplets formed in the cathode compartment rise to the top and coalesce to form a
liquid metal layer. The chlorine bubbles produced on the anode surface float up out
of the molten salt bath, and are subsequently collected by an overhead hood. This is
the same for lithium, except that membrane is not always used since lithium par-
tially wets the cathode.

In this paper, a central anode surrounded by a cathode was modeled using
Computational Fluid Dynamics (CFD) technology. The nature of the molten salt
flow and mass transport in the Downs cell was investigated as to see if the for-
mation of bubbles and metal along the electrodes could be modeled to give elec-
trolyte flows that are estimated in these types of cells.

Dimensions of the Anode/Cathode Pair

Figure 1 displays the schematic view of the modeled electrode pairs. The solid
graphite anode was located at the centre of the Downs cell, surrounded with a
cylindrical steel cathode. The gap between the anode and the cathode was set as
30 mm, to form a channel for the flotation of both chlorine bubbles and metal
droplets. The anode and the cathode were submerged, and suspended in the molten
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Fig. 1 Sketch of the
anode/cathode pairs
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salt. The produced chlorine gas escaped from the top surface of the molten salt, and
was collected by overhead hood. The dimensions of the anode/cathode pair in the
CFD modeling are given in Table 1, and are not meant to be based on any com-
mercial design.

Mathematical Model

The molten salt flow in the Downs cell is driven by the drag force as a result of the
flotation of both chlorine bubbles and liquid metal droplets. The behavior of the
chlorine bubbles and metal droplets were predicted by using the Lagrangian dis-
crete phase method coupled with a two equation turbulence model.

Standard k-ε Turbulence Model

The standard k-ε model by Launder and Spalding was adopted to model the tur-
bulent flow inside the cell [2]. Here, ε is the rate of turbulence energy dissipation,
while k stands for the kinetic energy of turbulence per unit mass.
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. Finally, the turbulent and the effective viscosities are

calculated by the equations lt ¼ Clqk2
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The values of the constants in the standard k-ε model were recommended by

Launder and Spalding: C1 = 1.44, C2 = 1.92, Cµ = 0.09, σk = 1 and σε = 1.3, were
used in the present work.

Table 1 Dimensions of the
Downs cell used in the CFD
modeling

Item (m) Value

Diameter of anode 0.45

Inner dia. of the cathode 0.51

Thickness of the circular steel cathode 0.02

Height of the electrodes 2.13

Height of the Downs cell 2.80
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Discrete Phase Model (DPM)

In the discrete phase modeling procedure, the fluid phase is treated as a continuum
by solving the Navier-Stokes equations, while the dispersed phase is solved by
tracking a large number of bubbles, or droplets, through the calculated flow field in
a Lagrangian frame of reference. The drag force, gravity, buoyancy force and
virtual mass force were considered in the DPM model. There can be momentum
exchange of the dispersed phase with the fluid phase, by two-way coupled calcu-
lating procedure. The basic equations involved in discrete phase modeling are as
follows:
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here, ReP ¼ qdp urelj j��!
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Re2, a1; a2 and a3 are

constants that apply over several ranges of particle Reynold number, given by
Morsi and Alexander [3].

It is also important to consider the dispersion of bubbles and droplets due to
presence of a highly turbulent flow in the continuous phase. A stochastic method
known as ‘Discrete Random Walk’ (DRW) model is used to determine the
instantaneous fluid velocity [4, 5], depending on the calculated turbulent kinetic
energy.

Electrolytic Reaction Model

The following electrolytic reactions occur on the anode and cathode surfaces:

On the cathode surface:M þ þ e� ! M metal dropletsð Þ ð4Þ

On the anode surface:Cl� ! 1
2
Cl2 þ e� gas bubblesð Þ ð5Þ

here M is either Na or Li. According to the current density and the Avogadro
constant (6.02 × 1023), the chlorine gas and metal generation rate can be deduced.
For both the lithium and sodium models, no membrane was used—CFD modeling
was used to predict the mixing process of the bubbles and droplets.
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Parameters and Computing Method

Table 2 gives the physical properties adopted in the CFD model. Half of a single
anode/cathode pair was considered to exploit the symmetrical geometry. The
central plane and the vertical plane were considered as a symmetrical boundary
condition; the top surface was set as free surface with zero shear stress while all
other boundary surfaces were set as wall surfaces. When the discrete bubbles or
droplets reached the top surface of the cell in the DPM model, they were considered
as escaped or trapped, and thus removed out of the subsequent calculation.

Very fine structured mesh was used in the channel region between the anode and
the cathode, and the top region where the liquid metal/molten salt interface existed.
Hexahedral control volumes were used. The other regions of the cell were not
important for the present study consequently divided into unstructured computa-
tional domains. The computational domain was meshed into 1.6 million control
volumes.

The SIMPLE algorithm [6, 7] for pressure-velocity coupling and second order
upwind scheme was adopted for solving the momentum, k and ε equations. The
body force weighted discretization scheme was used for the pressure equation.
When liquid metal distribution on the top surface was calculated, the VOF method
[8] was adopted to simulate the liquid metal/electrolyte interface. ANSYS Fluent
16.2 software package was used to solve the mathematical modeling [9].

Results and Discussion

Bubble Behavior and Flow Characteristics in LiCl Cell

The typical bubble distribution in the LiCl electrolytic cell at different time instants
is displayed in Fig. 2. The color map for the bubbles was based on the bubbles’

Table 2 Physical properties
used in the CFD modeling

Item Value

Operating temperature of Li production (°C) 450

Operating temperature of Na production (°C) 500

Density of Cl2 (kg/m
3at 450 °C) 1.25

Density of Cl2 (kg/m
3at 500 °C) 1.13

Density of Na droplets (kg/m3) 920

Density of Li droplets (kg/m3) 490

Density of NaCl–CaCl2 salt (kg/m
3) 1600

Density of LiCl–KCl salt (kg/m3) 1646

Viscosity of NaCl–CaCl2 salt (Pa S) 0.002

Viscosity of LiCl–KCl salt (Pa S) 0.00146

Current density (A/m3) 10,000
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local velocity magnitude. At the start of the electrolysis process, the chlorine
bubbles are generated on the surface of the graphite anode. Because of the buoy-
ancy force, the bubbles begin to rise. This flotation causes an upswing (gas lift) in
the molten salt resulting in a circulatory flow in the bath. Steady state was reached
in about 10 s. It is also important to note that more than one million bubbles were
tracked in the molten salt bath using this CFD model; however, for visualization
purposes, only 5% of the total bubbles were displayed in Fig. 2.

The predicted velocity field of the molten salt on the top free surface and the
middle symmetrical plane in a single cell is shown in Fig. 3. In this case, the bubble
diameter was set as 5 mm in the model. The average velocity magnitude between
the anode and cathode was around 1.07 m/s. Since the diameter of the chlorine
bubbles in the electrolytic cell is unknown, different bubble sizes, such as 4 and

Time = 11 sTime = 2s

Fig. 2 Bubble distribution in
the lithium electrolytic cell

In the middle plane of single cell

Free surface on the top

Fig. 3 Velocity field of the
molten salt on the top free
surface and middle
symmetrical plane in lithium
electrolytic cell
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3 mm, were also tested. The consequent velocity fields were analyzed and com-
pared. The average velocity magnitude of the molten salt in the gap between the
electrodes for different bubble diameters is depicted in Fig. 4a. The mass flow rate
through these electrode pairs are shown in Fig. 4b. Although the smaller bubbles
had less buoyancy, the total number of small bubbles was much more than that of
the large bubble. This was expected as the total volume production rate of chlorine
gas remained unchanged for the same current density. For example, the total
number of bubbles generated on the anode surface was 1.38 × 105/s for a bubble
diameter of 5 mm. This number would increase to 6.40 × 105/s if the bubble
diameter was reduced to 3 mm. As a result, the average molten salt velocity
magnitude flowing through the gap between the electrode pairs became similar, in
the range of 1.07–1.12 m/s. Therefore, there is no appreciable impact on the cir-
culating velocity for a bubble size ranging from 3 to 5 mm. Accordingly, the mass
flow rates through the gap of the electrode pair were in the range of 67–71 kg/s.
This flow rate would be the amount of recycle electrolyte provided for the elec-
trolytic process. This was much higher than the electrolytic reaction rate (given that
the metal chlorides (Na or Li) form a significant fraction of the overall electrolyte)
and therefore would help maintain a near constant electrolytic concentration
between the electrodes.

Lithium Droplet Trajectories

In the LiCl electrolytic process, liquid lithium is produced as fine droplets on the
inner cathode surface. Because the density of lithium is lighter than the electrolyte,
the droplets will float up with the molten salt flow, and eventually reaching the top
surface. At the top surface, the lithium droplets are trapped due to the surface
tension. A liquid lithium layer was ultimately formed (assuming the lithium was not
trapped in a bell) as more and more lithium accumulated on the surface. In the CFD
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Fig. 4 Average velocity and mass flow rates flowing through the gap of one electrode pair using
different chlorine bubble sizes in the CFD modeling
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modeling approach, the trajectories of the lithium droplets in the bath were pre-
dicted using the Lagrangian Discrete Phase Model. The trajectories of different
sized droplets (Diameter = 1 mm, 0.2 mm and 0.01 mm respectively) were pre-
dicted by the model. At time t = 0 s, 12,800 droplets were released on the cathode
surface. These droplets were tracked along with the molten salt flow. The droplet
trajectories in the molten salt bath are shown in Fig. 5. In order to display the
droplet trajectory clearly, only 5% of the total bubble population are given in Fig. 5.
Different colors were used to distinguish the droplet ID number. It could be seen
that the larger bubbles would quickly float up to the top free surface, and migrate
downwards in quick succession. For a smaller size (Dia. = 0.2 mm), the buoyancy
force was much smaller, resulting in more droplets entrapped towards the bottom of
the bath by the circulating melt flow, and thus the residence time of small droplets
staying in the molten salt bath increased significantly.

Aspects of Lithium Distribution on the Top Surface

To demonstrate the extension of the model after lithium reaches the surface, the
distribution of liquid lithium on the free surface could be predicted using a VOF
model coupled with DPM and turbulent flow. The results obtained from the
lithium-electrolyte distribution in the electrolytic cell are depicted in Fig. 6. For this
purpose, three single cells (in the same configuration as Fig. 1) are aligned together
into the molten salt bath. The red region represents the electrolyte and the blue area
represents the liquid lithium. Because of the turbulent circulatory flow caused by
the chlorine bubbles, the accumulated liquid lithium on the top surface was pushed
away from the center of the electrodes. Most of the liquid lithium accumulated in

Fig. 5 Trajectories of lithium droplets in the molten salt bath (different droplets’ trajectories were
identified by colors)
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the rear of the bath resulting in a layer measuring 10 mm at the moment of time
t = 800 s. A small portion of the lithium metal was trapped in the front of the bath.
The circulatory flow also entrapped some of the lithium in the molten salt bath.
When the time increased to t = 1600 s, the thickness of lithium layer at the rear
surface would increase to around 20 mm, while the size of the exposed electrolyte
eyes decreased.

Electrolytic Process in NaCl Cell

Similar modeling procedures were followed for the electrolytic process in the sodium
bath, to simulate the sodium production using the same Downs cell type configu-
ration. Because the gap between the anode and the cathode is only 30 mm, as the
chlorine bubbles floated up, the chlorine bubbles become homogenized along with
the newly formed sodium droplets in the electrode gap (without any porous mem-
brane). However, this would lead to rapid chemical reaction between sodium dro-
plets and chlorine bubbles forming NaCl again, because the sodium, once formed,
enters into the electrolyte as a fog. Therefore, using a porous membrane to separate
the chlorine bubbles from mixing with sodium droplets is an absolute necessity.

Conclusion

In the present study, it was found that the molten salt flow driven by flotation of
bubbles could be predicted by the CFD model using the Lagrangian Discrete Phase
Method coupled with two equation turbulence models. It is necessary to use a

Liquid Lithium 

Fig. 6 Lithium distribution
on the top surface in the
electrolytic cells at
time = 800 s
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porous membrane for separating chlorine bubbles from sodium droplets in a sodium
electrolytic cell, otherwise the chlorine bubbles will mix and react with sodium
droplets and form NaCl again. In the lithium cell, the size of chlorine bubbles in the
range of 3–5 mm has a minor effect on the velocity magnitude of the molten salt;
the mass flow rate driven by the dragging of chlorine bubbles in the lithium cell was
about 70 kg/s for the conditions used in this paper. This was the amount of recycled
electrolyte provided for the electrolysis process by the circulating molten salt flow.
The distribution of lithium metal layer on the top free surface could be predicted by
CFD modeling using the VOF technique.
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P-CAC, A Unique Separation Technology
for PGM Recovery

Shijie Wang and Tracy Morris

Abstract Preparative Continuous Annular Chromatography, or P-CAC, is an
innovative separation technology, a unique approach to high-performance chro-
matography for the separation of PGM component mixtures from solutions. P-CAC
consists of inlet/distribution head and outer/inner cylinders, and bottom
plate/fraction-collection as well. P-CAC has been applied in biotechnological and
pharmaceutical downstream processing. This was the first time to explore an effi-
cient PGM separation and recovery at the Copper Refinery. Laboratory trials with
using a chloride solution for raffination for PGM are described and the tests results
are presented in this paper.

Keywords PGM recovery � P-CAC � Platinum � Palladium

Introduction

The Spanish named platinum platina, which means little silver. They regarded it as
an unwanted impurity in the silver collected from the new world. The platinum
group metals (PGM) are a family of six members consisting of ruthenium, rhodium,
palladium, osmium, iridium, and platinum, which can be gained by examining the
position they occupy in the periodic table, as shown in Fig. 1. Due to their high
resistance to oxidation and corrosion, the PGM, like gold and silver, are classified
as noble metals, and widely used in chemical laboratories, i.e., crucibles or com-
bustion boats, thermocouples, electrodes, instrument components. For many years
in automotive industry, platinum and palladium have been installed as oxidation
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catalysts in the catalytic converters to treat automobile exhaust emissions. A widely
range of PGM alloy compositions is also used in low voltage, low energy, and other
contracts; thin- and thick-film circuits; in jewelry and decorations; and for dental
and medical uses as well.

Sources of the platinum-group metals can be classified in two folds; the world
newly mined, or primary PGM, as shown in Fig. 1, flow production chart at
Rustenberg Platinum Mines for treatment of ore up to the concentrate stage [2]; and
secondary PGM in which are recovered by refining precious metals slimes, used
equipment, and spent catalysts. Most refining procedures take advantage of the
ready solubility of gold, platinum, and palladium in aqua regia and the ease with
which gold can be reduced to the metallic form from the chloride solution by
solvent extraction technology [3]. Figure 2 schematically illustrates the aqua regia
refining process [4], and Fig. 3 provides a detailed block flow chart of typical PGM
recovery at a copper refinery.

Platinum is first removed by precipitation with ammonium chloride. Gold is then
reduced with iron(II) sulfate to its metallic state. Finally, Palladium is oxidized at
80 °C with nitric acid to the +4 oxidation state and precipitated with ammonium
chloride. Since it takes place in the presence of base metals, the entire process is
lengthy, costly, and complicated, especially, an intermediate product, or so called
“yellow cake”, between the platinum and palladium precipitations, is unstable that
needs to be prevented, a new separation technology—P-CAC, therefore, is selected
and trialed for the replacement of the traditional process.

P-CAC Technology

Preparative Continuous Annular Chromatography, or P-CAC, is featured by an
annulus with synchronically rotating inner and outer cylinders, packed with sta-
tionary phase. It consists of the following main parts:

1. Inlet and Distribution Head—It includes seven inlet ports to pump in the feed
and eluent solutions. One inlet port is reserved for the ventilation of the column
and the pressure indicator and pressure relief valve. One inlet port is reserved for
the top eluent which floods the entire annulus.

Fig. 1 Periodic table: the
platinum group metals [1]

142 S. Wang and T. Morris



M
in

e
Cr

us
hi

ng
 

pl
an

t
Ba

ll
m

ill
s

Fr
ot

h
flo

ta
on

Co
nc

en
tr

at
e 

tr
ea

te
d

by
 g

ra
vi

ty
 m

et
ho

d
to

 re
m

ov
e 

m
in

er
al

Th
ic

ke
ni

ng
 o

f fi
lte

r,
an

d 
dr

y 
co

nc
en

tr
at

e
Pe

lle
zin

g
Sm

el
ng

(e
le

ct
ric

su
bm

er
ge

d
ar

c 
fu

rn
ac

e)

Co
nv

er
te

r
(P

ie
rc

e-
Sm

ith
 ty

pe
)

Sl
ow

co
ol

in
g

Cr
us

hi
ng

,
gr

in
di

ng
,

an
d 

m
ag

ne
c

se
pa

ra
on

Pr
es

su
re

- le
ac

hi
ng

to
 g

iv
e 

PG
M

 re
sid

ue
s

Pr
es

su
re

- le
ac

hi
ng

Cu
an

d 
N

i
el

ec
tr

ow
in

ni
ng

Ru
st

en
bu

rg
m

in
er

al
30

-4
0%

 P
G

M

Re
fin

er
y

Fi
na

l
co

nc
en

ta
gt

e
60

%
 P

G
M

N
i

Cu
Co

N
i, 

Cu
so

lu
on

s

Hi
gh

 g
ra

de
m

a
e

M
ag

ne
cs

O
re

F
ig
.
2

Fl
ow

pr
od

uc
tio

n
ch
ar
t
at

R
us
te
nb

er
g
pl
at
in
um

m
in
es

fo
r
tr
ea
tm

en
t
of

or
e
up

to
th
e
co
nc
en
tr
at
e
st
ag
e

P-CAC, A Unique Separation Technology for PGM Recovery 143



The remaining five inlets allow adoption and optimization for processes such as:

• Multiple feed-inlet ports.
• Techniques such as step-elution, gradient-elution, displacement-eluent, as

well as washing and recycling steps such as those used in ion-exchange
chromatography.

2. Top-plate—This includes a rotating device and a bearing to keep the column
aligned during rotation. The top-plate connects the distribution head and the
outler cylinder of the annular column. The top-plate is made of polypropylene
(PEEK optional) and can withstand pressures in the column of up to 10 bar.
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Fig. 3 Process route at international nickel acton refinery
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3. Outer Cylinder—This outer cylinder is made of high precision glass, which can
be used up to 3 bar operating pressure. A pressure relive valve installed in the
distribution head, prevents the column from failing due to over pressure. The
glass cylinder, in its basic design, allows the column to be packed to a total bed
height of between 380 and 420 mm. Other outer cylinders to give different bed
heights are available.

4. Inner Cylinder—The inner cylinder is made of titanium and is designed to
withstand 10 bar pressure. The basic design allows the column to be packed to a
total bed height 420 mm. Inner cylinders to give different bed heights are
available.

5. Thermojacket—The inner cylinder serves at the same time as a thermojacket to
cool or to heat the annular column. The design of the column allows to vary the
temperature between 0 and 95 °C.

6. Bottom-plate—The bottom-plate contains 180 exit holes in the annulus and is
made of PEEK and is designed to withstand pressure up to 10 bar. The holes are
covered by a filterplate to prevent the stationary phase from entering the holes.
The bottom-plate is connected to the drive through a driving-pin at the axis. The
axis is made of titanium.

7. Fraction–collection—This is regulated by a stationary glide-ring system. The
glides-ring system consists of 180 chambers each associated with one of the 180
exit holes in the bottom-plate. This ensures an easy and precise way to collect
fractions by just connecting the required exit ports of the glide-ring with fluid
supporting modules, which collect the fluid from the chambers. Thus a constant
product quality with no cross contamination is ensured. The whole
fraction-collection represents a closed system. Unused eluent can be reused. The
glide-ring system is made of PTFE.

8. Drive—High precision step motor including control panel and software. The
software allows three different operation modes—production, compression, and
filling modes. Housing—The housing is made of coated steel. The housing
protects the drive as well as the electronic parts from the surrounding
environment.

Experimental Tests

For the bench experimental tests, a laboratory size P-CAC device with control
system was set up as shown in Fig. 4. The feed solution was collected from the
operation circuit at the Refinery and directly pumped on to the stationary phase
using a fixed, internal nozzle. The main eluent is evenly distributed throughout the
entire annulus, see Fig. 5. At the bottom of the column the separated components
were simultaneously collected, as shown in Fig. 6, each at a given rotation angle.
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The localized separation permits continuous operation and simultaneous removal of
all components. All collected samples were rearranged (Fig. 7a) by different
chambers from the exit holes and the fraction-collection samples, which represent
closed systems with different color (Fig. 7b), were then submitted for chemical
analyses in the Central lab.

Fig. 4 Laboratory size
P-CAC set up

Fig. 5 The main eluent is
evenly distributed throughout
the entire annulus

Fig. 6 The separated
components were
simultaneously collected at
the bottom of the column
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Results and Discussion

Separation resolution depends on the affinity of the components to the stationary
phase, as well as the throughput of the feed and eluents, and the speed of rotation.
As a result, a colorful separating flow pattern on the outer glass cylinder is shown in
Fig. 8; where the yellow (1st line), brown (2nd line, wider), and green (3rd line)
represent platinum, palladium, and copper/silver, respectively.

All test results are tabulated in Tables 1 and 2. Test 1 was run with the Palladium
solution after the gold is removed. Clean fractions of Pd and Pt are produced from
the batch column. As shown in Table 1, the Pd/Pt ratios in feed and product
solutions are 37 and 7040, respectively. After P-CAC separation, as shown in
Table 2, a significant separation of Pd and Pt is demonstrated again in where the
metals come out. Further work needs to be done to fine tune the process, i.e., Pd and
Pt separation between AR-A7 and AR-A9.

From the plant practice, a 99.95% Palladium metal will be obtained when the Pd:
Pt ratio equals or greater than 2000:1; the Pd:Pt ratio of 7040:1 in the palladium
fraction, obtained from the experimental test, guarantees a very pure Palladium
metal can be produced by employee the P-CAC Technology.

Fig. 7 a All collected samples were rearranged; b the fraction-collection samples represent each
closed system with different color

Fig. 8 A colorful separating
flow pattern on the outer glass
cylinder is shown
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Table 1 Palladium solution and results for P-CAC tests 1 and 2

Sample ID Cu Ag Pd Pt Au

Initial concentration (g/L) 61.6 0.40 125.6 4.40 0.10

Test 1 results (mg/L)

1–7 A 7080 <10 <10 <5 <10

8–9 A 760 10 30 <5 <10

10 A 94 22 1080 <5 <10

11 A 24 36 7360 <5 <10

12–22 A <10 18 8760 <5 <10

23–27 A <10 <10 1360 <5 <10

28–36 A <10 <10 <10 462 <10

Test 2 results (mg/L)

1–7 B 7720 <10 <10 <5 <10

8–9 B 2160 12 1800 <5 <10

10 B 6760 50 11,800 <5 <10

11 B 5520 60 11,920 <5 <10

12–22 B 1320 42 12,320 <5 <10

23–27 B 16 <10 3880 58 <10

28–36 B 12 <10 <10 514 <10

Combined final solution (mg/L) 44 <5 35.2a 44
aIn g/L

Table 2 Palladium solution and results for P-CAC tests 3 and 4

Sample ID Cu Ag Pd Pt

Initial concentration (g/L) 112.8 0.84 134.4 3.20

Test 3 results (mg/L)

AR-A1 <1 <1 <1 <1

AR-A2 7150 <1 5 <1

AR-A3 3450 <1 <1 <1

AR-A4 4 <1 <1 <1

AR-A5 4 <1 <1 <1

AR-A6 12 <1 <1 <1

AR-A7 15 <1 1 <1

AR-A8 8 <1 1650 60

AR-A9 <1 <1 7600 170

AR-A10 <1 <1 3600 7

AR-A11 <1 <1 750 1

AR-A12 <1 <1 16 <1

AR-A13 <1 1 7 <1

Test 4 results (mg/L)

AR-B1 1400 <1 <1 <1
(continued)
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Conclusions

1. All test results have demonstrated that clean fractions of Pd and Pt are produced
from the batch column. Using the direct collected solution feed and dilute HCl
as eluent, the Pd fraction is of high purity. The Pd:Pt ratio in palladium fraction
is 7080.

2. The first industrial trial is very successful; batch column tests have approved that
P-CAC technology can be applied in the PGMs separation and production for
process safety, efficiency, and profitability. Using data obtained from the batch
column experiments for scale up the P-CAC to production size would be the
next focus in path forward.

Acknowledgements Sixty-seven years has passed since the first concept of a rotating annular
chromatograph for industrial applications was suggested by Nobel Prize winner A.V.P. Martin in
1949. In his paper [5], Martin wrote “Chromatography can also be a continuous process, provided
that the developing solvent returns the adsorbent to its initial state within a reasonable period.
Imaging the chromatogram to be packed within a narrow space between two concentric cylinders.
The upper surface of the chromatogram is flooded with solvent and at one point the solution to be
separated is fed on slowly. The annular chromatogram is slowly and uniformly rotated with the
result that different zones will form helices of characteristic angle which can be collected at various
fixed points around the bottom of the chromatogram”.
It will be amazing to list all scientists and engineers and their efforts, of cause including all

failures, to develop the P-CAC to date. The authors are very grateful to Drs. A. Prior and Y. Shang
of PRIOR TECHNOLOGY GMBH for their technical support, which helped completing the first
P-CAC industrial trial on PGM separation and made Dr. Martin and the other pioneers’ dream
come true.

Table 2 (continued)

Sample ID Cu Ag Pd Pt

AR-B2 8650 20 <1 <1

AR-B3 2 8 <1 <1

AR-B4 <1 <1 <1 <1

AR-B5 to B7 <1 <1 3 <1

AR-B8 <1 <1 4350 <1

AR-B9 <1 <1 4200 <1

AR-B10 <1 <1 2350 <1

AR-B11 <1 <1 1100 <1

AR-B12 <1 <1 222 <1

AR-B13 <1 <1 1 <1

AR-B14 to B16 <1 <1 1 <1

AR-B17 to B23 <1 <1 <1 <1
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The Physical Characteristics
of Electrorefined Copper Starter Sheet
Material

Daniel Majuste, Paul Laforest and Michael Moats

Abstract The interaction of anode and electrolyte chemistry in copper electrore-
fining is complex. This is especially true with regard to the behavior of Group 15
elements (As, Sb, and Bi). To better understand this system, laboratory electrore-
fining experiments were conducted using commercial anodes with As/(Sb + Bi)
molar ratios of 0.54 and 3.8 and an electrolyte collected from a commercial refinery.
The effect of adding thiourea during plating was also examined. Twenty-one hour
copper deposits were produced in the laboratory to simulate starter sheet produc-
tion. The mechanical properties of the electrodeposited copper as measured by an
industrially relevant empirical bend test and a one-point bend test developed by
UFMG are reported. The crystal structures of the samples were also examined.

Keywords Copper � Electrorefining � Starter sheet � Ductility � Bending

Introduction

Approximately 25% of the world’s copper electrorefineries produce and use starter
sheets for their operations [1]. While starter sheet technology has been employed
for many decades, situations arise where their production can be problematic [2].
Specifically, the ductility of the starter sheet material can become compromised
which leads to loop breakage.

The ductility of starter sheet material is measured in a plant setting using a
simple bend test [2]. In a bend test, material is placed in a vice and bent, evenly, at
90° in each direction. Each motion is counted as one bend, and the total number of
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bends to failure is recorded. A higher number of bends indicates a sample with
more ductility. This method was used by O’Keefe and Hurst [3] when they showed
that antimony in electrolyte produced brittle copper electrodeposits but chloride and
glue additions counteracted this effect. Laforest and Moats [4, 5] also employed a
bend test while examining the effects of anode chemistry and thiourea on deposit
ductility and electrolyte chemistry.

While ductility of copper starter sheet material is important, the reporting of
physical characterization using quantified and reproducible methods was not found
in the open literature. Ductility of electrodeposited copper for other applications has
been measured, but the copper deposits are thinner than those produced in this study
[6–9]. Therefore, the ductility of copper starter sheet materials was measured using
a one-point bending test. Comparisons of the one-point bending test results to
crystal structure and bend test values were made.

Experimental

Starter Sheet Materials

Two sets of starter sheet materials were evaluated by bend testing and the UFMG
one-point bending test. The first set was commercial starter sheet samples. The
second set was laboratory starter sheet samples. The commercial starter sheet
samples were produced by two facilities and selected to provide a range of bend test
values. The laboratory starter sheet samples were produced during an earlier
investigation with details reported elsewhere [4, 5, 9].

One-Point Bending Test

A one-point bending test was developed by researchers at Universidade Federal de
Minas Gerais to simulate the stress that would be imposed upon copper and zinc
electrodeposits produced by electrowinning during removal from permanent cath-
odes. The test was developed as part of the AMIRA P705 series of projects.

Cu samples (25 mm width × 55 mm length) were subjected to a one-point
bending test in a customized device, which reproduces the bending of the metal
sheet during the stripping stage. The device was placed on a universal testing
machine (INSTRON 5582) using a 100 N load cell, where a controlled vertical
force is applied to the punch of the device. One end of the sample is fixed by a lock
device that applies a compression force, while the punch moves vertically at a
constant speed of 0.2 mm s−1, bending the sample. The horizontal distance between
the punch and the support was kept constant during the tests at 10 mm. The punch’s
weight was considered in the calculations. This approach takes into account all
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geometric factors related to the experimental set-up. The variables measured here
were the vertical displacement of the punch and the vertical force. In order to
calculate the angle θ between the bent sample and its original position, the geometry
of the test system was simplified: the sample was assumed to be straight.

X-ray Diffraction

The crystalline structure of the Cu deposits was analyzed by X-ray diffraction
(XRD), using a PANalytical (Empyrean) X-ray diffractometer, with Cu Kα1
(λ = 1.5406 Å) radiation. The XRD patterns were measured in 2θ range from 30 to
100° using a step size of 0.02°. The patterns were identified using an ICDD
(International Centre for Diffraction Data) file as reference (04-0836). The texture
of the electrodeposited metal was discussed semi-quantitatively on the basis of the
relative peak intensities.

Results and Discussion

Commercial Starter Sheets

Four commercial starter sheet samples were provided by an industrial partner.
Selected impurity concentrations for the samples are provided in Table 1 along with
the average number of bends to failure. The data indicate no correlation between
these impurities and the bends to failure.

Specimens of the commercial samples were measured using the UFMG
one-point loading test. Force versus deformation curves for the four commercial
samples are shown in Fig. 1. No correlation was observed. The commercial sam-
ples were of differing thickness as indicated in Table 1. Once the force was nor-
malized to account for the deposit thickness, a correlation between the average
number of bends to failure and the maximum normalized deformation force was
observed as shown in Fig. 1. It is not totally unexpected that samples which were
stronger were also less ductile.

Laboratory Starter Sheets

To understand the effect of anode composition and thiourea on starter sheet duc-
tility, laboratory electrorefining experiments were conducted. Sections of com-
mercial anodes and cathodes were employed along with commercial electrolyte.
Details of the electrorefining experiments were previously reported [4, 5, 9].
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Three experimental series were conducted. The conditions for each series and
the average bends to failure are provided in Table 2. With 95% confidence, Series 2
(high molar ratio anodes) produced more ductile starter sheets than Series 3 (low
molar ratio anodes with thiourea), which in turn was more ductile than Series 1 (low
molar ration anodes).

Fourteen or fifteen electrorefining tests were conducted in each series. Four
electrodeposits were produced in each test. Two deposits were subjected to the bend
to failure test. Two were available for other characterization. From these extra
samples, three specimens were selected from each series and sent to UFMG
one-point bending measurement. The samples are identified as Lab with the series
number and an arbitrary letter (A through C).

Figure 2 shows normalized load (N) versus deformation (mm) curves obtained
for each lab produced Cu sample. Load was normalized based on differences in
sample thickness. The range of thickness was 1.627–1.95 mm. An initial fracture
(not complete breakage) was observed for samples Lab 1A, Lab 1B, Lab 3A, and
Lab 3B during the one point bending test, thereby indicating that such samples are
less ductile. This correlates well with the bend test values where Series 1 and 3 were
less ductile than Series 2.

Moment (M) versus bending angle curves were plotted up to a bending angle of
60º (Fig. 3). The maximum angle of the test is likely greater than the typical wedge
angle during stripping. It can be seen that the curves exhibit similar behavior: the
bending moment increases parabolically with angle, and then displays increasing

Fig. 1 Force versus deformation curves from one-point loading test for commercial samples.
Insert Average number of bends to failure versus maximum normalized deformation force
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oscillations as the testing angle increases. These oscillations, which were observed
for angles above about 40º, are probably associated with the friction between the
punch and the sample, as the horizontal component of the bending force increases
with the bending angle. The surface roughness has a direct influence on the friction
between the punch and the specimen, making it difficult to assign a specific
meaning to these oscillations. Figure 3 also reveals that the curve obtained for
samples Lab 1A, Lab 1B, and Lab 3B reached a peak at about 48°, 51° and 59°,
respectively, and then decreased, which was caused by the fracture of the corre-
sponding sample. Again, this indicates that these Cu deposits present a relatively
lower ductility and, therefore may present problems during loop making.

Fig. 2 Normalized load versus deformation curves obtained for the lab Cu samples

Fig. 3 Moment versus bending angles curves obtained for the Cu samples plotted with
normalized data
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All bent samples were submitted manually to further bending (about 180°)—one
cycle, in an attempt to simulate the preparation of loops. The samples Lab 1B, Lab
3A, and Lab 3B broke, while a severe fracture was observed for samples Lab 1A
and Lab 1C. This again correlates well with the bend test values where Series 1 and
3 were less ductile than Series 2.

It is difficult to explain the differences in the magnitude of the moment measured
for the various samples (or net force F that causes bending), since it depends closely
on the material strength that is affected by the crystallographic texture, grain size,
thickness and stress concentrators in the specimens. Considering the testing of
non-porous Cu samples (as visualized), the behavior observed here would be
probably related to the crystallite orientation and size. A careful polishing and
metallographic analysis should be performed to generate additional information.

Comparison of the results from the industrial bend test and one-point bending
test did not produce a strong correlation as seen with the commercial samples. On
average, the Lab 2 samples which had the highest number of bends to failure
needed the least amount of force to deflect the samples. The best commercial

Fig. 4 XRD patterns for laboratory starter sheet deposits
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sample also needed the least amount of force. The one-point bending test seems to
indicate that starter sheets need to be weaker and more ductile to perform better in
the industrial bend test.

In an attempt to understand the root causes of the bend and one-point bending
measurements, XRD was performed on the laboratory Cu deposits. Figure 4 shows
the XRD patterns. The relative intensity of the peaks is given in Table 3. Only
peaks ascribed to Cu crystallites were detected. As can be seen, the preferred
orientation detected in all samples was the (220). It can also be observed that the
relative intensity of orientation (200) was magnified for samples Lab 1B, Lab 2A,
Lab 2B, Lab 2C, Lab 3A and Lab 3B. The increased presence of the (200) plane
was also detected during our previous investigation [4, 5, 9] and correlated to
improved bend test results. These XRD data appear to confirm this correlation.

It therefore appears that Sb(V) in the electrolyte promotes the orientation of the
deposit in favor of the (220) plane parallel to the surface. Change in anode
chemistry decreases Sb(V) and promotes the growth of grains not completely ori-
entated with the (220) plane. Thiourea at the dosage used also promotes this trend,
but not as effectively as the change in anode chemistry. As stated previously, a
detailed investigation on the crystallite size and type of growth (via cross-section
analysis) may help us to further explain the observed trends.

Conclusions

Physical characterization of commercial and laboratory produced copper starter
sheet materials was conducted. One point bending tests provided complimentary
data about the strength and ductility of the electrodeposits. The one point bending
test data revealed that, in general, samples that perform well in an industrial bend
test require less force for deformation.

XRD analysis confirmed previous observations that samples produced with a
higher molar ratio anode or in the presence of thiourea exhibits grains with more
(200) orientation. The number of bends appears to be a function of the relative

Table 3 Relative intensity of
the XRD peaks detected for
the lab samples

Sample Relative intensity

(111) (200) (220) (311)

Lab 1A – – 1 0.008

Lab 1B – 0.017 1 0.010

Lab 1C – – 1 –

Lab 2A 0.034 0.043 1 –

Lab 2B – 0.011 1 0.016

Lab 2C – 0.061 1 –

Lab 3A – 0.035 1 0.028

Lab 3B 0.016 0.014 1 0.038

Lab 3C 0.014 – 1 0.031
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intensity of (200) plane. Anode chemistry appears to affect electrolyte chemistry
and the deposit structure of starter sheets. The detrimental ductility efforts associ-
ated with using low molar anodes can be mitigated to some extent by the addition of
thiourea. However, the use of anodes with a molar ratio greater than two is highly
recommended based on the literature.

To further understand the root causes of the physical characterization reported in
this report, detailed microstructural and textural analysis should be conducted.

Acknowledgements The first author would like to thank Dr. Franco C. Bubani (UFMG) for the
valuable help during the bending tests and the Laboratory of XRD (DEMET/UFMG) for the
analysis.
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Extraction of Copper
from Sulfate-Chloride Solutions by Using
Hydroxyoxime Extractants

M.C. Ruiz, I. Gonzalez, J. Salgado and R. Padilla

Abstract The mining companies in Chile are increasingly using chloride salts
and/or sea water in the sulfuric acid leaching of copper minerals. For this reason,
the effect of chloride ions on the solvent extraction equilibria was investigated.
Copper extraction isotherms were determined at 25 and 35 °C for aqueous solutions
containing 6 g/l of Cu, 7 g/l of Fe, chloride ion concentrations of 0, 60 and 110 g/l,
and a pH of 2.0. The organic phases were 20% v/v solutions of a ketoxime (LIX
84-IC) or a salicylaldoxime (LIX 860 N-IC) . It was determined that the presence
of chloride in the aqueous solution had a large negative effect on the extraction
equilibria for both extractants, particularly the ketoxime. Therefore, as the chloride
ion concentration increases, an efficient use of the extractant would become more
difficult. An increase in the temperature from 25 to 35 °C positively affected the
extraction equilibria for these extractants.

Keywords Solvent extraction � Copper extraction � Hydroxyoximes � LIX 84-IC �
LIX 860 N-IC

Introduction

For many years, the solvent extraction process (SX) has been used successfully by
the copper mining industry for the purification and concentration of aqueous
solutions obtained by sulfuric acid leaching of copper ores in dumps, heaps, and
agitated tanks. The process can be separated into two steps: extraction and strip-
ping. In the extraction step the copper in the leaching solution is transferred to an
organic phase that contains a highly selective copper extractant leaving an aqueous
solution with low copper content (raffinate) that can be recycled back to the
leaching operation. In the stripping step the copper in the loaded organic phase is
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transferred back into a concentrated electrolyte solution from where the copper can
be recovered as high purity copper cathodes by electrowinning. The reaction that
occurs during the extraction of copper can be written as:

Cu2þ þ 2HR ¼ CuR2 þ 2Hþ

This is a reversible reaction; therefore, in the stripping stage the reaction is
reversed by contacting the loaded organic solution with a highly acidic aqueous
solution (spent electrolyte) and the depleted organic phase can be recycled back to
the extraction step.

Currently, several industrial SX plants of various sizes in Chile are treating
sulfuric acid leaching solutions that also contain high concentrations of chloride [1,
2]. There are three sources of chloride in the solutions:

(i) The presence of the copper chloride mineral atacamite (Cu2(OH)3Cl) in the
ore.

(ii) The use of sea water in the heap leaching of oxide copper minerals, an
increasingly common practice due to the limited availability of fresh water
for the mining projects.

(iii) The addition of chloride salts (NaCl or CaCl2) in order to heap leach effi-
ciently the secondary sulfide copper ores, a process developed as an alter-
native to bioleaching [3, 4].

Thus, the levels of chloride in the leaching solutions to be treated by SX can be
higher than 100 g/L in some cases.

The industrial SX plants that treat sulfate-chloride leaching solutions in opera-
tion today use the same hydroxyoxime extractants that have been used traditionally
for copper extraction from pure sulfate solutions. The transfer of chloride ions to the
electrolyte is controlled by adding a washing stage of the loaded organic solution
before stripping [2, 5, 6].

The presence of chloride ions changes the speciation of copper and iron in the
pregnant leaching solutions due to the formation of Cu and Fe chloro-complexes. In
particular, the concentration of the copper cation Cu2+ (the extractable copper
species) would decrease, affecting the copper extraction equilibria. The chloride
ions in the solution could also affect the extraction kinetics, the Cu/Fe selectivity,
and the rate of phase separation. Basic knowledge on the extent of the effect of
chloride ions on the copper solvent extraction would contribute significantly to the
optimization of the solvent extraction process when using the traditional hydrox-
yoxime reagents.

Considering the above, in the present work experimental data are presented on
the effect of chloride ions in the copper extraction equilibrium when using two
hydroxyoxime extractants: a salicylaldoxime (LIX 860 N-IC) and a ketoxime (LIX
84-IC). These two reagents alone or mixed are used in many industrial copper
solvent extraction plants [2, 6].
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Experimental

The aqueous solutions used in the present study contained 6 g/l of copper and 7 g/l
of iron, with 4 g/l of Fe(II) and 3 g/l of Fe(III), which were added as sulfate salts.
Chloride ions were added to some solutions as sodium chloride. The pH of the
solutions was regulated with sulfuric acid to a value of 2.0. The organic phase used
in most tests was a 20% v/v solution of either LIX 84-IC or LIX 860 N-IC using
Escaid 110 as diluent.

The experimental work included the determination of the maximum loading
capacity of both extractants at ambient temperature and the determination of
extraction isotherms at 25 and 35 °C for 0, 60 and 110 g/l of chloride ions in the
aqueous phase.

The procedure for the determination of the maximum loading capacity consisted
of mixing 50 ml of the organic phase (containing 5–35% v/v of extractant) with an
equal volume of the aqueous phase in a separation funnel. After 5 min of energetic
mixing, the two phases were allowed to separate and the aqueous phase was
removed. Fresh aqueous phase was added to the funnel and the phases were mixed
again. This procedure was repeated 4–5 times, until the pH of the aqueous phase did
not show any change before and after contact. The complete procedure was carried
out at room temperature and with no control of this variable. The copper loaded into
the organic phase was determined by repeated contacts with a sulfuric acid solution
and the resulting solutions were mixed and analyzed by atomic absorption
spectroscopy.

The extraction isotherms experiments were carried out in a batch stirred vessel.
The reactor was a cylindrical glass reactor of 1 L of capacity with four stainless
steel baffles. During the experiments, the reactor was immersed in a constant
temperature water bath. The stirring was carried out at 600 rpm for 10 min. The
organic phase, 20% v/v of LIX 84-IC or LIX 860 N-IC, was contacted with the
aqueous solution in various organic/aqueous (O/A) ratios in the range 3/1–1/6.
After the specified mixing period the two phases were allowed to separate in the
reactor. After complete separation, samples of the organic and aqueous phases were
treated by centrifugation to separate any entrainments, before chemical analysis.

Results

Maximum Loading for LIX 84-IC and LIX 860 N-IC

The copper concentration values in the organic solution obtained in the maximum
loading experiments for different concentrations of each of the extractants are
shown in Fig. 1. The maximum loading capacity of each extractant (copper con-
centration loaded per 1% v/v) was determined from the slopes of the lines in this
figure. The values obtained were 0.62 g/l for LIX 84-IC and 0.75 g/l for LIX
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860 N-IC. These results are as expected since the salicylaldoxime (LIX 860 N-IC)
is a stronger extractant and thus should load more copper at pH = 2 than the
ketoxime (LIX 84-IC) which is a weaker extractant [7].

Extraction Isotherms

Extraction isotherms were determined for both extractants using aqueous solution
with chloride concentrations of 0, 60 and 110 g/l. The results obtained for LIX
84-IC at 25 °C is presented in Fig. 2.

Fig. 1 Determination of the
maximum loading capacity of
the extractants. Aqueous
phase: 6 g/l of Cu, 4 g/l of
Fe2+, 3 g/l of Fe3+ and pH 2.0

Fig. 2 Extraction isotherms
for LIX 84-IC at 25 °C using
aqueous solutions with
different concentrations of
chloride ions
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As seen in this figure the presence of chloride in the aqueous solution has a large
negative effect on the extraction equilibrium, as shown by the shifting of the
equilibrium isotherms to the right in the presence of chloride in the aqueous
solution. Therefore, as the chloride concentration in the aqueous phase increases, it
will become increasingly difficult to obtain a raffinate with low copper concentra-
tion in a counter current extraction circuit.

To better visualize the situation; in Fig. 3 we present McCabe-Thiele diagrams
for a counter-current extraction of copper. In this figure, we combined the extraction
isotherms for the case of 0 and 110 g/l of chloride ions with the operation lines,
which represent the mass balance in a continuous counter-current solvent extraction
circuit.

It should be pointed out that to draw these McCabe-Thiele diagrams in Fig. 3,
several assumptions were made; therefore, this figure is not applicable for other
conditions and it is for illustration purposes only. We assumed that the loaded
extractant can be discharged to a copper content of 2 g/l in the stripping operation.
We also consider ideal extraction stages, and an O/A ratio of 0.8. As we can see in
the figure, when working with the aqueous phase without chloride ions we can
extract 95% of the copper in the solution by using a 2-stage extraction circuit, and
the organic phase could be loaded to more than 9 g/l of copper. On the other hand,
when the aqueous phase contained 110 g/l of chloride a 3-stage extraction could
only extract about 83% of the copper in the solution. In addition, the organic phase
would be loaded to about 8 g/l of copper. Therefore, this circuit will also have a less
efficient use of the extractant.

The extraction isotherms for LIX 84-IC for 0, 60 and 110 g/l of chloride at a
higher temperature of 35 °C are presented in Fig. 4.

Fig. 3 McCabe—Thiele
diagrams for the copper
extraction with LIX 84-IC
from solutions containing 0
and 110 g/l of chloride
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A comparison of these isotherms to the ones shown in Fig. 2 indicates that an
increase in the temperature to 35 °C positively affected the extraction equilibria,
raising the isotherms somewhat. However, the increase in the copper extraction
when operating at 35 °C instead of 25 °C would be small. A larger temperature
increase was not studied since operating at higher temperatures is not advisable due
to an increase in the decomposition rate of the extractants.

For the case of the salicylaldoxime extractant, LIX 860 N-IC, the extraction
isotherms at 25 °C are presented in Fig. 5. As seen in this figure, the presence of
chloride in the solution also affects significantly the extraction equilibrium although
the effect is not as large as observed with the ketoxime LIX- 84-IC. Therefore, this
extractant will perform better in the counter-current copper extraction from chloride
containing solutions than the ketoxime.

Fig. 4 Extraction isotherms
for LIX 84-IC at 35 °C using
aqueous phases with different
concentrations of chloride
ions

Fig. 5 Extraction isotherms
for LIX 860 N-IC at 35 °C
using aqueous phases with
different concentrations of
chloride ions
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On the other hand, an increase in the temperature to 35 °C affected very little the
extraction equilibria for this extractant. This can be observed in Fig. 6, which
compares the extraction isotherms at 25 and 35 °C for a solution with 110 g/l of
chloride using both extractants.

Conclusions

• The presence of chloride ions in the aqueous solution has a large negative effect
on the extraction equilibria of LIX 84-IC at 25 and 35 °C.

• As the chloride concentration in the aqueous phase increases, it becomes more
difficult to obtain a raffinate with low copper concentration even when using
more extraction stages.

• The effect of the chloride ions on the extraction of copper with LIX 860 N-IC is
small as compared to the effect on the LIX 84-IC.

• An increase in the temperature from 25 to 35 °C positively affects the extraction
equilibria of the hydroxyoxime extractants but the effect is not large, particularly
for the LIX 860 N-IC.

Acknowledgements The National Fund for Scientific and Technological Development,
FONDECYT, of Chile is acknowledged for the financial support of this study through Project
No. 1150343.

Fig. 6 Extraction isotherms for LIX 860 N-IC and LIX 84-IC at 25 and 35 °C using an aqueous
phase with 110 g/l of chloride
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Hydrometallurgical Processes
for the Recovery of Rare Earths, Nickel
and Cobalt in Chloride Medium

V.I. Lakshmanan, R. Sridhar, D. Tait and M.A. Halim

Abstract Rare earth elements (REEs), nickel and cobalt find their use in devel-
oping strategic materials and their demand is consistently increasing in the world
while the extractable ores of these metals are gradually depleting. Process
Research ORTECH Inc. (PRO) has developed innovative mixed chloride leaching
processes for the recovery of REEs from alumino-silicate ores, and nickel and
cobalt from laterite ores. The addition of magnesium chloride in hydrochloric acid
enhances the activity of the hydrogen ion by orders of magnitude, which permit
rapid leaching rates at moderate temperature and atmospheric pressure, along with
high metal recovery. Innovative solvent extraction process steps are used for the
separation of these metals from pregnant leach solutions. PRO’s processes also
produce value added by-product of high purity iron oxide and recycle chloride
lixiviant to the leaching stage. This paper describes the leaching and separation
reaction mechanisms and potential process flowsheets.

Keywords Rare earths � Nickel � Cobalt � Laterite � Mixed chloride �
Atmospheric leaching � Solvent extraction

Introduction

Rare earth elements (La to Lu plus Y) are being used in the making of hybrid
electric cars, catalytic converters, wind power generators, LEDs, hard disc drives,
flat panel displays and portable electronics due to their unique magnetic, electronic,
catalytic and optical properties. Rare earth elements (REEs) are commonly divided
in two groups: light rare earth elements (LREEs) and heavy rare earth elements
(HREEs). Light rare earth elements include elements from lanthanum (La) to
neodymium (Nd). Although promethium (Pm) is considered an LREE it is unstable
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and scarcely occurs in nature and is generally excluded. Heavy rare earth elements
include elements from samarium (Sm) to lutetium (Lu) plus yttrium. Although rare
earth elements are not rare and the rare earth oxides are scattered around the globe,
over 95% of REEs+Y are currently produced in China [1]. On one hand the Chinese
government is restricting the export of rare earth elements and on the other hand the
demand for REEs+Y is increasing in the rest of the world. This has created an
imbalance in the supply and demand of rare earth elements and has led to a rush for
developing new rare earths process flowsheets.

Demand for nickel and cobalt is consistently increasing in the production of
strategic alloys in the world while the supplies of economically and environmen-
tally recoverable resources are gradually depleting. Nickel is produced from
laterites which have a number of layers including overburden (about <0.8% nickel)
which is usually discarded, limonite ore zone (about 1.2–1.7% nickel, about 40%
iron and 1–4% magnesium oxide), a saprolite ore zone (about 1.6–2.3% nickel and
about 7–25% iron) and then a layer of rock [2, 3]. Laterite ore also contains other
metals including cobalt, manganese and chromium.

High temperature and pressure based hydrometallurgical processes are also very
capital intensive and require the use of autoclaves, high pressure pumping machines
and costlymaterials of construction [4]. Chloride-based hydrometallurgical processes
can be a potential alternative for the production of these value metals by meeting the
more stringent environmental requirements, and reducing capital and operating costs
compared to current process routes. Recycling of chloride lixiviant andminimizing of
unwanted waste production are apparent advantages of chloride-based hydrometal-
lurgical processes. Considering these advantages, innovative mixed-chloride pro-
cesses have been developed by Process Research ORTECH Inc. [2, 3, 5–16]. In this
paper, the recovery of REEs from alumino-silicate ores, and nickel and cobalt from
laterite ores is described. Atmospheric pressure leaching of ores in lixiviant con-
taining hydrochloric acid and magnesium chloride followed by separation and
purification, and recovery of these metals are presented.

Mixed-Chloride Leaching Process for the Recovery
of Rare Earth Elements

Process Research ORTECH Inc. (PRO) has developed an innovative
mixed-chloride leaching process for the recovery of REEs from alumino-silicate
ores that is cost effective and environmentally friendly [9]. Mixed-chloride con-
taining hydrochloric acid and magnesium chloride is an effective leachant, which
permit rapid leaching rates at modest temperatures and atmospheric pressures, with
high metal recovery [2, 3, 9–18]. Based on PRO’s proprietary mixed chloride
leaching technology [9], a rare earths containing ore was subjected to grinding
followed by leaching with a lixiviant of hydrochloric acid and magnesium chloride
at 95 °C for 4 h. The leach slurry was subjected to solid/liquid separation.
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The ore sample and the solid residue were digested and analyzed by Inductively
Coupled Plasma (ICP). The elemental concentrations in the pregnant leach solution
(PLS) were also determined by ICP. Leaching conditions and recovery of rare earth
elements are shown inTable 1. Extractions ofREEs andREEs plus yttrium (REEs+Y)
were 86.1 and 83.3%, respectively.

The PLS undergoes multiple stage solvent extraction to selectively remove Fe
and other impurities (including U, Th, Cu, and Zn) followed by the recovery of Zr.
A ketone and a tertiary amine (Alamine 336) in kerosene were used for the removal
of Fe and impurities, respectively, while 2-ethylhexyl phosphonic acid
mono-2-ethylhexylester (PC-88A) in kerosene was used for separation of Zr. Free
hydrochloric acid was extracted from Zr raffinate with EXXALTM 13, which can be
recycled to the leaching stage. REEs+Y were precipitated from acid and Zr
extracted raffinate with 10% oxalic acid at pH 2.0. Around 99% of the REEs+Y
were precipitated at room temperature. Results are shown in Table 2. The rare earth
oxalate obtained was washed with water, dried, calcined, and dissolved in

Table 1 Results on extraction of REEs+Y by PRO’s proprietary mixed chloride leaching
technology [9]

100 mesh
(%)

HCl
(N)

MgCl2
(g/L)

Solids
(% w/w)

Temp
(°C)

Time
(h)

REEs
(%)

REEs+Y
(%)

85 5.8 225 10.4 95 4 86.1 83.3

Table 2 Results on REEs+Y precipitation from Zr raffinate with 10% oxalic acid

Fe Zr La Ce Pr Nd Sm Eu Gd Tb

Zirconium
raffinate, mg/L

0.5 5 768 1550 174 612 146 8 152 30

REEs+Y ppt.*
filtrate, mg/L

0.5 <0.5 46.2 32.0 2.4 6.6 1.2 0.1 1.5 0.3

REEs+Y
precipitation, %

94 98 99 99 99 99 99 99

Dy Ho Er Tm Yb Lu Y Cu Zn U

Zirconium
raffinate, mg/L

208 41 115 15 71 8 772 1 2 <0.05

REEs+Y ppt.*
filtrate

1.2 0.3 0.7 0.1 0.1 0.5 10 1 4 <0.05

REEs+Y
precipitation (%)

99 99 99 99 100 94 99

Hf Al Ca K Mg Mn Na S Si Sr

Zirconium
raffinate, mg/L

1 1170 8750 915 58700 172 1590 123 9 125

REEs+Y ppt.*
filtrate

<0.02 1710 7860 1320 66700 160 2140 121 17 155

*Precipitate
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hydrochloric acid to give a REEs+Y concentrate for individual separation by sol-
vent extraction.

Alternatively, PRO has tested the use of D2EHPA with EXXALTM 13 in ker-
osene for direct extraction of REEs+Y from Zr raffinate after acid extraction
(Table 3). Pregnant strip solution of REEs+Y could potentially be used as a feed for
the individual separation of REEs+Y via solvent extraction process steps. The
raffinate from the final solvent extraction stage is recycled to the leaching stage as
shown in Fig. 1.

Table 3 Results on REEs+Y extraction from acid-extracted Zr raffinate (mg/L)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm

Zr Raffinate after
acid extraction

50 70 6 54 13 <5 19 7 28 7 19 <5

REEs+Y
Raffinate

<5 5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Yb Lu Y Zr Fe Ti Al Ca Cu K Na Zn

Zr Raffinate after
acid extraction

16 5 184 <5 <5 <5 7180 5710 <5 1610 4400 <5

REEs+Y
Raffinate

<5 <5 <5 <5 <5 <5 6680 5630 <5 1470 4410 <5

Fig. 1 Flowsheet for REEs+Y recovery by PRO’s mixed chloride leaching process [9]
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Mixed-Chloride Leaching Process for the Recovery
of Nickel and Cobalt from Laterite

Process Research ORTECH Inc. (PRO) has developed an innovative atmospheric
mixed-chloride leaching process for the recovery of nickel (Ni) and cobalt
(Co) from laterite ores [2, 3]. As discussed in the previous section, addition of
MgCl2 to HCl solution increases the activity of the hydrogen ion (H+) by orders of
magnitude which help to increase Ni and Co extraction efficiency of the lixiviant
with a lower concentration of HCl. Atmospheric leaching tests were conducted at
90–95 °C using a lixiviant containing HCl and MgCl2 with a laterite ore having a
composition of 0.74% Ni, 0.10% Co and 37.6% Fe; and with a concentrate which
contains 4.02% Ni, 0.10% Co and 43.44% Fe. Under the optimal conditions, leach
recoveries of Ni, Co and Fe were 98–99%, 86–93% and 98–99%, respectively
(Table 4). After solid–liquid separation, pregnant leach liquor (PLS) went through a
series of solvent extraction (SX) process steps to subsequently separate Fe, Co and
Ni.

Under the oxidizing condition, the predominant oxidation state of iron is ferric
ion (Fe3+), which has strong affinity to form complexes with the chloride ion, such
as FeCl2+, FeCl2

+, FeCl3 ° and FeCl4
−. Lee et al. [19] suggest that the mole fraction

of FeCl4
− increases with increasing HCl concentration, while those of FeCl2+ and

Fe3+ decrease with the HCl concentration. Cobalt and Ni exist as divalent hex-
ahydrated ions in aqueous solutions. The formation of ion complex often proceeds
much more readily with divalent Co than with Ni due to the rate of water exchange
on the cobalt ion is much higher than for nickel [20]. The trivalent Co ion is much
less labile and forms in preference to Ni even though the redox potentials for the
Co2+–Co3+ and Ni2+–Ni3+ couples are nearly identical. The divalent Co has a strong
tendency to form tetrahedral anionic chloro-complex such as CoCl3

− and CoCl4
2−

in a strong chloride ion solution, whereas divalent Ni does not form such complexes
and Ni2+ retains a hexa-coordinated complex. This difference in chemical behavior
allows for selective separation of Co2+ from Ni2+ with an anion exchange extractant
in mixed chloride medium [2]. Understanding this chloro-chemistry of Fe, Co and
Ni species has greatly helped to separate them by SX process steps (Table 5).

Iron was selectively extracted over Co and Ni by contacting the pregnant leach
solution (PLS) with an organic phase (S) containing a solvating extractant, more
specifically a high molecular weight of ketone, a modifier (e.g. Exxal™ 13 tridecyl
alcohol) and a diluent (e.g. Exxsol™ D80) by the Reaction 1. Stripping of Fe3+

Table 4 Leach recoveries of
Ni, Co and Fe with
atmospheric mixed chloride
leaching process

Ni Co Fe

%

Ore (grade) 0.74 0.1 37.6

Recovery 98 93 98

Concentrate (grade) 4.02 0.10 43.44

Recovery 99 86 99
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from the loaded organic phase was carried out with a dilute HCl solution. Iron
raffinate was subjected to subsequent selective SX of Co2+ and Ni2+ with organic
phases containing a tertiary amine (e.g. AlamineTM 336 (R3N)) and oxime (e.g. LIX
63 (RH)), respectively, following the reactions of 2–4 [2, 3, 21]. In both organic
phases, Exxal™ 13 tridecyl alcohol and Exxsol™ D80 were used as a modifier and
a diluent, respectively. Stripping of both Co2+ and Ni2+ from loaded organic phases
was conducted with a dilute HCl solution. The McCabe–Thiele extraction and
stripping isotherms for Co2+ and Ni2+ are shown in Figs. 2 and 3, respectively.

Table 5 Separations of Fe,
Co and Ni from PLS by
subsequent SX process steps

Fe Co Ni

mg/L

Pregnant leach liquor 33,150 58 3331

Fe raffinate at the O/A ratio of 1:2 <5 63 3376

Co raffinate at the O/A ratio of 1 <5 <5 3356

Ni raffinate at the O/A ratio of 1 <5 <5 28

A three stage Fe extraction was conducted

Fig. 2 The McCabe–Thiele isotherms for Co2+ a extraction isotherm and b stripping isotherm
[2, 3]

Fig. 3 The McCabe–Thiele isotherms for Ni2+ a extraction isotherm and b stripping isotherm [2]
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Hþ FeCl�4 þ 2S ¼ Hþ FeCl�4 :2S ð1Þ

R3NþHCl ¼ R3NHCl ð2Þ

2R3NHClþCoCl2�4 ¼ R3NHð Þ2CoCl2�4 þ 2Cl� ð3Þ

2RHþNiCl2 ¼ R2Niþ 2HCl ð4Þ

The extractants used in this study are highly selective for Ni2+, Co2+ and Fe3+

(Table 5), which results in high purity pregnant strip solutions. Depending on the
market value of the product, Ni and Co can be recovered from their respective
pregnant strip solutions in different forms such as carbonate and oxide.
Hydrochloric acid can be regenerated from the pregnant strip solution of Fe by
pyrohydrolysis, which has been commercially practiced in the pickling steel
industry [22–24]. This process also produces a value added by-product of high
purity iron oxide (Fe2O3). The developed flowsheet for the recovery of Ni, Co and
Fe from laterite is shown in Fig. 4 [2, 3]. The use of MgCl2 in lixiviant and LIX 63
permits the recovery of Ni2+ at a lower pH of 0.5–2.5, compared to other processes
that operate at a pH of 5–6.
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Fig. 4 PRO’s mixed-chloride process flowsheet for the recovery of Ni and Co from laterite [2, 3]
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Conclusions

Process Research ORTECH Inc. has developed hydrometallurgical processes for
the recovery of rare earths from alumino-silicate ores; and nickel and cobalt from
low grade laterite. Leaching of these ores was conducted with mixed chloride
lixiviant containing HCl and MgCl2 at atmospheric pressure and varying temper-
ature between 90 and 95 °C. After leaching, the leach slurries were subjected to
liquid/solid separation. By understanding the chloro-chemistry and separation
technology, these metals were selectively separated from pregnant leach liquors by
solvent extraction process steps. Around 99% of REEs+Y was precipitated from
acid-extracted Zr raffinate with 10% oxalic acid. Alternatively, REEs+Y were
directly extracted from acid-extracted Zr raffinate. PRO’s mixed-chloride processes
have several advantages over the conventional processes such as (i) addition of
MgCl2 to HCl in the leaching stage increased H+ activity in the lixiviant by order of
magnitude which helps to increase metal recovery with a lower concentration of
HCl, (ii) regeneration and recycling of HCl and raffinate to the leaching stage
reduces reagent costs, (iii) the use of MgCl2 in lixiviant and LIX 63 permits the
separation of Ni2+ at a lower pH of 0.5–2.5 and (iv) PRO process can be a potential
alternative to the conventional hydrometallurgical and smelting processes by
meeting the more stringent environmental requirements, and reducing capital and
operating costs.
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A Cr6+-Free Extraction of Chromium
Oxide from Chromite Ores Using
Carbothermic Reduction in the Presence
of Alkali

L. Escudero-Castejon, S. Sanchez-Segado, S. Parirenyatwa,
Y. Hara and A. Jha

Abstract Oxidative alkali roasting of chromite is the state-of-the-art process for
manufacturing chromium-containing chemicals, which involves dealing with seri-
ous environmental problems arising from handling Cr6+-containing wastes gener-
ated in this process. In this article a new method for the extraction of Cr2O3 from
chromite ores is explained, based on the carbothermic reduction of concentrates in
the presence of alkali investigated in the temperature range of 950–1050 °C. Under
these conditions, the iron oxides present in the ore body are reduced to metallic iron
and the resulting separation of chromium occurs by forming sodium chromite
(NaCrO2). The reduced samples are magnetically separated for the recovery of an
iron-rich fraction, and a non-magnetic fraction containing NaCrO2, MgO and other
impurities. The further treatment of the non-magnetic fraction by leaching yields a
Cr2O3-rich product of approximately 85% purity, with remaining alumina, alkali
and magnesia. The main advantage of the process is that, under reducing atmo-
sphere and subsequent leaching conditions, the oxidation of Cr3+ to Cr6+ is com-
pletely avoided; thereby decreasing the risk of land, air and water pollution.

Keywords Chromite ore � Carbothermic reduction � Alkali � Chromium(VI) �
Chromium extraction � Chromium oxide

Introduction

The future manufacturing of nonferrous metals is dependent on significant
improvement of the traditional beneficiation processes by minimizing the genera-
tion of hazardous wastes and the energy consumption. Although the chromium
chemicals industry has been reducing the environmental impact by designing safer
disposal procedures for process waste and handling, the landfill sites require
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ongoing maintenance [1]. Only a fraction of chromium containing wastes are
recycled in the industry, which implies that there is no long-term solution for the
management of hexavalent chromium.

Reactive metal oxides, namely Cr2O3, because of their multiple valences
determined by the 3d-electronic structure, form a range of complex oxides in
nature; which in case of chromium occurs as chromite spinel (Fe,Mg)(Cr,Al,Fe)2O4

[2]. Six different spinels (FeCr2O4, MgCr2O4, FeAl2O4, MgAl2O4, MgFe2O4 and
Fe3O4) coexist in the complex chromite spinel forming a solid solution.

Worldwide manufacturing of sodium chromate, sodium dichromate, chromic acid
and many other chromium chemicals relies on the process of alkali roasting of
chromite in oxidising conditions, which yields water soluble sodium chromate
(Na2CrO4). Silica is often present in chromite and it can vary between 2 wt% in S.
African ores and more than 8 wt% in lower grades of chromites used for chemicals
manufacturing. Although the S. African ores are most widely used, there is a general
tendency in the sector to use indigenous resources for chromium chemicals, which has
then implications on using more energy for handling and managing chromium (6+)
wastes. As a result of increasing silica, which forms a viscous silicate liquid, the
oxygen transport during oxidation is reduced and there is higher consumption of alkali
as it is required to neutralize silica [3, 4]. Hence, the extraction efficiency of chromium
decreases with increasing silica content [5], and consequently, the generation of
hazardous chromite ore processing residue (COPR) containing toxic Cr6+ have not
been eliminated and it stands for the main limitation of the alkali roasting process.

Besides the use of chromite ores for chromium chemicals manufacture, the most
important application of chromite is in the production of high-grade
ferro-chromium, which is used in the metallurgical industry for manufacturing of
stainless steels and chromium-containing metal alloys [6]. Ferro-chromium is
produced by smelting of chromite ore in reducing atmosphere in an arc submerged
furnace with coke at high temperatures (above 1600 °C), with partial solid state
pre-reduction of chromite. The reduction of chromium oxide takes place as shown
in reaction (1):

Cr2O3 þ 3 C½ �Fe$ 2 Cr½ �Fe þ 3CO gð Þ ð1Þ

where [C]Fe and [Cr]Fe represent the carbon and chromium in the alloy. The
equilibrium constant for reaction (1) may be expressed as:

k ¼ ðPCOÞ3 � ða½Cr�FeÞ2
ða½C�FeÞ3 � aCr2O3

ð2Þ

where ai is the activity of species i; and PCO is the equilibrium partial pressure of
CO gas. As it is evident from Eq. (2), the activity of carbon must be kept high so
that higher Cr can be retained in the alloy phase because PCO / a½C�Fe and

PCOa½C�Fe / ða½C�FeÞ
3
2 if aCr2O3 and PCO are considered fixed at a given temperature.

However, the presence of high amounts of carbon may lead to the formation of
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chromium carbides which are undesirable for the formability of stainless steel
products. The production of Fe–Cr needs expensive metallurgical coke, cannot use
chromite fines and requires a great supply of electrical energy for operating the
electric arc furnace [7].

In this study, the production of chromium(III) oxide based on the reduction of
chromite ores in the presence of alkali with carbon at moderate temperatures (950–
1050 °C) was investigated. The reaction of chromium oxide with Na2CO3 to form
sodium chromite (NaCrO2) occurs in reducing conditions with simultaneous
reduction of iron oxides to metallic iron, following reaction (3).

FeCr2O4 þNa2CO3 þ 2C ! Feþ 2NaCrO2 þ 3CO(gÞ ð3Þ

The reduction of chromite under these conditions does not suffer from the
complex balance between high carbon activity and partial pressure of CO gas, since
the chromium oxide activity is lowered by forming the alkali chromite.
Furthermore, the generation of Cr6+-species is eliminated in this process due to the
presence of a reducing atmosphere throughout the alkali complexation process at
elevated temperature. The purpose of this investigation is therefore to demonstrate a
new process methodology that does not yield Cr6+ containing waste in solid, liquid
or gaseous forms, and therefore excludes the dependency on waste handling. The
chromium(III) oxide derived from this process may then be used as raw material for
the manufacturing of chromium chemicals, stainless steels, chrome metal or other
chromium-containing alloys. The proposed flowsheet and the fundamentals of the
different stages of the process are discussed in this manuscript.

Experimental

The ore used in this study was S. African chromite ore of the following composition
48.8% Cr2O3, 31.3% Fe2O3, 7.03% MgO, 7.15% Al2O3, 3.45% SiO2 and 0.54%
CaO. Sodium carbonate (Na2CO3) and activated charcoal of analytical grade were
also employed in alkali reduction experiments. For the reduction experiments, the
as-received mineral was mixed with alkali (Na2CO3) and carbon (activated char-
coal) using a certain mineral:alkali:carbon weight ratio. Mixtures were heated in a
tube furnace under isothermal reducing conditions for 2.5 h, in argon atmosphere
and at temperatures ranging between 900 and 1050 °C.

Reduced samples were ground and magnetically separated. During magnetic
separation the sample was sprayed with water to wash-off the non-magnetic fraction
and dissolve the water-soluble components. The non-magnetic fraction, rich in
NaCrO2, was leached first in water and subsequently in acid media. Either oxalic
acid or H2SO4 solutions were used as acids in leaching experiments. Both water and
acid leaching were carried out in a leaching vessel with continuous stirring, at 50 °C
and controlling pH.
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Results and Discussion

Carbothermic Reduction of Chromite Ore
in the Presence of Alkali

During reduction in the presence of alkali, the iron present in the spinel is reduced
to metallic form (Fe), and the chromium oxide present in chromite solid solution
reacts with Na2O produced from the decomposition of sodium carbonate forming
sodium chromite (NaCrO2), as previously shown in Eq. (3). The carbon dioxide,
which is a waste otherwise, combines with excess carbon and yields CO gas.

The equilibrium reduction condition of chromite in the presence of alkali may be
explained on the basis of the Na–Fe–Cr–O–C predominance area diagram shown in
Fig. 1. From this figure, it is apparent that metallic Fe co-exists with NaCrO2 (area
4) at 1050 °C (1323 K) for a range of partial pressures of CO and CO2. Reduction
of iron oxides takes place by shifting the equilibrium condition corresponding to
area 1 to area 4, resulting in the decreasing value of P(CO)2. NaCrO2 is stable at
these temperatures and reductive pressure conditions, thereby ensuring that the Cr6+

state remains unstable.
The aim of the alkali reduction stage is to form a magnetic metallic iron-rich

fraction and a non-magnetic fraction containing sodium chromite, which can be
magnetically separated. Images from scanning electron microscopic (SEM) analysis
and the energy dispersive X-ray elemental mapping of reduced chromite samples
are shown in Fig. 2. The elemental mapping illustrates that the brighter phase
corresponds to metallic Fe formed during reduction, while the darker grey phase is

Fig. 1 Predominance diagram of the Na–Fe–Cr–O–C system at 1323 K (1050 °C) computed by
Fact-Sage 6.4 software [8]
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rich in NaCrO2. Sodium aluminate is also present in the reduced product as a result
of the chemical reaction of aluminium oxide with excess Na2CO3, following
reaction (4).

Al2O3 þNa2CO3 þC $ 2NaAlO2 þ 2CO(g) ð4Þ

NaAlO2 is water soluble and it can be separated readily from the reaction
product. A part of sodium carbonate may react with MgO and silica to form
complex sodium magnesium silicates. Magnesium oxide (MgO) and calcium car-
bonate (CaCO3) are also present as products of reaction.

Wet Magnetic Separation

The X-ray powder diffraction patterns of a reduced sample, magnetic fraction and
non-magnetic fraction are compared in Fig. 3 in which NaCrO2, Fe, NaAlO2, MgO
and CaCO3 were the main phases identified in the reduced sample pattern (a). This
is in good agreement with the elemental mapping results shown in Fig. 2.

For an efficient magnetic separation, it is necessary to optimize the formation of
metallic Fe by adjusting the operation parameters of the reduction process. In
Fig. 3, it can be seen that the magnetic fractions still contain residual sodium
chromite after the separation, as low-intensity peaks for NaCrO2 were identified in
pattern (b). This is also confirmed by the comparative analysis of the microstruc-
tures of the magnetic fraction (left) and the non-magnetic fraction (right) shown in
Fig. 4, in which extensive entrapment of metallic iron within NaCrO2 particles and
sintering between both phases are evident. The compositions of the magnetic and
non-magnetic samples analysed by XRF are shown in Table 1, and these data are
compared with the chemical composition of the initial chromite ore. The magnetic

Fig. 2 Scanning electron microscopy image (a) of a chromite reduced sample with Na2CO3 and
activated charcoal in argon atmosphere at 1050 °C for 2.5 h; and energy dispersive X-ray
elemental maps of Cr, Na, Al, Fe, Mg and O of the selected area
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Fig. 3 X-ray powder diffraction (XRPD) patterns of reduced sample (a), magnetic fraction
(b) and non-magnetic fraction (c) obtained from the reduction of chromite ore with sodium
carbonate and activated charcoal (1050 °C, 2.5 h), followed by wet magnetic separation

Fig. 4 Scanning electron microscopy images of magnetic fraction (left) and non-magnetic fraction
(right) samples obtained after two steps magnetic separation of chromite samples reduced with
Na2CO3 and activated charcoal at 1050 °C for 2.5 h

Table 1 XRF analysis of as-received chromite ore, magnetic and non-magnetic fractions after
reduction of chromite ore with Na2CO3 and charcoal at 1050 °C for 2.5 h followed by magnetic
separation

wt% Cr2O3 Fe2O3 Na2O MgO Al2O3 SiO2 CaO

Chromite 48.80 31.30 – 7.03 7.15 3.45 0.54

Magnetic fraction 21.10 71.20 1.60 1.99 1.85 0.45 0.59

Non-magnetic fraction 50.20 6.16 7.42 13.30 7.01 4.34 6.63
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fraction contains 21.1% Cr2O3, being most of it in the form of trapped NaCrO2 with
a minor quantity of chromium in the metallic iron matrix.

This tendency of entrapment and sintering apparently impedes complete
recovery of NaCrO2 into the non-magnetic fraction. The efficiency of the magnetic
separation improves with increasing particle size of metallic iron, and thus the
particle size dependence of Cr-entrapment as sodium chromite in the iron matrix is
a key aspect for achieving high chromium recovery.

In Fig. 3, it could be seen that the XRPD pattern (c) of the non-magnetic fraction
is not completely crystalline. Diffraction peaks of sodium chromite, which is the
main product expected in this fraction, could not been identified possibly because of
the non-crystallinity of NaCrO2. However, evidence of the presence of NaCrO2 in
the non-magnetic fraction is given in the SEM image and elemental mapping of a
non-magnetic fraction sample presented in Fig. 5. X-ray fluorescence results in
Table 1 showed that the non-magnetic fraction contains 50.2% Cr2O3; and the
remaining impurities are, from higher to lower wt%, MgO, Na2O, Al2O3, CaO,
Fe2O3 (which may be in form of metallic iron) and SiO2.

Since magnetic separation is carried out with water, part of the unreacted
Na2CO3 and the water soluble compounds formed during reduction, namely
NaAlO2 and water soluble silicates, will solubilise at this stage yielding an alkaline
solution. The treatment of this solution in order to recover the alkali will be
explained below in this text.

Treatment of the Non-magnetic Fraction

A Cr2O3-rich product can be extracted from the non-magnetic fraction by different
leaching steps. The first leaching step was performed with water by removing as
much sodium-bearing compounds as possible from the non-magnetic fraction. This
is essential for the process since, if most of the sodium is extracted at this point,

Fig. 5 Scanning electron microscopy image (a) and energy dispersive X-ray elemental maps of
Cr, O, Fe, Na, Al, Si and Mg, of a non-magnetic fraction sample obtained after chromite reduction
with Na2CO3 and activated charcoal at 1050 °C for 2.5 h followed by magnetic separation
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the alkali can be recovered and recycled back into the process, which will then help
decreasing the consumption of acid during acid leaching.

The residue after water leaching is subsequently leached with acid with the aim
of removing the remaining sodium ions from the partially leached sodium chromite
(Na1−xCrO2). The remaining iron and any water insoluble silicates present in the
non-magnetic fraction may be removed at this stage for obtaining an enriched
Cr2O3 precipitate. Sulfuric acid and oxalic acid were tested for acid leaching,
achieving 83–85% and 80–82% Cr2O3-rich products, respectively. In Table 2 the
chemical compositions of the non-magnetic fraction and the water and acid leached
residues obtained are compared, showing a significant enrichment of the residue
after the leaching stages. The main impurities remaining on the enriched products
after leaching with H2SO4 are Al2O3 and Fe2O3, whereas when leaching with oxalic
acid the content of CaO is also significantly high.

Proposed Process Flowsheet

Based on the experimental results presented, a novel process for extraction of
chromium oxide from chromite ores is proposed, and its flowsheet is presented in
Fig. 6.

The first step of the new process design consists on the reduction of chromite in
the presence of Na2CO3 and activated charcoal (T = 950–1050 °C), as explained
before in this text. Reduced samples were cooled down to room temperature and
ground using a mortar and pestle to liberate Fe particles. On the next step, reduced
samples are magnetically separated using water which yields a Fe-rich magnetic
fraction, a NaCrO2-rich non-magnetic fraction and an alkaline solution.

It was shown in Table 1 that the magnetic fraction contains �20% Cr2O3, and
therefore, it is worthwhile considering the recovery of chromium from this fraction,
which needs to be further investigated. An option would be to treat this magnetic
fraction at high temperature in order to separate the remaining NaCrO2 (into slag)
from the metallic Fe. The NaCrO2 slag could be recycled back into the process for
extraction of chromium, or fed into a ferrochromium alloy making plant.

The non-magnetic fraction is subjected to water leaching, generating a solid
precipitate rich in Cr2O3 and a solution which is highly alkaline. The leachate

Table 2 Chemical compositions of the non-magnetic fraction, water leached and acid leached
Cr2O3 residues using either sulfuric or oxalic acid

wt% Cr2O3 Fe2O3 Na2O MgO Al2O3 SiO2 CaO

Non-mag fraction 50.20 6.16 7.42 13.30 7.01 4.34 6.63

Water leached residue 68.30 5.30 1.83 9.68 6.04 3.64 3.08

Sulfuric leached residue 83.60 2.66 1.65 1.49 4.79 0.53 2.25

Oxalic leached residue 81.50 2.17 1.41 1.82 6.07 0.27 4.77

Samples were analysed by XRF
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solution obtained is rich in alumina, alkali and contains some silica, and may be
combined and treated with the highly alkaline solution obtained from the wet
magnetic separation stage for potential recovery of alkali. Alumina is precipitated
from the solutions by CO2 bubbling. Sodium species as NaHCO3, which can be
then recycled back into the reduction stage, are recovered from the remaining
solution by evaporation. Maximization of the alkali recovery is a key aspect of the
process from an economical point of view.

Water leaching is followed by leaching in acid media, giving as a result a Cr2O3-
rich product of up to 85% purity. Further purification is required in order to achieve
high purity chromium oxide.

Conclusions

A novel process for extraction of chrome oxides from chromite ores has been
investigated. The process is based on the carbothermic reduction of chromite ore
with solid carbon (activated charcoal) in the presence of an alkali in the temperature
range of 950–1050 °C. The magnetic separation of reduced samples with water
leaching yields a non-magnetic fraction residue which is the main source of Cr2O3.
The leaching of the Cr2O3 residue with oxalic and sulphuric acid in one step
produces better than 80% pure Cr2O3. So far it is evident from the analysis that
there was no evidence for the presence of Cr6+ in the process from the leaching or
reduction stage.

Fig. 6 Process flowsheet including the main stages of the alkali reduction process
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Optimization of the different steps of the process is now required, with special
emphasis on the separation of iron from NaCrO2 during magnetic separation and
further purification of the Cr2O3-rich product.
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Market Dynamics, Recycling
and Recovery of Magnesium
from Aluminum Alloy Scrap

A.J. Gesing and S.K. Das

Abstract This paper provides an overview of North American markets for mag-
nesium and aluminum alloys along with life cycle material flow diagrams.
Additionally, we review the production processes of magnesium and its alloys from
various magnesium-bearing raw materials, including scrap. The main focus of the
paper is on the collection, recycling and processing of post- and pre-consumer metal
scrap containing magnesium. We discuss the latest status and economic analysis of
RE-12™, a scrap-based process for recovering magnesium from aluminum alloys
and its potential application to can sheet, automotive (body and closure sheets) and
aluminum foundry markets.

Keywords Magnesium recycling � Aluminum recycling � Magnesium electrore-
fining � Market economics � RE-12™ electrorefining process

Introduction

Aluminum and Magnesium Production
and the Scrap Industry

Primary aluminum is produced exclusively from bauxite ore through refining to
alumina (Bayer process) and electrowinning to primary Al metal melt (Hall-Héroult
process). The energy cost of the electrowinning step is 13–15 kWh/kg, and a total
mine-to-metal melt energy cost of nearly 56 kWh/kg. Primary magnesium metal
can be produced by several methods. The two leading methods are silicothermic
reduction of calcined magnesite (the Pidgeon process), and electrowinning of
MgCl2 that can be produced from seawater, lake salt deposits, or by
carbo-chlorination of MgO-containing oxide ores. The Pidgeon process, which is
practiced mostly in China using highly environmentally and energy inefficient
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technologies, currently dominates the prime Mg market producing Mg at the lowest
dollar cost with a total mine-to-metal melt energy cost of over 100 kWh/kg.

Aluminum metal recycling is an integral part of the global material recovery and
recycling system that supplies the material needs of the industry and society from
the growing urban mine at a small fraction of the capital and energy cost that it
takes to mine and process raw materials. Recycled Al alloys contain Mg as one of
the alloying elements. Hence Al recycling also manages to recycle a large pro-
portion of Mg metal units contained in these Al alloys. This recycling system is
critically important to achieving a sustainable society and economy.
A magnesium-based alloy recycling system is still in its infancy with only new Mg
die-casting scrap being thoroughly collected and closed-loop recycled. The small
proportion of magnesium-alloy scrap in machine shops makes it inconvenient to
source-segregate Mg cut-offs and machining chips by alloy. The small proportion of
magnesium alloys in consumer products makes it more profitable to leave it in the
Al scrap then to separate it as a Mg-scrap product. In cases where old scrap Mg
alloy mix is separated from light metal scrap, it is typically consumed as a desul-
furizing agent for steel production.

New scrap is produced during material production and product fabrication, while
old scrap is a post-consumer material. While most new scrap can be segregated at
source by alloy for recycling to a composition-compatible alloy, it is often not
practical to separate clippings, machining chips and turnings in large machine
shops. As a result, these items constitute a major mixed-new-scrap category that is
of low value and is downgraded to low-grade Al foundry alloys, where it is used
after chlorinating the magnesium content out of the aluminum alloy scrap melt. The
magnesium content of aluminum scrap destined for Al foundry alloys ends up as
Mg-chloride contaminant of chlorination dross to be disposed of as
salt-contaminated waste.

Old aluminum scrap is gathered through well-established collection systems for
end-of-life vehicles, building demolition waste, food packaging, electrical and
electronic waste and other metals collected by scrap yards. In any collection system,
Al is not collected separately from other materials. Aluminum cans and rigid foil
are recovered from food packaging by sorting in municipal recycling facilities
(MRFs). At scrap yards there is a certain amount of manual sorting and grouping by
International Scrap Recycling Institute (ISRI) categories, but these separate scrap
by parent metal and generic source and shape, but not by alloy.

Old Al Sheet, a mixed-alloy category that groups old wrought Al alloys, is
among the largest of the Al categories. The remaining scrap (from vehicles,
machinery and building demolition residue) is shredded and then mechanically
separated into ferromagnetic metals, non-magnetic metals and non-metals.
Aluminum and magnesium contents are recovered together from non-magnetic
metals by density separation and eddy current rotor cleanup and are almost
exclusively used in secondary aluminum foundry alloys.

Pre-sorting and pre-cleaning is an integral part of the global material recycling
system. With new scrap the best practice is to maintain and track alloy segregation
at source. With old scrap, currently, density-based physical separation methods
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produce a Mg- and Al-containing light alloy mixture as a single shredded fraction
sold to secondary Al smelters. In the USA over 35,000 tons annually of Mg ends up
as a contaminant in the Al foundry alloy melt to be chlorinated out to a specification
of <0.1% Mg. This amounts to *50% of primary Mg production in the USA.
There is, therefore, a need for Mg recovery. A practical way of recovering Mg from
Al melt is to electrorefine. A Mg electrorefiner uses Mg-contaminated Al alloy melt
as an anode electrolytically oxidizing the Mg and transporting it as a Mg halide
through a halide electrolyte to deposit Mg in a cathode metal melt. The resulting
Mg product is pure enough to be used as a Mg alloying element in batching prime
Al alloys.

Commercial Significance—Mg Recovery from Al
Scrap Is Important Now

The processing of scrap has gained importance during the last 15 years.
With escalating energy costs for these very energy-intensive light metals,

recycling saves energy costs as it requires only <5% of energy compared to Al or
Mg production from ore.

As the primary aluminum and magnesium industry has largely left the USA for
the cheaper electrical energy and environmental cost regions of the world (such as
the Middle East in case of aluminum, and China for both aluminum and magne-
sium), US fabrication plants are paying a much higher price for imported primary
aluminum and magnesium. These imports also lead to large trade deficits and may
even have national security implications.

Public perception has moved towards sustainability and using recycle-friendly
products and against landfills.

At the same time the demand for structural corrosion-resistant prime alloys that
use Mg as an alloying element is increasing in the transportation marketplace for
the construction of cars, trucks, busses, trains, boats, ships and aircraft. In the past,
the supply of Mg in light-metal mixed-alloy scrap was insufficient to justify process
development and operating economics. Going forward, Mg supply from scrap is
steadily increasing, providing economic justification for Mg recovery and recycling.

Magnesium Recovery Potential

There is almost three million tons of Al scrap recycled annually in North America,
which can produce about 45,000 tons of Mg content in primary-quality recycled
Al–Mg and Mg–Al products.

The amount of 45 kt of recovered Mg is transformational when compared to the
total US primary Mg production capacity of only 60 kt. It is estimated that 28 kt of
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Mg, contained in the 2140 kt of domestically generated Al scrap, leaves US shores
—only to return as more value-added products.

The lower cost of magnesium recovery from scrap will reduce imports of Mg
and Al to the USA. Commercial implementation of a magnesium recovery process
will help reduce the export of Al and Mg scrap and develop an
aluminum-scrap-based Al and Mg industry in the USA. Subsequently, successful
commercialization of a magnesium recovery process will also lower costs, energy
and emissions of Al–Mg alloy production, thereby expanding the use of both Al
and Mg in their major usage sectors of aerospace and automotive industries.

Magnesium and Aluminum Scrap North
American Materials Flow

A detail discussion of aluminum and magnesium material flow including scrap is
described in a recent TMS presentation [1]. Figure 1 illustrating Mg unit flows the
importance of metal scrap to the Mg production system. Metal scrap supplies
*100 kt of the Mg content. Most of the Mg units are in the form of Al scrap. The
opportunity for a new RE-12™ Mg electrorefining process (described below) is the
45 kt of Mg chlorinated out of Al foundry melts and Mg in consumable products
that are currently lost to the system.

Figure 2, which illustrates Al unit flows in North America, underlines that even
in the well-established Al recycling system, North America still exports and

Fig. 1 North American Mg unit flow diagram based on 2012 USGS and USEPA data [1]
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landfills more Al scrap (nearly 5000 kt) than it imports as Al prime (3700 kt). An
amount of 1537 kt of new Al alloy scrap and 1696 kt of old Al scrap provide
potential raw material for the RE-12™ electrorefining process feed.

Current State-of-the-Art and Available Technology

Current aluminum refining uses chlorination with a gas mixture or reactive salts and
transfers reactive alloying elements (Mg, Li, Na, Ca, Sr, and Rare Earths (RE))
from secondary Al foundry alloy into dross for disposal typically as
salt-contaminated wastes. This practice is both costly and hazardous as it takes
extensive time, leads to melt losses of both Mg and Al, and uses highly toxic
chlorine gas. Chloride byproducts in the dross again go into a difficult-to-dispose
salt-contaminated waste. At present there are no industrial processes that recover
Mg and other reactive elements from Al or Mg alloys for production of
primary-quality alloys.

Hoopes [2, 3] invented the electrolytic three-layer refining process for Al in
1925. Bowman [4] and Dewing [5] proposed such a three-layer refining process for
recovery of Li from Al-Li melt in 1989. Other literature, by Das, Gesing and Fray
[6–9] suggests improvements to the molten salt electrolyte Al refining cells.

Fig. 2 North American Al unit flow diagram based on 2012 USGS and USEPA data [1]
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Need for a New Technology

At present there are no industrial processes that recover Mg from Al–Mg alloy
scrap for the production of primary-quality alloys. In 2013 SINTEF at the
Norwegian University of Science and Technology (NTNU) held an International
Al Recycling Workshop of 30 internationally recognized Al recycling experts in
Trondheim, Norway. These experts (including Dr. Adam Gesing, a co-author of
this paper) assigned highest priority to the development of a non-chlorine envi-
ronmentally friendly process for removal and recovery Mg from Mg-bearing Al
scrap [10].

New Technology—Re-12™ Electrorefining Process

The project to recover Mg from Al alloy melted scrap for recycling by Mg elec-
trorefining was funded by the United States Department of Energy Advanced
Research Project Agency (ARPA-E) [11].

This RE-12™ technology, which builds on the electrochemistry of the indus-
trially established Hoopes process for the production of five-nine (99.999%) pure
Al, has been designed to transfer >90% of the Mg from secondary Al melt to the
refined product. Electrorefining selectively transfers Mg to the Mg–Al alloy floating
top layer. The cathodic product would be alloyed to the desired Mg–Al or Al–Mg
alloy composition by diluting it with primary-grade Al and adding other specified
alloying elements. The anode product is the starting Al alloy with Mg content
reduced to the specificaction level.

Calculations of metal-electrolyte melt phase diagrams, predicted product com-
positions, electrolyte chemical stability and physical properties (such as density,
viscosity, electrical conductivity, cell construction materials, vapor pressure and
superheat) were made using commerciality available thermodynamic modelling
FactSage software and databases [12] leading to electrolyte selection for the
RE-12™ process.

This project experimentally demonstrated that the Mg recovery electrolyzer can
produce refined product with 99.9% of Mg plus Al. There is no commercial need to
produce Al-free Mg product since the target market for Mg is alloying of Al. Even
for use in Mg-based alloys, Al content of the refined product is not a problem since
most commercial Mg-based alloys contain >4% Al. A schematic flow sheet of the
process along with a depicted commercial set up are described in Figs. 3 and 4.
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Experimental and Analytical Results

Three recently published papers [13–15] describe the process details,
laboratory-scale experimental results and product marketability, and economic
analysis of the RE-12™ process. These results and analyses combine to give an
experimental proof-of-concept. This RE-12™ process is a patent-pending [16] and
trademark-pending [17] route for a Mg recovery for recycling from Al alloy melts.

The theoretical minimum energy requirements along with production costs,
emissions and processing energy needed for the current magnesium producing
(from Pidgeon and electrolysis) technologies have been extracted from the ARPA-e
FOA document [18]. Comparable numbers for the RE-12™ process have been
experimentally demonstrated in laboratory electrorefining cells as shown in
Table 1.

Markets for RE-12™ Process Implementation

RE-12™ electrorefiner is typically integrated with Al remelting furnace in a sec-
ondary smelter remelting Al scrap. There are three major market opportunities.

Fig. 3 Process schematic of
Mg electrorefiner linked to an
Al scrap melting furnace

Fig. 4 RE-12™ process
commercial concept;
integration with reverberatory
melter
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Production of AA 6111 Automotive Closure Sheet
from New Stamping Plant Scrap

Automotive sheet is currently the fastest growing market for Al alloys. Existing
stamping plants tend to have a single scrap chopping and handling line. While the
steel scrap is separated magnetically, new Al stamping scrap often is a comingled
mixture of 6xxx and 5xxx alloys. Piece-by-piece Al alloy sorting has been con-
sidered but not used. The RE-12™ process provides an alternative where the
high-Mg AA 5754 and lower-Mg AA 6111 mixed new stamping scrap can be
melted together and the Mg content of the mix can be electrorefined down to the
AA 6111 alloy target concentration.

Low Mg–Al Foundry Alloys 356, 380, 319

There are over two million tonnes of secondary foundry alloys produced in the
USA. The typical mixed-alloy old scrap mix feeding this market has *1.1 wt
% Mg content. The Mg is chlorinated out producing hygroscopic Mg salt con-
tamination of Al dross and leading to the loss of Mg units. The added value of the
RE-12™ process comes from avoidance of chlorination costs, the value of the
recovered Mg product, and reduction of Al losses.

Table 1 Cost, energy and emission analyses—current Mg versus RE-12™ process [13–15]

Current and target
Mg metal reduction
processes

Domestic
production
cost ($/kg Mg)

Emissions
(kg CO2/
kg Mg)

Processing energy
ore to metal
(kWh/kg Mg)

Theoretical
minimum energy
(kWh/kg Mg)

Mg-silicothermic $2.50 37 102 5.8

Mg-electrolytic $3.31 6.9 43.6 5.8

Mg reduction—
ARPA-e target

≤$2.00 ≤10 ≤27

RE-12™
electrorefining

$1.6–$1.7 2 <4 *0

RE-12™ Mg electrorefining process laboratory experimental results Units

Mg product purity Al <1 wt%

Fe + Si + Mn + Cu + Zn <0.05 wt%

Al alloy product
purity

Mg <0.15 wt%

Electrolytic current
efficiency

*96 %

Electrorefining step
energy consumption

2.5 kWh/kg of Mg

With 1% Mg electrorefined *0.025 kWh/kg of Al
alloy
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Production of Can Body Sheet from Used Beverage Can (UBC) Scrap

There is over 1.5 million tons of AA3104 alloy can body sheet produced in North
America, much of it supplied by UBC and new can sheet production scrap. Can
alloys consist of *1.1 wt% Mg AA3104 alloy body and 5.1 wt% Mg AA5184
alloy lid. The Mg concentration is reduced by deliberate preferential Mg oxidation
melt, and by dilution with prime Al. Consequently, the RE-12™ electrorefin-
ingprocess, which enables batching of the AA3104 alloy can body melt for 100%
UBC feed, has the potential for substantial reduction of scrap feed costs, and for
allowing melt practices that prevent excessive melt oxidation. These combine for the
potential to actually reduce can body alloy production cost, and provide recovered
Mg at the same unit price. Some of these numbers are summarized in Table 2.

Results and Conclusions

Based on extensive experimental and techno-economical modelling using com-
mercially available data, inputs and experience, we have established the technical,
economic and environmental viability of this market needed, driven and disruptive
RE-12™ Mg electrorefining process for recovery of Mg from melted Al scrap for
recycling.

Three large market segments in Al recycling system were identified as promising
areas for profitable implementation of RE-12™ process. These total to *4.25
million annual tons of potential Al alloy feed to the RE-12™ process and 45,000
annual tons of potential Mg recovery these three markets alone in North America.

Path Forward

Efforts are underway to scale up the RE-12™ process leading to commercialization
and broader market adaptations to recover magnesium from aluminum-magnesium-
based scrap.

Table 2 Magnesium removal potentials from selected North American market sectors

Market sector Alloys Expected Al alloy
production volume

Magnesium removal potential

t/y Start
(wt%)

End
(wt%)

Recovered
Mg (%) t/y

Automotive-sheet 6111/5754 750,000 2.25 0.75 1.5 11,250

Automotive-cast 319/356/380 2,000,000 1.1 0.1 1.0 20,000

Beverage cans 3104/5182 1,500,000 1.5 1.0 0.5 7500
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Alternative Ways of Using Nonferrous
Slags as Feed Material in the Ferrous
Production Industry

Mario Sánchez, Fernando Parada and José Palacios

Abstract As an alternative method of reducing the large amount of slag generated
during metallurgical processes in the primary copper production, it is to use the
remaining iron in the slag as feed material for the iron and steel industry. The slag is
generated during copper concentrates smelting in ratios ranging from 2 to 5 ton per
ton of produced copper, and it contains 42–45% of iron. However, copper, sulfur
and other detrimental elements affecting iron properties need to be reduced prior to
use the slag in steel production. Therefore, some laboratory experimental run has
been conducted to reduce copper by slag oxidation followed by leaching and
recovering the dissolved copper by SX-EW, and smelting the solid with coke to
produce a metallic phase containing 98% iron and 0.9% molybdenum. In further
reducing steps, copper content is lower down and a molybdenum rich iron phase is
obtained. Recovery of iron from copper slags considering reduction and control of
harmful elements for iron properties was studied.
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Introduction

Slags produced during the pyrometallurgical treatment of copper concentrates
considered as wastes are disposed close to smelter plants, and the amount ranges
from 2.0 to 5.5 ton of slag per ton of copper produced, and they are usually subject
to a cleaning operation [1] commonly involving holding the molten slag at tem-
perature in a furnace under mildly reducing conditions allowing time for reduction
of dissolved copper oxide and some magnetite and for coalescence and settling of
metal and sulfide droplets.

However, they contain important concentrations of iron and other metals to be
recovered, given their prizes in the international markets. The main components in
the copper slags are: Fe (32–52%) and SiO2 (17–37%) and, also contain amounts of
Cu (0.5–3.7%), Co and/or Ni, Mo and some amount of As and heavy metals
depending on the origins of the slags [2]. A typical copper smelter slag is chemical
and mineralogical characterized in Table 1.

Smelting furnaces producing high matte grades, a high copper content in the slag
is also obtained. Then, they are cleaned in an electric furnace using coke as a
reductant [3, 4]. Therefore, Iron is a major element in the final slag and can be
recovered as metal in an additional reducing step.

Thermodynamics Considerations

In Fig. 1, the stability of different components is shown as function of the oxygen
potential and temperature. Also, the copper converting and slag cleaning processes
are represented in the stability area, and the oxidation roasting condition and the
reduction condition are also shown according to the oxygen potential and tem-
perature conditions required for both processes.

In Fig. 1, it can be observed that the copper oxide content in the fayalite slag
could be reduced with a lower energy requirement than the iron oxides therefore the
obtained iron is going to be saturated with copper and carbon. Also, some silicon
can be present in the metal phase in a small amount because the process takes place
very close to the equilibrium condition.

Table 1 The slag chemical and mineralogical characterization

Compound Cu2O Cu2S FeS FeO Fe3O4 SiO2 Al2O3 CaO Other

Wt% 0.76 2.00 1.17 40.61 12.38 33.0 2.12 0.69 7.27

Element Cu Fe S Si Al Ca Mo As mg/kg

Wt% 2.27 41.3 0.83 15.4 1.60 0.49 0.3 74
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Iron Recovery

The metals oxides presented in copper slags such as iron copper and molybdenum
can be reduced by solid carbon in solid or liquid states in a wide temperature range
as shown in Fig. 1. However, slag making oxides, such as silica, alumina and lime,
are stable to reduction with carbon up to 1650 °C. Therefore, at temperature lower
than 1650 °C, the direct reduction and separation of useful metals from oxides into
separate liquid phase and Fe–Cu–C alloy is expected.

The behavior of the Fe–Cu–C system have been reported [6], and it is shown as
function of copper content at 1723 K (a) and copper content at given temperature
(b) in Fig. 2. In Fig. 2a, it can be observed the miscibility gap between copper rich
(L2) and iron rich (L1) melts, and a very low solubility of carbon in copper melt
while the melt rich in iron dissolves copper and carbon. The effect of temperature
on the copper solubility of carbon saturated iron melts is shown in Fig. 2b, and it
can be observed that copper concentration increase with temperature up to about
9% at 1823 K.

Therefore, under carbon saturation condition at a given temperature, a Fe–C–Cu
alloy is produced as result of slag reduction process.

The kinetic of the reduction of slag process was studied by using a graphite rod
to keep the carbon saturation condition at 1450 °C and a CaO/SiO2 ratio of 60/40 in
the CaO–SiO2–FeO system. The results are summarized in Fig. 3 where the con-
centration of copper and iron in function of time are described.

Fig. 1 Stability diagram for
the Fe–Si–O, Cu–O and Mo–
O systems [5]
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In this figure, it can be seen the rapid decreasing of copper content in the slag
during the first 15 min while the iron concentration remain almost constant over
same period of time.

Therefore, a selective reduction according to the thermodynamic stability of both
compounds is possible, and during the first 15 min copper content decreases from
2.3 to 0.5% and to 0.3% in the final slag. The iron oxide reduction start after
15 min, when most of the copper oxide has been reduced, and it reaches the lowest
value of 27% after 40 min of reduction time under these conditions. Therefore, the
experimental time was stablished in 50 min.

The result of the slag reduction process is shown in Table 2, and in it can be
observed that copper and iron content decreases in final slag and the metallic phase
brake into an iron rich and a copper rich melts. Additionally, molybdenum contents
in the slag decrease and concentrate in the iron rich melt.

The copper content in the final slag decreases to a minimum value of 0.04% and
the iron decreases from 43.4 to 1.13% suggesting that is possible recover most of
the copper content in the slag in the metal phase. However, the copper content in

Fig. 2 Solubility of carbon in the Fe–Cu–C system as function of: (a) copper content at 1723 K
and (b) copper content at several temperatures [6]

Fig. 3 Concentration of
copper and iron as function of
time
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the iron alloy is high for steel application, and it is necessary to reduce the copper
concentration in the iron alloy.

The final slag and the metallic alloy obtained in the experiment run at 1450 °C
were analyzed by using a SEM with EDS, and the results are shown in Fig. 4. In
this figure, several parts of the metal and the slag phases are analyzed, and they are
indicated in the crucible placed at the bottom of each picture by a white circle.

Table 2 Compositions of slag and metallic melt at different steps of the process

Component (wt%) Cu Mo Fe S Fe3O4 SiO2 CaO Al2O3

Slag before reduction 1.1 0.30 43.4 0.5 5.7 30.0 1.1 3.4

Modified slag 0.9 0.23 32.6 0.4 4.3 22.7 27.2 6.8

Slag after reduction 0.036 15 ppm 1.13 – – 40.0 48.0 12.0

Metallic phases

Iron alloy 4.79 0.89 91.33 – – – – –

Copper alloy 94.52 0.0 4.23 – – – – –

(a) (b) 

(c) (d)

% S    54.94
% Fe  45.06

% Cu 51.98
%  S  47.47
% Fe 13.64

% Cu  95.33
% Fe    4.67 %Cu 0.68

%Fe 99.32

%Cu 51.98
%S 47.47
%Fe 13.64

%Cu 2.7
%Fe 97.2

% Fe 57.85
% S   42.15

% Cu 51.49
% S    33.50
% Fe  15.01

% Al  11.98
% Si   20.50
% K     0.87
% Ca 18.47
% Fe     4.05
% Na 0.35
% O    43.22

% Fe  99.32
% Cu   0.68

(a)

Fig. 4 Microstructures of metal and final slag phases: (a) lower part of the metallic alloy;
(b) central part of the metallic alloy; (c) upper part of the metallic alloy in contact with the slag
phase and (d) final slag phase
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In Fig. 4a, a copper-iron alloy in the lower part of the metallic phase containing
95% of copper is observed, and there are also particles of matte and iron sulfide
distributed around the copper alloy. In Fig. 4b, the central part of the iron alloy
containing over 97% of iron is shown, and some particles of matte entrained in the
metal phase are also present. The upper part of the metallic phase is shown in
Fig. 4c, and it can be seen a major phase containing mainly iron with minor phases
including iron and copper sulfides. The final slag phase contains mainly Si, Ca, Al,
O and minor elements commonly present in copper slags as shown in Fig. 4d. Also,
entrained particles of iron-copper alloy are seen in this figure.

Copper Removal

Slag roasting under oxidative condition followed by an acid leaching is an alter-
native to remove copper by leaching the copper oxide produced. This is an efficient
way to recover copper and iron could be recovered by reduction with carbon from
the leach residue forming an alloy with molybdenum. A good recovery of the three
metals could be obtained, but from an economic point of view, it doesn’t look
attractive.

However, copper could be as a separated phase due to the limited mutual sol-
ubility between iron and copper under these conditions, as shown in Fig. 2a.
Therefore, copper can be removed by conducting the slag reduction process in two
stages; a decopperization step followed for an iron reduction under the following
conditions: 100% of the coke required to reducing copper oxide and a CaO/SiO2

ratio of 60/40 were used in the first step which was run during 30 min at 1450 °C;
the second step was run during 50 min using coke addition of 100 and 150% of the
carbon required to reduce iron oxide, and the sample was cooled down under a N2

atmosphere. The results of these experiments are shown in Table 3.
During the first stage, both iron and copper are reduced and a copper rich

metallic alloy is obtained, and on the second stage, a rich iron alloy is obtained. The
copper content decreases to 0.24% in the final slag, and to 0.84% in the final
metallic alloy. The iron alloy obtained by using 150% of carbon addition was
micro-analyzed in order to observe the copper-iron interaction, and the result is
shown in Fig. 5.

Table 3 Composition of the phases obtained during copper and iron selective reduction

Carbon addition wt% 1st. step: selective copper
reduction

2nd. step: reduction to metallic
iron

First slag rich in
iron

Metallic
phase

Final slag Iron alloy

%Cu %Fe %S %Cu %Fe %Cu %Fe %S %Cu %Fe

100 0.32 24.6 0.5 51.0 48.2 0.02 3.8 0.26 1.36 98.0

150 0.20 30.1 0.45 12.2 87.0 0.24 4.2 0.25 0.84 98.9
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In this figure, it can be seen a metallic phase containing 99.32% of iron and
0.68% of copper, which is in agreed with the chemical analysis shown in Table 3,
and inclusions of iron sulfides containing 0.84% of copper.

Conclusions

Slag processed by direct reduction with carbon produces a carbon saturated iron
alloy which contains copper and molybdenum, and a copper phase.

The copper content in copper smelting slag is selectively reduced with carbon at
1450 °C and its content decreases rapidly in the slag to values in order to 0.5%
while iron content remains almost constant.

The coke addition is effective for decreasing the copper content in the slag
reaching a value of 0.06% of copper in the final slag.

To decrease copper content in iron-copper alloy, more than one step is required.
The first step to reduce copper content in the slag and produce a copper rich melt
and a second step for reducing the iron oxide to a metallic iron rich alloy containing
0.84% of copper, which is one of the lowest obtained values.
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Insulating or Conductive Lining Designs
for Electric Furnace Smelting?

J.D. Steenkamp, G.M. Denton and D.A. Hayman

Abstract Design of furnace containment systems can be based on one of two
design philosophies: Insulating or conductive lining designs. In insulating lining
designs, management of the compatibility between refractory materials and process
materials (typically liquid metal and/or slag) is an important criterion for furnace
design, and an important process parameter to control during furnace operation. In
conductive lining designs, management of the integrity of the layer of frozen
material (freeze lining) on the interface between the liquid process material, and the
refractory lining, is important. For example in ferrochromium production, both
lining design philosophies are applied. The work presented here discusses the
significance of lining design philosophy in the context of ferrochromium
production.

Keywords Furnace containment � Lining design � Ferrochromium � FeCr

Introduction

When designing a new industrial-scale furnace for the production of ferrochromium
(FeCr), furnace operators have a choice between two operating philosophies:
Submerged arc furnace (SAF) or open-arc furnace operations. The former typically
applies an electrical system based on alternating current (AC) and the latter, direct
current (DC). Choice in operating philosophy is primarily driven by the type of ore
available [1]: SAF operation is dependent on lumpy raw materials (>6 mm) whilst
DC open arc furnace operation was specifically developed for the reduction of fines
(<6 mm) [2]. Another advantage of DC open arc furnace operation over conven-
tional AC-SAF is the reduced dependence of process temperature on the electrical
resistivity of the process material [3, 4]. Slag chemistry and process temperature can
therefore be controlled independently to optimize activity of slag components
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participating in reduction reactions (improved recovery of Cr, low levels of
S and P), manage slag viscosity for tappability, and in the case of an insulating
lining design, manage activity of refractory components in the slag to minimize
potential for refractory dissolution or chemical reaction between slag and refractory.
Other advantages of DC open arc furnace operations over AC-SAF for FeCr
production have been discussed extensively by others [2, 3, 5, 6].

Similarly, furnace operators have a choice between two furnace containment
philosophies [7, 8]: Insulating or conductive lining designs (defined in the next
section in terms of the steady-state heat-transfer principles applicable [9]). During
the conceptual design phase the furnace containment philosophy needs to be
selected with care as it will have a significant impact on future furnace operability.
It is the intention of this chapter to demonstrate the use of desktop tools available to
aid in the decision-making process during the conceptual design phase, and to
discuss some of the consequences of the philosophy selected on plant design,
commissioning, and operations.

Background

In pyrometallurgical processes, the input energy requirement (EIn) depends on two
factors (see Eq. 1): Process energy requirement (EProcess) and energy losses from
the furnace (ELosses).

EIn ¼ EProcess þELosses ð1Þ

The energy input, supplied in electric arc furnaces as electrical energy, is typi-
cally one of the operational cost drivers. The role of the refractory containment
system therefore is not only to contain the process but also to minimize energy
losses to the environment.

In an insulating lining, heat is transferred from the inside of the furnace to the
environment through convective and conductive heat transfer mechanisms. Using
an electrical analogy [8]—see Fig. 1a—for a one-dimensional heat transfer problem
applied to a circular furnace (Eq. 2), the heat flux (Q, in Wm−2) is a function of the
difference in temperature between the process material inside the furnace and the
cooling medium acting as the external environment (TLiquid and TCoolant respec-
tively, measured in K), and the thermal resistances of the different components of
the containment system as defined by the heat transfer mechanism applicable.

As an example, when heat is transferred from liquid slag to the hot face of the
refractory layer through convection, the thermal resistance (RLiquid) is dependent on
the convective heat transfer coefficient (h, in Wm−2) of the slag and the radius of the
hot face (ri, in m) of the refractory, as defined in Eq. 3. Another example would be
conduction of heat through the refractory: The thermal resistance (RRefractory) is
dependent on the thermal conductivity (k, in Wm−1K−1) of the refractory and radius
of the hot face and cold face (ro, in m) of the refractory, as defined in Eq. 4.
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Descriptions of insulating lining designs, applied in FeCr production, were found
for AC-SAF [10, 11] and DC-open arc furnace designs [12].

Q ¼ TLiquid � TCoolant
RLiquid þRRefractory þRSteel þRCoolant

ð2Þ

RConvection ¼ 1
2prih

ð3Þ

RConduction ¼
ln ro

ri

2pk
ð4Þ

In a conductive lining (Fig. 1b), furnace conditions are manipulated to ensure
that a layer of slag, metal, or raw materials, or combinations thereof, are frozen on
the hot face of the refractory [8]. A boundary condition is introduced to the heat
transfer calculation: The temperature at which the frozen layer of process material
starts to melt (TMelt). Increasing the energy input to the process will result in melting
the solid process material, reducing the thickness of the frozen layer without
increasing the heat flux to the steel shell, therefore Q1 = Q2 (with Q1 and Q2

defined in Eqs. 5 and 6 respectively). Descriptions of conductive lining designs
applied in FeCr production (albeit for significantly different refractory configura-
tions), were found for AC-SAF [13, 14] as well as DC open arc furnace designs
[6, 15–18].

Fig. 1 Steady state heat transfer principles on which a insulating and b conductive lining designs
are based
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Q1 ¼ TLiquid � TMelt

RLiquid
ð5Þ

Q2 ¼ TMelt � TCoolant
RFreezelining þRRefractory þRSteel þRCoolant

ð6Þ

Although the intention with both design philosophies is to minimize energy
losses to the environment, physical containment of the process is the most
important consideration. In an insulating lining design, the hot face of the refractory
material is exposed to liquid metal and/or slag. Chemical compatibility between the
hot face refractory material and the liquid process materials is therefore important,
thus adding an additional constraint in terms of slag conditioning. The refractory
material should neither dissolve into, nor participate in, chemical reactions with
process materials. In a conductive lining design the need for chemical compatibility
between the hot face refractory material and the liquid process materials is greatly
reduced. The potential for the process material to solidify on and attach mechani-
cally to the surface of the refractory hot face is, however, important. The use of
one-dimensional heat transfer, and thermodynamic and thermo-physical property
calculations (utilising FactSage 7.0 software) [19] in selecting a suitable refractory
containment system is illustrated in the next section.

Tools Available to Conduct Desktop Study

For the purpose of the discussion, a hypothetical case study was developed in which
a producer of FeCr required the design of a furnace containment system for a new
DC-open arc furnace. The calculations focus on the slag-line of the furnace—
typically one of the high wear areas in a DC-open arc furnace [20]. Three slag
compositions were evaluated (Table 1) selected from a range of compositions
reported by Geldenhuys [1]. The selection was based on diversity in location of the
ore body, and variation in bulk chemical composition of the slag.

The assumptions made for the one-dimensional steady-state heat transfer cal-
culations are summarised in Fig. 2. TMelt was estimated from the calculated per-
centage slag phase formed as a function of temperature, under equilibrium
conditions. The Equilib module was applied, and FToxid and FactPS databases
selected. All compound species were selected (gas, pure liquids, and pure solids),

Table 1 Three slag compositions (mass percent) evaluated in case study—after [1]

Cr2O3 FeO MgO Al2O3 SiO2 CaO Total

Slag #1 3.8 2.1 31.3 33.7 28.0 1.1 100

Slag #2 4.3 3.4 16.7 37.2 22.9 15.6 100

Slag #3 6.2 1.4 43.8 19.1 28.8 0.7 100
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and duplicates were suppressed, with FToxid having preference over FactPS. All
solution phases were selected except for B-olivine. The results are presented in
Fig. 3. Wettability tests conducted on synthetic and industrial silicomanganese slag
demonstrated that balling temperatures (considered to be the melting point of the
slag) typically occurred in the temperature range where 80–95% of the slag phase is

Fig. 2 Assumptions made for one-dimensional, steady-state heat transfer calculations where text
in italics applied to conductive lining design calculations only

Fig. 3 Calculated equilibrium liquid phase formation in slags with compositions in Table 1 (solid
lines) where the estimation of TMelt estimation was based on the temperatures at which 80% slag
phase formed (broken lines)
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calculated to form [21]. Therefore, TMelt was selected as the temperature where
<80% slag phase formed: 1923 K (1650 °C). At lower temperatures, note the
sensitivity of the slag phase formed for Slag #3, compared to Slag #1 and Slag #2
with changes in temperature.

Jones and Erwee [4] discussed ways in which slag compositions are designed for
ferrochromium production, based on slag/metal separability (bulk liquidus) and
tappability (viscosity). They stated that for ferrochromium slag to be tappable, the
liquid viscosity—ηo—(calculated in the viscosity module of FactSage), should
ideally be 0.2 Pa.s (2 poise) or less. Slag with a liquid viscosity of more than
0.45 Pa.s (4.5 poise) was considered not tappable. The Roscoe relationship [22]
illustrates the effect of the volume fraction of solids (f) on the apparent viscosity
(ηapp)—see Eq. 7.

gapp ¼ go 1� afð Þ�n ð7Þ

As illustrated in Fig. 4a, the apparent viscosity changes exponentially with the
increase in the solids fraction. Therefore, assuming that a liquid viscosity of
0.2 Pa.s (2 poise) and solids mass fraction less than 10% are required for a tappable
slag (see Fig. 4b, Tliq was assumed to be 2173 K (1900 °C). The typical tap
temperatures for slag produced in a DC-open arc furnace, smelting South African
ore—Slag #2 in Table 1—, is reported to be 1923 K (1650 °C) with bath tem-
peratures of up to 1973 K (1700 °C) [15].

Fig. 4 a The effect of the volume fraction of solids on the apparent viscosity (ηapp)—estimated
with the Roscoe relationship—as a function of temperature for the case where ηo = 2, a = 1.35,
and n = 2.5. b On primary Y-axis: Calculated viscosity of the liquid portion of the slag (ηo) as a
function of temperature, with ideal viscosity (similar to that of maple-syrup at 298 K (25 °C)) and
the practical upper-limit for tappable slag [4] superimposed as dash and long lines respectively. On
secondary Y-axis: Calculated mass per cent solids. Slag compositions were stated in Table 1
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For the insulating lining design, refractory material properties of interest are low
thermal conductivity (Table 2) and chemical compatibility with the slag (Table 3),
while for the conductive lining design high thermal conductivity is desirable.
Magnesia-based [12, 15–18], and carbon-based [10, 13, 14] lining designs were
found in literature, but Al2O3-, and SiO2-based refractory were also evaluated for
their lower thermal conductivity.

The results for the heat transfer calculations are summarised in Table 2: From
the results of the one-dimensional steady-state heat transfer calculations (based on
the assumptions discussed earlier), a solid layer of process material will only form
for a magnesia or carbon-based lining design, not for the Al2O3-, and SiO2-based
refractory. Under these conditions, heat losses for the insulating lining designs are
significantly (1½ to 2 times) lower than for the conductive designs i.e. an argument
therefore exists for the selection of an insulating lining design.

To determine the chemical compatibility between the slag and oxide-based
refractory material—as required for an insulating lining design—the equilibrium
liquid phase formation when reacting 50 g of slag (compositions in Table 1) with
50 g of refractory (compositions in Table 3) was calculated. Although the calcu-
lation only applies to insulating lining designs, magnesia refractory was also
included. The Equilib module was applied, and FToxid and FactPS databases
selected. All compound species were selected (gas, pure liquids, and pure solids),

Table 2 Thermal conductivity (kRefractory) of selection of refractory materials evaluated in case
study as well as calculated radius of freeze lining (rF), thickness of freeze lining (Δr), and heat flux (Q)

kRefractory @ 1273
K (1000 °C)
(W.m−1.K−1)

rF (m) Δr (mm) Q (kW)

#A Magnesia 4 5.631 18 663

#B Sintered corundum 2.5 – – 505

#C Fireclay 1.4 – – 297

#D Spinel 2.5 – – 505

#E Carbon 10 5.565 85 656

#F Graphite 80 5.527 123 651

Table 3 Composition (mass percent) of selection of refractory materials evaluated in case study—
after [21, 23]

C FeO MgO Al2O3 SiO2 CaO Total

#A Magnesia – 0.4 97.9 0.4 0.3 1.0 100

#B Sintered corundum – 0.5 – 95.4 4.0 – 100

#C Fireclay – 2.7 – 22.1 75.2 – 100

#D Spinel – 0.9 29.9 67.7 1.0 0.5 100

#E Carbon 90.2 – – 9.8 – – 100

#F Graphite 100.0 – – – – – 100
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and duplicates were suppressed, with FToxid having preference over FactPS. All
solution phases were selected except for B-olivine, and mullite (FToxid-Mull). The
results were presented in Fig. 5. Should the slag phase formation be less than or
equal to the slag phase formation calculated for slag only, the refractory is con-
sidered compatible with slag. When more slag is formed it is not compatible with
slag. From Fig. 5, refractory C is immediately excluded as the refractory will react
with the slag. At the tapping temperature selected (2173 K (1900 °C)); refractory B
and refractory D will also react with the slag. The only refractory suitable is
refractory A. Therefore, even for an insulating lining design with slag in contact
with refractory, magnesia-based refractory material at the hot face will be more
suitable.

Consequences of Philosphy Selected

Irrespective of the furnace containment philosophy selected, slag composition and
temperature need to be managed: For insulating lining designs, to ensure that the
slag is saturated in the hot face refractory components; for conductive lining
designs, to ensure that the slag freezes and remain frozen on the surface of the

Fig. 5 Calculated
equilibrium slag phase
formation when reacting 50 g
of slag (compositions in
Table 1) with 50 g of
refractory (compositions in
Table 3) with equilibrium
liquid phase formation in 50 g
slag superimposed, for a Slag
#1, b Slag #2, and c Slag #3,
and the broken vertical
red-lines indicate the typical
tap temperature
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refractory. Managing the mass and the energy balance for the process is therefore
important.

Referring back to Eq. 1: Eprocess is recipe dependent (the enthalpy values of
different raw materials differ), and is calculated by furnace operators in theoretical
mass and energy balance calculations. The properties of importance in these cal-
culations are masses, chemical compositions, temperatures, and enthalpies, of all
inputs to and outputs from the furnace. Therefore, the following measurements on
the plant are critical for process control:

1. Frequent, representative sampling of all input and output streams.
2. Accurate analyses, reported within a short time period from sampling (ideally

within 30 min, but typically within 2 h for solid materials, and online analyses
of off-gas), of all input and output streams.

3. Mass measurements (or volumetric flow measurements in the case of off-gas) of
all input and output streams that are accurate, reliable, and validated.

4. Temperature measurements (especially for the output streams) that are accurate,
reliable, and validated.

5. Enthalpy values of all input and output streams that are accurate and validated.

Elosses is calculated by furnace operators in energy loss calculations, based on
water temperatures and flow rates for sections of the furnace that are water-cooled,
and temperature differences in refractory material with known thermal conductivity
for sections with no water-cooling. Therefore, the following accurate, reliable, and
validated measurements on the plant are critical for process control:

1. Temperature measurements of water, at the inlet and outlet of cooling circuits.
2. Flow measurements of water, to or from, cooling circuits.
3. Temperature measurements in a single refractory brick, using dual thermocou-

ples, where the exact positions of the two hot junctions are known.
4. Thermal conductivity of the single refractory brick, as a function of temperature.

These measurements should be included in the detailed design phase, taking into
account not only how the systems will be managed during normal operation, but
also how the systems will be checked and measurements validated during cold and
hot commissioning of the plant.

A typical process control measure applied in DC-open arc furnace is the
power-to-feed ratio, where power is the electrical energy input to the furnace and
feed the total feed [16–18]. Typically, the furnace operator selects a specific power
setting to operate at, and with known energy losses, adjusts the feed rate of the
material fed to the furnace, in order to control the power-to-feed ratio for a specific
recipe. At a constant power setting with constant energy losses, the power
requirement will change when the recipe changes due to the differences in
enthalpies of the input materials. The differences can occur when the ratios of feed
materials change, e.g. ore/flux, or when the mineralogy of a specific feed material
changes, e.g. changes in mineralogy within chromite ore.
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If the energy requirement of the process changes without the awareness of the
furnace operator, more or less energy can be added to the furnace than what is
required by the process and energy losses—in layman’s terms referred to as
‘over-powering or under-powering the furnace’. In principle, the consequences of
over-powering of the furnace are:

1. In open arc furnace operation, with an insulating lining design, the excess
energy will increase the temperature of the slag saturated in refractory com-
ponents (and metal, depending on the heat transfer mechanisms at play). An
increase in slag temperature could potentially influence saturation of the slag in
refractory components as illustrated in Fig. 5—an analogy would be when more
sugar can be dissolved in boiled water compared to water at room temperature.

2. In open arc furnace operation, with a conductive lining design, the excess
energy will melt away the freeze lining, but the metal and slag tap temperatures
will remain essentially the same, until the freeze lining disappears. Thereafter,
the heat transfer mechanisms essentially become similar to that of an insulating
lining design with the risks of chemical incompatibility between refractory and
process material, and temperature increases beyond the service temperature of
the refractory material.

3. In SAF operation, the excess energy will allow for the burden to be consumed at
a faster rate i.e. the production rate will increase (within the constraints of heat
and mass transfer between the furnace slag bath and burden) and therefore the
rate at which the furnace needs to be fed, but the metal and slag tap temperatures
will remain essentially the same. Should the heat and mass transfer between the
furnace slag bath and the burden become rate-limiting, the excess thermal
energy will increase metal and slag temperatures resulting in the potential wear
mechanisms described for open arc furnace operation.

Conclusion

In ferrochromium production, both insulating and conductive lining design
philosophies are applied. Tools available for the evaluation of lining design
philosophies at desktop level include the use of one-dimensional, steady-state heat
transfer and thermodynamic and thermo-physical property calculations (utilising
FactSage 7.0 software). Steady-state models tell only part of the story as insulating
vs conductive linings have very different transient responses to disturbances in
process conditions, which can affect the operability of the furnace significantly.
Therefore the importance of further heat transfer modelling combined with labo-
ratory and pilot-scale test work to validate the selection of lining philosophy as well
as materials selected, cannot be over-emphasized. By not doing these tests on
laboratory and pilot-scale, the industrial-scale furnace essentially becomes a pilot
furnace. Once in operation, the power-to-feed ratio is one of the most important
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parameters to utilise for process control. It is therefore important to design for
measurements that are accurate and reliable, and to validate these measurements
during cold commissioning and hot commissioning of the industrial-scale furnace.
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The Influence of Phosphorous Additions
on Phase Evolution in Molten Synthetic
Coal Slag

Hani Abu El Hawa, Jinichiro Nakano, Anna Nakano
and James P. Bennett

Abstract Carbon feedstocks used in power, chemical and metallurgical industries
typically contain numerous minerals or impurities that liquefy during high tem-
perature processing to form slag as a byproduct. Slags have many industrial
applications, for example, as construction materials and for element recovery. In
addition to other variables, the extent of slag utilization is dependent on its com-
position and post treatments. In this work, the influence of temperature and phos-
phorus additions on phase evolution in coal slag was investigated. Synthetic slag
mixtures with varying AlPO4 contents (0–14 wt%) were heated from 1380–1470 °
C in air, then water-quenched to preserve the phases formed. SEM/EDS, XRF and
XRD analyses were performed before/after testing to gain insight about slag
chemistry and phases present. It was found that coal slag exhibited a large solubility
of phosphorous, affecting morphology of mullite formed under the conditions
studied. Results obtained and their significance are discussed.

Keywords Coal slag � Mullite � Aluminum phosphate

Introduction

Coal gasifiers are commercially used to produce syngas (CO and H2), an important
gas mixture that can be converted into useful products ranging from chemicals to
power. Gasifier feedstock materials typically contain impurities that can melt and
oxidize during gasification to form slags [1, 2]. Slag properties (e.g. chemistry, solid
morphology and phases present) are strongly dependent upon the operating con-
ditions of the gasifier. Mullite, for instance, is one of the phases that may be found
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in coal slags. Previous research [3] has shown that it has the ability to form a solid
solution in a wide Al2O3/SiO2 range and to incorporate a variety of foreign cations
into the structure. Slag equilibria and mullite chemistry in coal slag were studied at
1500 °C and an oxygen partial pressure of 10−8 atm by Nakano et al. [1] where
Al/Si ratios in mullite were affected by bulk slag chemistry.

This work investigates the influence of temperature and phosphorus additions on
phase evolution in synthetic mixtures of coal slag. Phosphorous content was varied
in samples by changing the quantities of AlPO4 additions. It was changed to
evaluate the impact of phosphate added to gasifier liner brick and how slag prop-
erties would be impacted. Samples were heated from 1380–1470 °C in air, then
water-quenched to preserve the phases formed. Scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), X-ray fluorescence
(XRF) and X-ray diffraction (XRD) analyses were performed before/after testing to
gain insight about slag chemistry and phases present.

Materials and Methods

Three synthetic coal slag and slag/aluminum phosphate mixtures were prepared by
blending the chemical reagents silica (99.50% pure), alumina (99.00% pure),
hematite (99.80% pure) and calcia (99.95% pure) with varying ortho-aluminum
phosphate (97.00% pure) additions (0–14.1 wt%). Each mixture was tumble-mixed
(with the aid of dense alumina balls) for 8 h. Portions of these mixtures were
pelletized at 2000 psi to create*2.5 cm (1″) diameter pellet. This was necessary to
allow for compositional analysis by XRF which was conducted using Rigaku ZSX
Primus II wavelength-dispersive X-ray fluorescence (WDXRF) spectrometer.
Table 1 shows the mixtures prepared along with their IDs and compositions as
determined by XRF.

A total of twelve samples were tested in air in the temperature range (1380–
1470 °C) as shown in Table 2. Typically, a *2 g sample of the raw powder was
placed in an alumina crucible and heated in a tube resistance furnace in air at 150 °
C/h ramp rate and held at a designated temperature for 3 h. The samples were never
heated above the designated temperature. A protected Pt-thermocouple (type B)
was placed in the center of the tube furnace just underneath the alumina boat
holding the samples and was used to monitor temperature. The temperature was
maintained within 3 °C of the desired set point. After being held at temperature in

Table 1 Compositions as determined by XRF for the synthetic slag and slag/AlPO4 mixtures

Mixture
Id/composition

SiO2

(wt%)
Al2O3

(wt%)
Fe2O3

(wt%)
CaO
(wt%)

AlPO4

(wt%)

0 44.9 24.4 23.6 7.1 0.0

7 41.7 22.7 21.9 6.6 7.1

14 38.6 20.9 20.3 6.1 14.1
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air for 3 h, the samples were water-quenched to room temperature. At each tem-
perature, three samples of varying AlPO4 composition were tested at the same time.

Once quenching was completed, slag samples were mounted in epoxy and
polished for SEM/EDS (JSM-7000F and FEI Inspect F field performed at 20 kV)
analyses to study phase composition and morphology. A portion of each sample
was ground below 45 lm using a ceramic mortar and pestle. X-ray diffraction
crystalline phase analysis was then performed using a Rigaku Ultima III XRD
instrument.

Thermodynamic phase equilibria calculations were performed at 1 atm
(PO2 ¼ 0:2089 atm) using FactSageTM 7.0 with FactPS and FToxid databases in
order to estimate the phases, which may be present in each mixture as function of
AlPO4 composition and testing temperature. For these calculations, a coal slag
mixture containing 42.5% SiO2, 42.0% Al2O3, 8.4% Fe2O3 and 7.1 wt% CaO (all
in wt%) was used.

Results and Discussion

Figure 1 shows SEM micrographs of samples A0–A14 (top row), B0–14 (second
row from top), C0–14 (third row from top) and D0–14 (bottom row). As mentioned
before, these samples were tested in air for 3 h at 1380 °C (A samples), 1400 °C (B
samples), 1440 °C (C samples) and 1470 °C (D samples) then water-quenched to
room temperature. EDS scans were performed on selected points to determine
specific microstructure chemistry. As can be seen from Fig. 1, distinct regions
containing slag and another crystalline phase exist. The elemental compositions of
the phases are presented in Tables 3, 4, 5 and 6. Based on these compositions, this
phase has a chemistry similar to mullite as will be discussed below.

As can be inferred from the tables, the liquid slag has a very consistent com-
position, with (Al + Fe) to Si ratios of 0.6–0.8, 0.7–0.9, 0.8–0.9 and 0.7–0.8 for
samples A, B, C and D, respectively. At a given temperature, the ratio tended to
increase with increasing AlPO4 content, showing high solubility in molten slag.

In addition to the slag, mullite with (Al + Fe) to Si ratios of 1.7–2.2, 2.2–2.5,
2.1–2.7 and 2.4–2.5 was also identified for samples A, B, C and D, respectively.
For phase identification, it is worth noting that using (Fe + Al)/Si ratio is more
rational than using the Al/Si ratio as Fe can be incorporated in the mullite phase

Table 2 Sample ID versus AlPO4 content and testing temperature

Temperature/composition (°C) 0.0 wt% AlPO4 7.1 wt% AlPO4 14.1 wt% AlPO4

1380 A0 A7 A14

1400 B0 B7 B14

1440 C0 C7 C14

1470 D0 D7 D14

All samples were held at temperature in air for 3 h then water-quenched to room temperature
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upon heating. Thus, adding Fe makes the stoichiometric ratio of mullite closer to
theoretical one of 3.

Those ratios correspond to the mullite phase that was present at this temperature
as outlined before. For samples A, these observations suggest that the addition of
AlPO4 to the synthetic coal slag seems to have some influence on the stability of the

Fig. 1 SEM micrographs
(backscatter mode) for
samples A (1st row from top),
B (2nd row from top), C (3rd
row from top) and D (bottom)
after quenching from the test
temperature. “S” stands for
slag while “M” stands for
mullite

Table 3 Samples A average elemental composition (atom %) as determined by EDS along with
phases identified at 1380 °C

Sample Phase O Al Si Ca Fe P Al/Si (Al + Fe)/Si

A0 Slag 74.3 (0.1) 6.1 (0.2) 14.6 (0.1) 2.1 (0.0) 2.9 (0.0) – 0.4 (0.0) 0.6 (0.0)

Mullite 74.2 (0.4) 13.4 (0.9) 9.2 (0.4) 0.8 (0.1) 2.4 (0.0) – 1.5 (0.2) 1.7 (0.2)

A7 Slag 74.5 (0.1) 6.5 (0.4) 12.0 (0.1) 1.9 (0.1) 3.5 (0.1) 1.7 (0.0) 0.5 (0.0) 0.8 (0.0)

Mullite 74.0 (0.1) 14.6 (0.6) 8.1 (0.3) 0.6 (0.1) 2.3 (0.1) 0.6 (0.1) 1.8 (0.1) 2.1 (0.1)

A14 Slag 74.6 (0.3) 6.5 (0.3) 11.6 (0.0) 1.8 (0.0) 3.2 (0.1) 2.3 (0.0) 0.6 (0.0) 0.8 (0.0)

Mullite 73.8 (0.1) 15.0 (0.4) 7.8 (0.1) 0.5 (0.1) 2.2 (0.1) 0.7 (0.1) 1.9 (0.1) 2.2 (0.1)

The numbers in brackets represent the standard deviation (Refer to Fig. 1)

Table 4 Samples B average elemental composition (atom %) as determined by EDS along with
phases identified at 1400 °C

Sample Phase O Al Si Ca Fe P Al/Si (Al + Fe)/Si

B0 Slag 74.3 (0.1) 6.1 (0.1) 14.0 (0.1) 2.1 (0.1) 3.4 (0.1) – 0.4 (0.0) 0.7 (0.0)

Mullite 73.4 (0.3) 16.2 (1.2) 7.7 (0.8) 0.3 (0.1) 2.5 (0.1) – 2.1 (0.4) 2.5 (0.4)

B7 Slag 74.6 (0.1) 6.5 (0.5) 12.4 (0.1) 1.7 (0.1) 3.4 (0.1) 1.4 (0.1) 0.5 (0.0) 0.8 (0.0)

Mullite 74.9 (1.4) 14.7 (1.5) 7.5 (0.3) 0.5 (0.2) 2.0 (0.1) 0.4 (0.1) 1.9 (0.2) 2.2 (0.2)

B14 Slag 74.6 (0.2) 6.5 (0.1) 11.4 (0.2) 1.9 (0.0) 3.3 (0.1) 2.3 (0.0) 0.6 (0.0) 0.9 (0.0)

Mullite 73.5 (0.5) 15.0 (0.6) 7.9 (0.1) 0.5 (0.1) 2.3 (0.1) 0.8 (0.0) 1.9 (0.1) 2.2 (0.1)

The numbers in brackets represent the standard deviation (Refer to Fig. 1)
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mullite phase at this temperature as evidenced by the increase in the (Al + Fe)/Si
seen in samples A7 and A14 compared to what was seen in sample A0. While Fe
content in mullite decreased, (Al + Fe)/Si tended to increase with AlPO4 addition to
the original slag, which may be caused by lower activity of Fe and higher activity of
Al in slag. In general, the presence of smaller mullite particles were noted in
samples with AlPO4 additions (A7 and A14) as can be inferred from Fig. 1.

For samples B, mullite phase with (Al + Fe) to Si ratio of 2.2 for samples B7
and B14 was identified. Sample B0 shows slightly higher (Al + Fe) to Si ratio of
2.5 compared to 1.7 for sample A0. This increase is consistent with the finding of
Schneider et al. [3] where higher Al content in mullite was reported at higher
temperatures. From the B samples observations, it appears that the addition of
AlPO4 to the synthetic coal slag along with the higher treatment temperature
affected the composition of the mullite phase (i.e. (Al + Fe)/Si); (Al + Fe)/Si ten-
ded to decrease with AlPO4 addition to the original slag at this temperature. The
presence of smaller mullite particles were also noted in samples with AlPO4

addition (B14), which may be attributed to slag polymerization due to phosphate in
addition to silicate in molten slag, which caused viscosity to increase (slower
diffusion).

For samples C, however, mullite phase with (Al + Fe) to Si ratios of 2.7 for
sample C0, 2.3 for sample C7 and 2.1 for sample C14 was identified. A different
observation compared to what was observed for A and B samples. It appears that
the addition of AlPO4 to the synthetic coal slag along with the higher testing
temperature affected composition of the mullite phase (i.e. (Al + Fe)/Si). At this

Table 5 Samples C average elemental composition (atom %) as determined by EDS along with
phases identified at 1440 °C

Sample Phase O Al Si Ca Fe P Al/Si (Al + Fe)/Si

C0 Slag 74.2 (0.2) 6.6 (0.3) 13.4 (0.1) 2.0 (0.1) 3.8 (0.1) – 0.5 (0.0) 0.8 (0.0)

Mullite 73.2 (0.1) 17.2 (0.4) 7.1 (0.4) 0.2 (0.0) 2.2 (0.0) – 2.4 (0.2) 2.7 (0.2)

C7 Slag 74.4 (0.2) 6.5 (0.1) 12.0 (0.1) 1.8 (0.0) 3.7 (0.1) 1.5 (0.0) 0.5 (0.0) 0.9 (0.0)

Mullite 73.5 (0.3) 15.6 (0.1) 7.8 (0.1) 0.4 (0.0) 2.3 (0.1) 0.4 (0.2) 2.0 (0.0) 2.3 (0.0)

C14 Slag 75.0 (0.3) 7.1 (0.8) 11.1 (0.1) 1.7 (0.2) 3.1 (0.2) 2.1 (0.1) 0.6 (0.1) 0.9 (0.1)

Mullite 74.5 (0.3) 14.5 (0.6) 7.9 (0.3) 0.5 (0.1) 2.0 (0.1) 0.7 (0.1) 1.8 (0.1) 2.1 (0.1)

The numbers in brackets represent the standard deviation (Refer to Fig. 1)

Table 6 Samples D average elemental composition (atom %) as determined by EDS along with
phases identified at 1470 °C

Sample Phase O Al Si Ca Fe P Al/Si (Al + Fe)/Si

D0 Slag 74.2 (0.2) 6.9 (0.1) 13.1 (0.1) 2.0 (0.0) 3.9 (0.1) – 0.5 (0.0) 0.8 (0.0)

Mullite 73.4 (0.3) 16.6 (0.7) 7.6 (0.5) 0.3 (0.2) 2.1 (0.2) – 2.2 (0.2) 2.5 (0.2)

D7 Slag 74.9 (0.1) 6.9 (0.2) 11.9 (0.2) 1.6 (0.0) 3.2 (0.1) 1.4 (0.0) 0.6 (0.0) 0.7 (0.0)

Mullite 73.9 (0.1) 17.1 (0.7) 7.0 (0.5) 0.2 (0.1) 1.6 (0.1) 0.2 (0.1) 2.5 (0.3) 2.5 (0.3)

D14 Slag 74.0 (0.2) 7.0 (0.1) 11.6 (0.1) 1.8 (0.0) 3.3 (0.1) 2.3 (0.1) 0.6 (0.0) 0.8 (0.0)

Mullite 73.7 (0.3) 16.7 (1.0) 7.3 (0.4) 0.4 (0.1) 1.5 (0.2) 0.5 (0.1) 2.3 (0.3) 2.4 (0.3)

The numbers in brackets represent the standard deviation (refer to Fig. 1)
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temperature, the (Al + Fe)/Si ratio rapidly decreased with AlPO4 addition to the
original slag. The presence of smaller and thinner mullite particles were noted in
samples with AlPO4 addition as well (C14).

For the final test (Samples D), the mullite phase with (Al + Fe) to Si ratios of 2.4
for sample D14 and 2.5 for samples D0 and D7 was identified. From these results, it
seems that the addition of AlPO4 to the synthetic coal slag along with the higher
testing temperature exhibited little effect on the composition of the mullite phase
(i.e. (Al + Fe)/Si) compared to the A, B and C samples. (Al + Fe)/Si slightly
decreased with AlPO4 addition to the original slag at this temperature. The presence
of smaller and thinner mullite particles was also noted in samples with AlPO4

addition (D14), an observation that is similar to what was seen with the samples that
were tested at lower temperature.

In order to investigate solid phases present in the synthetic coal slag samples that
were tested in this study, XRD scans were performed as previously described. For
samples A0–14, XRD scans were conducted while they were mounted with the
alumina crucible using epoxy, which introduced XRD peaks corresponding to the
alumina crucible. The overall goal was to identify peaks that correspond to crys-
talline phases present as a function of testing temperature and AlPO4 contents.
Figure 2 shows the XRD spectra for all A, B, C and D samples, grouped together
based on testing temperature.

Fig. 2 XRD spectra along with major peak identification for samples tested at 1380 °C (top left),
1400 °C (top right), 1440 °C (bottom left) and 1470 °C (bottom right). M = Mullite and
C = Al2O3
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For the A samples, alumina peaks can be clearly seen; most likely from the
alumina crucible as mentioned before. Major mullite peaks, however, were detected
for samples A7 and A14 which is consistent with the EDS results.

For samples tested at temperatures higher than 1380 °C (B, C and D samples),
all XRD spectra suggest the formation of mullite only, no other crystalline phases
were noted which is consistent with EDS results reported previously for those
samples.

Finally, another interesting observation from the XRD spectra for B and C
samples is that the mullite area under its peaks is increasing with additions of
AlPO4. This suggests that AlPO4 stabilized mullite in the synthetic coal slags at
1400 and 1440 °C. For samples D, on the other hand, the area under the mullite
peaks is decreasing with increasing AlPO4 additions. This implies AlPO4 additions
decreased the stability of mullite in the synthetic coal slags at 1470 °C. AlPO4

peaks were difficult to distinguish owing to the overlap of some peaks with mullite.
Figure 3 shows the thermodynamic phase equilibria diagram calculated for

synthetic coal slag-AlPO4 as a function of temperature. Individual equilibrium
calculations at 100% coal slag composition without AlPO4 (A0, B0, C0, and D0)
indicated equilibrium phase regions containing slag + mullite + Fe2O3 (containing
7 wt% Al2O3) at 1380 °C, slag + mullite at 1400 °C and only slag at 1440 and
1470 °C. That is, a slight addition of AlPO4 to coal slag would change phase
equilibria, and anorthite may form with AlPO4 additions at or below 1400 °C,
according to the calculations. In the present experiment with 3 h hold, anorthite was

Fig. 3 Thermodynamic phase equilibria diagram (1 atm) for the synthetic coal slag as function of
AlPO4 content and temperature. Region 1 has slag only, 2 slag + mullite + AlPO4, 3
slag + mullite + corundum + anorthite, 4 slag + mullite + corundum, 5 slag + spinel + mul-
lite + anorthite, 6 slag + mullite + anorthite and 7 slag + spinel + mullite. The solid dots
represent the experimental points
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not found. Mullite present in samples at 1440 and 1470 °C may have formed at
lower temperatures where a holding length used in this work was insufficient to
attain equilibrium.

While those theoretical calculations suggest the formation of Fe2O3 at 1380 °C
for the 100% coal slag, it was not found in the present sample at that temperature,
following XRD results; presumably due to slow kinetics at this temperature. At
testing temperatures 1440 and 1470 °C, formation of mullite may have required
more time than the soaking time used in this study (3 h); that might explain the
disagreement between the EDS/XRD results and the theoretical calculations.

Overall, the reported study gives a thermodynamic equilibrium knowledge
which would aid predictions of the crystallization behavior in slags to optimize
industrial operations. Phosphorous, which may come out form the P-containing
gasifier liner brick, will affect the molten slag properties including its viscosity. The
AlPO4 addition into coal slag stabilized the mullite phase precipitation, with the
finer crystals formed at higher AlPO4 concentrations. In general, fine crystals or no
crystals is beneficial in order to allow the slag flowing toward the gasifier exit.

Conclusions

Coal slag properties can be strongly affected by the high temperature treatment as
well as the presence of impurities. This work evaluated the influence of temperature
and phosphorus additions on phase evolution in synthetic coal slags. Synthetic slag
mixtures with varying AlPO4 contents were heated from 1380–1470 °C in air, then
water-quenched to preserve the phases formed. SEM/EDS and XRD results showed
that coal slag exhibited a large solubility for phosphorous, affecting morphology
and chemistry of mullite formed under the conditions studied. Mullite was the only
crystalline phase identified by XRD for all samples at all temperatures. Mullite’s
chemistry appears to be affected by temperature as well as AlPO4 content.
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The Recovery of Copper from Smelting
Slag by Flotation Process

Jiaqi Fan, Hongxu Li, Liangtian Wei, Chao Li and Shi Sun

Abstract Aiming at the recovery of copper from smelting slag, a flotation
approach was studied. It was found that this slag composed of fine particles with
complex association and distribution, in which bornite was the main copper-bearing
mineral after a detailed mineralogy analysis via polarizing microscope, SEM and
XRD. Consequently, flotation was attempted to recycle Cu in slag containing
copper sulphide components. Three key factors affecting flotation were ascertained,
namely, grinding fineness, the collector and the pH value, while the recovery of Cu
estimated by ICP and XRF. Copper concentrate grading at 14.47 with 79.66% Cu
recovery was obtained, in the condition of the grinding fineness of −0.074 mm and
the proportion of 80%, reagent dosages of 50 g/t for butyl xanthate and a pH value
of 10 adjusted using Na2CO3.

Keywords Smelting slag � Copper recovery � Mineralogy analysis � Flotation

Introduction

It is well-known that copper is very important metal to the economic development,
the copper concentrate gradually becomes a scarce resource. But, the world’s
copper production is 80% using pyrometallurgical method. More than 97% of
China’s copper output is generated by pyrometallurgy, which is a dominant pro-
duction method for copper metal [1]. Accompanying with the pyrometallurgical
processes of copper, a large number of copper smelting slag is generated, in which
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the average content of copper reaches more than 1% (reaching or even exceeding
China’s copper ore grade for smelting). China’s output of copper slag is up to 15
million tons per year [2]. Such huge quantities of slag will be a tremendous waste of
resources if dumped or disposed directly, therefore it has important practical sig-
nificance to recover sufficient amount or quantity copper from smelting slag.
Besides, it is also important for eventual sustainable development of copper
smelting enterprises.

So far, many studies have been carried out on the recovery of copper from slag,
in which the methods used are leaching, flotation, direct reduction and bio-leaching
[3–6]. Among those methods, flotation procedure, a method for mineral separation,
is widely applied in smelters because of its great processing capacity as well as
relatively small investment cost for equipment and reagents [7]. Most importantly,
for the recovery of copper in the form of sulfide, the flotation usually possesses
better effects. But, because of the difference in the composition of the slag, each
process may have different effects. Therefore, a flotation approach was studied,
aiming at the recovery of copper from smelting slag.

Experimental

Materials

The smelting slag used in this study was obtained from a copper plant in China.
Mineralogical analysis, performed using scanning electron microscope (SEM) and
energy dispersive X-ray spectroscope (EDS), polarizing microscope and X-ray
diffraction (XRD), indicated that fayalite (Fe2SiO4) and magnetite (Fe3O4) phases
were major components while bornite (Cu5FeS4) was the main copper-bearing
mineral in the slag. In addition, chemical composition of the slag was analyzed by
inductively coupled plasma-atomic emission spectrum (ICP-AES), atomic absorp-
tion spectrometry (AAS) and X-ray fluorescence (XRF), which was given in
Table 1. The results showed that the contents (wt%) of the main elements were Cu
1.22, Co 0.43 and Fe 40.72%.

Table 1 Chemical composition of slag

Component (%)

Cu Co Pb Zn Fe Si Al Ca S

1.22 0.43 0.12 0.49 40.72 15.48 2.21 3.13 0.40
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Flotation Tests

The slag was crushed in a jaw crusher and ground in a ball mill and then sieved.
N-ethyl-O-isopropyl thiocarbamate (Z-200), ethyl xanthate, butyl xanthate, iso-
pentyl xanthate and butylamine dithiophosphate were used as collectors; terpineol
oil as frother; sulphuric acid, lime, sodium hydroxide and sodium carbonate as pH
regulator. Only the direct one-stage of single-stage flotation (rougher) was used in
all experiments, except the last flotation test which was in the optimal condition.

Results and Discussion

Characterization of the Slag

The chemical analysis shows that the main phases of slag are fayalite (Fe2SiO4) and
magnetite (Fe3O4), while the main copper-bearing minerals are bornite, copper,
chalcopyrite, covellite and chalcocite from the X-ray diffraction pattern and
polarizing microscope images (Fig. 1). Besides, copper-bearing minerals, fayalite,
magnetite and other amorphous minerals were mutually wrapped and embedded.
Further more, contents and sizes of major minerals in the slag were determined via
polarizing microscope, which could be seen from Tables 2 and 3.

It could be seen from Table 3 and Fig. 1, the vast majority of copper-bearing
phases showed complex association and distribution among slag with the particle
size less than 0.02 mm. To recover copper in such fine minerals, grinding was
essential in flotation test.

Fig. 1 Representative polarizing microscope image of slag showing fine copper-bearing particles
embedded intricately with each other
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Flotation Results

Figure 2 shows the effect of grinding fineness on recovery rate of copper. It is observed
that a rise of the proportion of the grinding fineness of −0.074 mm from 60 to 80%
obviously increased the copper recovery, then decreased when it exceeded 80%. This is
because the initial appearance was dissociation fragmentation, namely separation among
different minerals. With the continuation of grinding time, penetrating fragmentation
occurred, which meant that the copper-bearing minerals began to separate. This is
evident in the SEM images from Fig. 3. Dissociation fragmentation is beneficial for the
flotation, while penetrating fragmentation may interfere with it which is undesired.

A series of experiments was carried out to determine the best flotation collector
among Z-200, ethyl xanthate, butyl xanthate, isopentyl xanthate and butylamine

Table 2 Mineral composition of slag

Minerals Wt./% Minerals Wt./%

Bornite 0.41 Fayalite 52.06

Copper 0.39 Amorphous minerals 39.69

Covelline 0.33 Magnetite 6.68

Chalcopyrite 0.20 Others 0.15

Chalcocite 0.09

Table 3 Size distribution of main minerals in slag

Minerals Size

>0.05 mm 0.02–0.05 mm
(%)

0.005–0.02 mm
(%)

<0.005 mm
(%)

Magnetite 0 20 60 20

Bornite 25% 35 30 10

Copper 8% 45 44 3

Covelline 0 3 25 72

Chalcopyrite 0 2 53 45

Fig. 2 Influence of grinding
fineness on copper recovery.
Experimental conditions: pulp
density = 33%, collector
(butyl xanthate) 50 g/t,
terpineol oil 50 g/t, no pH
regulator
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(a) Dissociation fragmentation (b) Penetrating fragmentation

Fig. 3 Images displaying the separation among mineral particles taken under SEM, in which the
light gray parts were copper-bearing minerals

Table 4 Results of flotation tests with different collector

Collectors Copper in concentrate/
%

Copper in tail/
%

Copper recovery
(%)

Z-200 5.05 0.687 50.53

Ethyl xanthate 6.00 0.547 61.02

Butyl xanthate 6.42 0.484 69.27

Isopentyl xanthate 4.41 0.552 62.60

Butylamine
dithiophosphate

8.10 0.561 58.08

Table 5 Results of flotation tests with different pH value

pH value Copper in concentrate/% Copper in tail/% Copper recovery (%)

pH = 4 4.49 0.601 58.27

pH = 7 6.42 0.484 69.27

pH = 10 7.44 0.431 73.01

pH = 12 5.46 0.618 55.67

Table 6 Results of flotation using different pH regulator

pH regulator Copper in concentrate/% Copper in tail/% Copper recovery (%)

CaO 10.22 0.500 70.67

Na2CO3 7.44 0.431 73.01

NaOH 6.97 0.480 75.23
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dithiophosphate. The experimental conditions were pulp density = 33%, collector
50 g/t, terpineol oil 50 g/t without pH regulator. It is shown in Table 4 that the
application of butyl xanthate as a collector achieved 69.27% copper recovery rate,
which is the best flotation result.

In order to determine the impact of pH value and pH regulators on flotation, some
experiments were conducted using butyl xanthate as a collector. The experimental
conditions were same as before, but with the addition of pH regulator. It is inferred
from Tables 5 and 6 that the best pH value to recover copper was 10, which was
adjusted using sodium carbonate. The cost also needs to be considered, although
sodium hydroxide showed slightly more copper recovery than sodium carbonate.

Conclusions

Taking into account that the slag contained more copper than ore, a series of
flotation tests was conducted on copper smelting slag produced in an electric fur-
nace of a copper plant in China. Based on the mineralogical analyses of slag, the
tested copper smelting slag was composed of fine particles with complex associa-
tion and dissemination, in which bornite was the main copper-bearing mineral.
Under the condition of the grinding fineness of −0.074 mm and the proportion of
80%, flotation exhibited highest efficiency. The results also prove that the copper
smelting slag particles with finer size do not imply that they show or exhibits better
copper recovery. Addition of butyl xanthate at the concentration of 50 g/t gave the
best recovery effect. By changing the pH of the pulp solution to 10 with sodium
carbonate, the recovery significantly increased. In summary, copper concentrate
grading at 14.47% with 79.66% Cu recovery was obtained, under the optimal
condition of the grinding fineness of −0.074 mm and the proportion of 80%, with
the reagent dosages of 50 g/t of butyl xanthate and a pH value of 10 adjusted using
Na2CO3.
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Reaction Mechanisms in the Silicothermic
Production of Magnesium

M. Chen, B.J. Zhao, Y.H. Chen, F.L. Han and L.E. Wu

Abstract Magnesium is the lightest structural metal with a density only two-thirds
of aluminium and one-quarter of steel. It can be produced by electrolysis of fused
magnesium chloride or high temperature reduction of the oxide. The predominant
method for magnesium production is the Pidgeon process which is a batch process
starting from calcined dolomite and ferrosilicon. CaF2 is commonly used in the
process as the catalyst. Analyses of the slag samples and thermodynamic calcula-
tions indicated that liquid phase plays important role in the reduction process.
Effects of chemistry, temperature and gas pressure on the production have been
discussed and compared with the operating data. Understanding of the reaction
mechanisms will provide a fundamental base for alternative processes of the
magnesium production.

Keywords Pidgeon process � Mg slag � Factsage calculation � Mechanisms

Introduction

Magnesium, as a new star of the structural alloy materials, has attracted more and
more attentions from the researchers [1]. Due to its low density and outstanding
mechanical strength, the Mg-containing alloy can be used to make lighter cars,
airplanes and etc., which will also beneficial for energy saving. World production of
primary magnesium is increased significantly from 737 kt in 2010 to 973 kt in 2014
[2]. In 2014 China’s output was 874 kt which accounted for 90% of the global total.
Although several new magnesium production technologies have been developed
recent years [3, 4], the Pidgeon process is still the major process for Mg production,
particularly in China.
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In Pidgeon process ferrosilicon is used as the reductant to reduce MgO to
produce Mg under low pressures. It is usually claimed to be a solid-solid reaction.
CaF2 has been used as the catalyst in the process to accelerate the chemical reaction
since the technology started. However, CaF2 in the slag is harmful to the envi-
ronment and operators’ health and needs to be replaced or limited. To replace CaF2
in the Pidgeon process, the reaction mechanisms involving CaF2 have to be clearly
understood. In the present study, the role of CaF2 in the Pidgeon process will be
studied and the possible substitution of CaF2 by B2O3 as the catalyst is also
discussed.

Experimental and Thermodynamic Calculation Conditions

The experiments to investigate the Pidgeon process were undertaken in pilot-scale
(*10 kg) in Beifang University of Nationalities, China [5, 6]. The experiments
were carried out in the heat resistant steel retorts (ϕ 159 mm * 760 mm) heated by
muffle furnace with the roots-type vacuum pump to simulate the Pidgeon process
Mg production. Kilos of industrial grade dolomite, ferrosilicon FeSi3 and catalysts
(CaF2 or B2O3) were ground, mixed and pelletized to be briquettes. The briquettes
were charged into the retorts at temperature 1130 °C, and then the vacuum pump
started to work. The experimental conditions were controlled to be 1200 °C and
10 Pa at steady state. The bulk compositions of the starting materials in two
experiments are given in Table 1. According to these receipts, the maximum Mg
can be produced is 15 g per 100 g feed. After the experiments, the Mg ingots and
Mg slags were collected and weighted. The Mg slags were then sent to the
University of Queensland, Australia for EPMA analysis.

The thermodynamic calculations were conducted using FactSage thermody-
namic software [7]. It should be noted that the predictions cannot be performed by
FactSage 7.0, and the FactSage 6.2 is used in the present study. The FactSage
calculations give predictions of the reactions achieving the thermodynamic equi-
librium under various conditions. The optimum conditions were obtained and
discussed based on the predictions. In the FactSage thermodynamic software, the
solution species chosen for calculations were: (1) for the calculations of CaF2-
containing system: FToxid-SLAGH, FToxid-MeO_A, FToxid-bC2S, FToxid-aC2S
and FACT-FeLQ; (2) for the calculations of B2O-3-containing system:
FToxid-SLAGA, FToxid-MeO_A, FToxid-bC2S, FToxid-aC2S and FACT-FeLQ.

Table 1 The compositions of the starting materials in Pidgeon process experiments using CaF2
and B2O3

Experimental no. Si Fe MgO CaO Al2O3 Na2O CaF2
1 12.0 4.0 24.8 53.7 2.1 1.0 2.5

Si Fe MgO CaO Al2O3 Na2O B2O3

2 12.0 4.0 24.8 53.7 2.1 1.0 2.5
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Use of CaF2 as the Catalyst

As the conventional catalyst in Pidgeon process, the experiment with the addition of
CaF2 is used as a comparison. The Mg ingot collected after the experiment were
analysed, and the Mg content in the Mg ingots were around 93%. The yield of the
production reached the targeted requirement. The slag samples were analysed by
EPMA. The typical microstructure of the Mg slag using CaF2 as the catalyst is
shown in Fig. 1. It can be seen that Ca2SiO4 solid phase is the major phase, and
Si–Fe alloy distributes in the sample. The glass phase was identified beside one of
the large ferrosilicon alloys. The compositions of the three phases are listed in
Table 2.

It should be kept in mind that the sample was slow-cooled after the experiment.
The proportions and compositions of the phases are different from those at oper-
ating temperature. The presence of the glass phase indicates that liquid slag was
present at the reaction temperature. The shape of the Si–Fe alloy in the sample
indicates that the ferrosilicon was liquid at the reaction temperature. From the Fe–Si
binary phase diagram between 30 and 75 wt% Si, the liquid formation temperature
can be as low as 1203 °C, which may be even lower if C and/or Al is present.
Therefore, the high temperature reactions could be liquid (Si–Fe)—solid (MgO) or
even liquid (Si–Fe)—liquid (MgO-containing slag). FactSage calculations below
will be used to explore the possible reactions further.

The Experiment 1 shown in Table 1 is simulated thermodynamically using
FactSage 6.2 [7] as the starting composition. The calculations show that in gas
phases, the Mg gas, Ca gas, Na gas and fluoride gases will be present in all the

Fig. 1 Typical
microstructure of the SEM
microstructure of the Mg slag
using CaF2

Table 2 Compositions of
three phases: glass, Ca2SiO4

and ferrosilicon (wt%)

Phases CaO SiO2 MgO Al2O3 CaF2
Glass 58.9 24.5 0.5 14.4 1.7

Ca2SiO4 64.6 34.6 0.2 0.6 0

Si Fe

Si–Fe alloy 31.1 68.9
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conditions, and the amounts of Na and fluoride in the gas are less than 1 wt%.
Ca2SiO4 is the major solid phase and small amounts of CaF2, CaO and CaSi may
also be formed during the reactions. For the presentation purpose only, only the
major phases are shown in the figures.

The core reaction in the Pidgeon process is the silicothermic reduction to pro-
duce Mg gas. The reduction mechanism can be analysed by the gradual reaction of
Si with the oxides. The equilibrium states of the present systems with Si additions
from 0 to 12 were calculated using FactSage 6.2 [7] at 1200 °C and 10 Pa. The
results are shown in Fig. 2. It can be seen that at the beginning of the reaction, the
liquid is formed with nearly 20% CaF2 and 4–5% MgO. In addition, Al2O3, Na2O,
CaO and SiO2 are also present in the liquid phase. With addition of Si, amounts of
liquid and MgO in the liquid are almost constant. Solid MgO is reducing and
Ca2SiO4 is increasing as a result of CaO–SiO2 reaction. The solid MgO phase
disappears when 8.4 wt% Si is added and the MgO concentration in liquid starts to
decrease until zero at 9.6 wt% Si. Between 0–9.6 wt% Si additions, the Mg gas is
generated continuously. Throughout the reduction process, CaF2 concentration in
the liquid is kept between 15 and 20 wt% which confirms that CaF2 is the major
liquid-forming component. Based on the present calculations the mechanisms of the
silicothermic reduction of MgO can be proposed as the follows:

1. Liquid formation: Si–Fe–Al–C (s) → Si–Fe–Al–C (l)

MgO sð ÞþCaF2 sð ÞþAl2O3 sð ÞþNa2O sð ÞþCaO sð Þþ SiO2 sð Þ ! liquid slag

2. Reduction of MgO in liquid slag by Si in liquid alloy:

MgO lð Þþ Si lð Þ ! Mg gð Þþ SiO2 sð Þ

Fig. 2 Proportions of the main phases and concentrations of CaF2 and MgO in liquid as a
function of Si at 1200 °C, 10 Pa predicted by FactSage 6.2 [7]
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3. SiO2 reacts with liquid slag to form solid Ca2SiO4:

SiO2 sð Þþ liquid slag ! Ca2SiO4 sð Þþ liquid slag

4. Solid CaO and MgO dissolve into liquid slag to continue Reaction 2:

CaO sð ÞþMgO sð Þ ! liquid slag

Figure 3 shows the changes of main phases in the Pidgeon process as a function
of temperature with fixed pressure 10 Pa. It can be seen that theoretically Mg gas
can be formed at a temperature as low as 1000 °C. However, at low temperatures,
the reaction rate is very slow due to the solid—solid reactions. The formation of
liquid phase will be able to increase the reaction rate of the reduction. It can be seen
from Fig. 3 that, at the temperature above 1060 °C the solid CaF2 will completely
dissolve into the liquid and nearly 10% liquid phase is present in the system. This is
the minimum temperature in which a reasonable reaction rate can be obtained. On
the other hand, it can be seen that at temperatures above 1260 °C, the amount of
liquid phase starts to decrease due to vaporisation of CaF2. Reduced liquid will
decrease the contact area between the reactants and slow down the reactions. It also
can be seen that, Ca gas will be increased at high temperature which will consume
the reductant and introduce impurities into the Mg product. Therefore, the maxi-
mum reaction temperature should be limited to 1260 °C.

Effect of pressure on the reduction process is presented in Fig. 4 at fixed tem-
perature 1200 °C. It is noted that amount of liquid decreases with decreasing gas
pressure. When the gas pressure is lower than 6 Pa the amount of liquid decreases
significantly due to the rapid vaporisation of F. In contrast, Ca gas will increase

Fig. 3 The proportions of the main phases in bulk and concentration of CaF2 in liquid as the
function of temperatures at 10 Pa predicted by FactSage 6.2 [7]
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with decreasing gas pressure. 100–1000 Pa seems to be an optimum range for the
gas pressure to have the required liquid and little Ca gas.

As a catalyst, it is important to control the amount of CaF2 used in the process.
CaF2 is the key to form liquid to accelerate the reduction of MgO. On the other
hand, extra CaF2 will not only increases the direct cost, but also causes difficulties
in the slag removal from the furnace. The effect of CaF2 addition on phase equi-
libria of the system is shown in Fig. 5 at 1200°C and 10 Pa. It can be seen that the
Mg formation is not affected by the addition of CaF2. The proportion of liquid
formed and CaF2 in the liquid increase with increasing CaF2 added. In contrast,

Fig. 4 The proportions of the main phases in bulk and concentration of CaF2 in liquid as the
function of pressures at 1200 °C predicted by FactSage 6.2 [7]

Fig. 5 Proportions of the main phases and concentration of CaF2 in liquid as a function of CaF2
addition at 1200 °C and 10 Pa predicted by FactSage 6.2 [7]
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solid Ca2SiO4 decreases with increasing CaF2 addition. Industry practices have
shown that 2–3 wt% CaF2 is the optimum range to ensure the smooth operation.
This indicates that 10 wt% liquid will be enough to maintain the reduction reaction
to continue. At this CaF2 addition, approximately 15 wt% CaF2 is present in the
liquid phase which also ensures the liquid slag to have a low viscosity.

Use of B2O3 as the Catalyst

If the assumption for the catalytic mechanism of CaF2 is confirmed, any chemicals
that can maintain the required liquid proportion and viscosity will be able to be used
as catalyst in the silicothermic reduction of MgO. B2O3 has the similar functions in
reducing formation temperature and viscosity of liquid phase. On the other hand,
magnesium borate (ascharite) is present naturally as a clean and cheap sources of
both magnesium and boron. It could be considered as a replacement of CaF2 in the
production of Mg to avoid the fluoride pollutions. As shown in Table 1, 2.5 wt%
B2O3 was used in the experiment at the same conditions as the experiment with
CaF2 addition. It was confirmed that the same quality and quantity of Mg can be
produced with the addition of B2O3. The typical microstructure of the slag after the
experiment is shown in Fig. 6 and the compositions of the phases measured by
EPMA are listed in Table 3. It can be seen from the figure that Ca2SiO4 is the
dominate phase and glass, Si–Fe alloy and MgO–B2O3 phase are also present.
Surprisingly it is found that nearly 20 wt% Al2O3 is present in the glass phase.
However, the composition of the glass should be different from that of the liquid at
operating temperature as the sample was slow-cooled.

Thermodynamical simulation of the Pidgeon process Mg production using B2O3

is also conducted using FactSage 6.2 [7]. Similarly, Ca gas and Na gas are found to
be present in all the calculations together with the major Mg gas. In the solid
phases, Ca2SiO4 is not always the major phase in the solid phases. At high B2O3

addition, the boric compounds are also formed according to the predictions. Limited

Fig. 6 Typical
microstructure of the SEM
microstructure of the Mg slag
using B2O3
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amount of CaSi may also be formed. For the presentation purpose, only the major
phases are shown in the following figures.

Figure 7 shows the changes of main phases as a function of temperature at fixed
pressure 10 Pa. It can be seen from the figure that, thermodynamically MgO can be
fully reduced to Mg gas all over the temperatures calculated. The liquid will start to
form from 1040 °C and then maintain approximately 10 wt% at temperatures above
1060 °C. The B2O3 concentration in the liquid is approximately 15 wt% at 1200 °C
which is similar to that with CaF2 addition. Ca2SiO4 is always the major solid
phase. However, Ca3Al2O6 and Ca11B2Si4O22 may also be present at low tem-
peratures. Ca gas can also form at high temperature indicating that operating
temperature needs to be limited to avoid impurities.

The effect of pressure on the Pidgeon process at 1200 °C is shown in Fig. 8 for
the B2O3-containing system. It seems that the changes of pressure do not have
significant effects on the proportions of Mg gas and liquid phase at the pressure
range calculated. B2O3 concentration in the liquid is maintained the same level
16.5 wt% at the pressure range calculated. However, the predictions indicate that,
when the gas pressure is lower than 60 Pa, Ca gas formation will be significant and
the amount of CaO solid phase is reduced.

Table 3 Compositions of
liquid, Ca2SiO4, MgO–B2O3

and ferrosilicon (wt%)

Phases CaO SiO2 MgO Al2O3 B2O3

Glass 51.7 24.7 0.2 19.4 4

Ca2SiO4 64.5 34.0 0.3 1.0 0.2

MgO–B2O3 0 0 90.9 0 9.1

Si Fe

Si–Fe alloy 20.2 79.8

Fig. 7 The proportions of the main phases in bulk and concentration of B2O3 in liquid as the
function of temperatures at 10 Pa predicted by FactSage 6.2
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The effect of B2O3 addition on the phase equilibria of the system is calculated at
1200 °C and pressure 10 Pa as shown in Fig. 9. The absolute amount of Mg gas
formed is not affected by the addition of B2O3. The liquid phase proportion will
reach 10 wt% when 1.5 wt% B2O3 is added into the system. A further increase of
B2O3 addition will cause the formation of Ca11B2Si4O22 and decrease of Ca2SiO4.
With the increase of B2O3 in the system, Ca gas decreases but SiO gas will form
and increase.

Fig. 8 The proportions of the main phases in bulk and concentration of B2O3 in liquid as the
function of temperatures at 1220 °C predicted by FactSage 6.2 [7]

Fig. 9 The proportions of the main phases and concentrations of B2O3 and MgO in liquid as a
function of B2O3 addition at 1220 °C and 10 Pa predicted by FactSage 6.2 [7]
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It seems that B2O3 can be used in the Pidgeon process Mg production to replace
CaF2 as demonstrated by experiments and thermodynamic calculations. The com-
parisons show that B2O3 has a similar role as CaF2 in the Pidgeon process. Similar
levels of liquid phase can be generated in the system to accelerate the reduction
reaction of MgO by Si. Potentially the fluoride pollutions will be significantly
reduced.

Conclusions

Experimental studies and thermodynamic calculations have been conducted for
silicothermic reduction of MgO using CaF2 and B2O3 as catalysts. The catalytic
mechanisms of CaF2 and B2O3 in the Pidgeon process have been proposed. The
following conclusions may be drawn: (1) ferrosilicon with impurities of aluminium
and carbon could be liquid during the reduction process; (2) it is the MgO dissolved
in the liquid slag to be reduced by Si; (3) the role of the CaF2 as a catalyst is to form
liquid and maintain low viscosity of the liquid; (4) extra liquid formed by higher
temperature or more CaF2 causes difficult slag removal after the production;
(5) B2O3 may be used as a catalyst to replace CaF2 in the Pidgeon process.

The present study proposed new concepts for the Pidgeon process and further
experiments are required to obtain the quantitative results. The samples in the
present study were not quenched from high temperature after the experiments.
Analyses of the slags did not give accurate information at the operating tempera-
tures. CaF2- and B2O3-containing systems are not well optimised in the FactSage
database due to limited experimental data available. Systematic and accurate
experimental data are required to confirm and improve the thermodynamic
predictions.
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Influences of CaO/SiO2/MgO/Al2O3
on the Formation Behavior
of FeO-Bearing Primary-Slags in Blast
Furnace

Dongdong Wang, Kaihui Ma, Yang Xu, Jian Xu and Liangying Wen

Abstract Slags play an important role in blast furnace operation, and their com-
positions are based on the CaO–SiO2–MgO–Al2O3 quaternary system. However,
there is not a clear understanding of the effects of gangue on of the formation of
FeO-bearing primary-slags process in blast furnace. In this work, the softening and
dripping experiments under the blast furnace conditions are designed to explore the
influences of CaO-/SiO2-/MgO-/Al2O3 on the softening and melting properties of
FeO respectively. The results indicate that additions of CaO or Al2O3 decrease the
starting softening temperature and no dripping behaviors are found in comparison
with the base case results when only FeO is used. On the contrary, the addition of
SiO2 or MgO rises the starting and ending softening temperature, as well as the
dripping temperature. The lowest maximum pressure drop is obtained in the case
with addition of SiO2. According to XRD analysis results, the initial phase with
CaO addition in the primary-slags should be CaO�Fe3O4 and that with SiO2, MgO,
Al2O3 additions are fayalite (2FeO�SiO2), magnesioferrite (MgO�FeO), hercynite
(FeO�2Al2O3), respectively.

Keywords Primary-slags � Softening and dripping � FeO-bearing

Introduction

The cohesive zone inside blast furnace, where the ferrous burden softens and melts,
significantly affects the productivity of the blast furnace [1]. A Reduction Degree
(RD) of a ferrous burden is typically above 50% in the cohesive zone area of a BF
[2, 3]. At this point the iron bearing burden consists of metallic iron (Fe), wustite
(FeO) and other oxides (CaO, SiO2, MgO, Al2O3 etc.) which form a slag phase. The
phase compositions are dependent on the chemistry of the iron bearing burden [4–8].
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Many researchers have found that the softening and melting properties of ferrous
materials are controlled by reduction degree, basicity, slag viscosity, gangue con-
tent and their distribution in the microstructure [9–12].

However, though various studies are conducted to research the properties of
blast furnace slags, no satisfactory knowledge has been acquired about gangue on
of the formation of FeO-bearing primary-slags process in blast furnace. Because the
mixture between sinter and lump ores in blast furnace was not simply physical
mixing, it is of great significance to study the influences of CaO-/SiO2-/MgO-/
Al2O3 on the softening and melting properties of FeO respectively [13–15]. In the
present work, the softening and dripping experiments under the blast furnace
conditions are designed to explore the influences of respective CaO-/SiO2-/MgO-/
Al2O3 on the softening and melting properties of FeO. The chemical compositions,
liquidus temperature of primary-slags were also studied.

Experimental

Experimental Method

The samples were prepared from CaCO3 (� 99.9%), SiO2(� 99.9%), MgO
(� 99.9%), Al2O3(� 99.9%) and FeC2O4�2H2O (� 99.9%) and the powdery
CaCO3/SiO2/MgO/Al2O3 were uniformly mixed with FeC2O4�2H2O respectively
with a 70:10:10:5:5 (FeO:CaO:SiO2:MgO:Al2O3) mass ratio and then pressed to
cylindrical shape samples. The samples were finally roasted to 1173 K (900 °C)
with a triple-fired furnace in the inert gas atmosphere (N2, 99.9%). This temperature

Fig. 1 Schematic diagram of softening-melting equipment
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was held for 1 h, in order to make sure the complete decomposition of
FeC2O4�2H2O. Finally, the samples were cooled to the room temperature in the
inert gas atmosphere. Both the above mentioned stages were accomplished in the
softening-melting equipment with the schematic diagram shown in Fig. 1.

Samples having a layer thickness of 50 mm were charged in a graphite crucible
and cokes with a layer thickness of 15 mm were placed over and below the sam-
ples. The iron ore samples are 10–15 mm in diameter and the cokes are 6–10 mm
in diameter. Subject to the condition of constant layer thickness, the charge of the
iron ore samples weighted different due to the difference of density. The inner
diameter of the graphite crucible is about 50 mm.

Experimental conditions for the softening and dripping behavior are shown in
Fig. 2. The heating up rate is 10 °C/min below 900 °C and 5 °C/min over 900 °C
to make sure the iron ore samples are adequately reduced after 900 °C. Gas flow is
5 L/min of N2 below 900 °C and 10 L/min of reducing gas over 900 °C, the
composition of reducing gas is CO:N2 in mole fraction = 40:60(%). The load of
1 kg/cm2 is added to the samples in the whole process. The experiment was stopped
when pressure drop reached the maximum. The samples are cooled down to room
temperature by N2 with the flow rate 5 L/min. In this work, a series of five
experiments to determine the impact of CaO-/SiO2-/MgO-/Al2O3 to the softening
and melting properties of samples, the chemical compositions of the samples for
softening and melting experiment as listed in Table 1.

Fig. 2 Experimental conditions for softening and dripping experiment
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Results and Discussion

Softening and Melting Properties of Base Case

A typical set of softening and dripping test results is shown in Fig. 3, in which
pressure drop, temperature and shrinkage rate are conducted to evaluate the primary
slags formation behaviors of iron ore samples. It is difficult to observe the behavior
directly as the internal of the softening-melting equipment is not visible. Then some
indexes are conducted to evaluate the primary-slags formation behavior of iron
ores. T10% is the temperature when the shrinkage rate of the samples reaches 10%,
indicating the samples start to soften, softening end temperature (T40%) is the
temperature when the shrinkage of the samples reaches 40%. The temperature
interval (T40%–T10%) represents the softening zone of samples. Tm is the temper-
ature when the pressure drop of the samples reaches 0.98 kPa, meaning the samples
begin to melt. Tp is the temperature when the pressure drop of the samples reaches
the highest (DPmax), meaning the primary–slags are totally produced. Td is the
temperature at which dripping starts and the temperature interval (Td–T10%) reflect
the thickness of the cohesive zone.

Table 1 Chemical
compositions of samples

Samples FeO CaO SiO2 MgO Al2O3

Base case ✓ – – – –

A ✓ ✓ – – –

B ✓ – ✓ – –

C ✓ – – ✓ –

D ✓ – – – ✓

Fig. 3 A typical set of softening and dripping experiment
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To study the whole process of the high temperature behaviors of iron ores and
gain the primary-slags at Tp, every test contains two steps. Firstly, the whole
process of samples from room temperature to dripping finished is conducted.
Secondly, stop heating the samples at Tp and cool down the samples to room
temperature under the protection of pure N2.

The results of the softening and melting properties of base case were shown in
Table 2. The results show that when sample is pure FeO, the softening zone is
111 °C, thickness of the cohesive zone is 652 °C, and the dripping temperature is
1436 °C.

Effects of the Samples Composition on Softening and Melting
Properties

In order to study the impact of CaO/SiO2/MgO/Al2O3 on softening and melting
properties of iron ores, the samples composition was changed as listed in Table 1.

Table 3 shows the softening and melting properties of samples. For the
respective samples, the starting and finishing softening temperature of sample B and
C higher than base case and the the softening temperature interval are also wider
than base case, of which the sample B temperature is the highest. Figure 4 shows
the starting softening temperature of sample D is lower than pure FeO, but the
finishing softening temperature is higher than base case, and softening temperature
interval is extremely wide. For the sample A, both the starting and finishing soft-
ening temperature are lower than base case. While the dripping start temperature of
sample B is higher (1525 °C) than base case, indicated that addition of SiO2

increase the softening temperature and dripping start temperature as well as the
dripping temperature. Although the maximum pressure drop of the case with the
addition of SiO2 decreases to 1.5 kPa, the Tp is the highest among all the cases.
The addition of CaO, MgO and Al2O3 have no dripping temperature.

Table 2 Softening and melting properties of base case

Samples T10 %/°C T40 %/°C T40 %-T10 %/°C Td/°C Td-T10 %/°C DPmax/kPa

Base case 784 895 111 1436 652 6.6

Table 3 Softening and melting properties of samples

Samples T10 %/°C T40 %/°C T40 %-T10 %/°C Td/°C Td-T10 %/°C Tp/°C DPmax/kPa

Base case 784 895 111 1436 652 1174 6.6

A 692 823 132 – – – –

B 918 1080 162 1525 607 1403 1.5

C 799 947 148 – – – –

D 704 918 214 – – 1158 3.8
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To further study the influence of CaO–SiO2–MgO–Al2O3 on the formation
behavior of FeO-bearing primary-slags, the primary-slags samples of A, B, C and D
were analyzed through X-Ray diffraction. Figure 5 shows the diffraction patterns of
primary-slags of samples. The main primary-slags phases of CaO additions are
CaO�Fe3O4 (liquidus temperature 1104 °C) and FeO, and that with SiO2, MgO,
Al2O3 additions are fayalite (2FeO�SiO2, 1889 °C), magnesioferrite (MgO�FeO,
1791 °C), hercynite (FeO�2Al2O3, 1780 °C), respectively. The results of the liq-
uidus temperature of the slags were obtained from FactSage6.2. The changes in the
softening temperature of the slags are owing to the new compounds generated when
compositions changed. Therefore, the decreasing softening temperature of the
primary slag is mainly caused by its high CaO. While the slag has a higher SiO2 and
higher MgO content, the softening temperature is increased, because it will produce
high liquidus temperature substances.

On the other hand, there was no doubt that FeO-bearing primary-slags was
circumscribed, because the environment of blast furnace is complexed. The above
analysis results inspired to design more experiments to study the impact of slag
phase on the softening and melting properties.

Fig. 4 Softening temperature intervals of samples
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Conclusions

The influences of CaO/SiO2/MgO/Al2O3 on the formation behavior of FeO-bearing
primary-slags is experimentally demonstrated, and the following conclusions are
obtained.

1. Additions of CaO or Al2O3 decrease the starting softening temperature and no
dripping behaviors are found in comparison with the base case results when only
FeO is used.

2. The addition of SiO2 or MgO rises the starting and ending softening tempera-
ture, as well as the dripping temperature. In addition, the addition of SiO2

decreases the maximum pressure drop to as low as 1.5 kPa while increases Tp to
as high as 1403 °C.

3. According to the phase diagram and XRD analysis results, the initial phase with
CaO addition in the primary-slags should be CaO�Fe3O4 and that with SiO2,
MgO, Al2O3 additions are fayalite (2FeO�SiO2), magnesioferrite (MgO�FeO),
hercynite (FeO�2Al2O3), respectively.

Fig. 5 X-ray diffraction analysis of samples
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Desulfurization of High Sulfur Coal
Leached with H2O2 and NaOH
by Microwave Irradiation

Pengqi Zhang, Shengfu Zhang, Lixiong Shao, Mingcheng Bing,
Shuxing Qiu and Qingyun Zhang

Abstract Coal desulfurization has been regarded as an effective pretreatment for
clean fuel and less environmental pollution. The microwave irradiation was used to
desulfurize the Nantong coal leached with H2O2 and NaOH. The results showed the
desulfurization rate of the coal is very low by directly microwave irradiation, while
the coal samples leached with H2O2 and NaOH by microwave irradiation could
effectively improve the desulfurization rate. The optimum desulfurization condi-
tions were obtained as 10-min irradiation time, 800 W irradiation power, particle
size below 74 μm, 1:1 concentration ratio of H2O2:NaOH, in which the desulfur-
ization rate reached 51.14% of the total sulfur content. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra of coals structure before and after
treatment have shown the bands in both coals changed slightly except the relative
intensity of some absorption ones. It can be found that most of FeS2 and –S–S–
functional groups transferred after treatment, while –SH and –S=O– had almost no
changing by ATR-FTIR spectra analysis. The structures of coal matrix would not
be broken by microwave irradiation in reasonable the reaction conditions.

Keywords Coal � Desulfurization � Microwave irradiation � Sulfur

Introduction

Coal plays a critical role in the development of industry and economy. However,
high sulfur coal accounts for 30% of the total coal reserves in China. Using the high
sulfur coal directly would generate plenty of hazardous gas, such as SO2 and H2S,
which will pollute the environment [1]. In iron and steel industry, if coke with a lot
of sulfur can make steel more fragile and decrease its mechanical property.
Therefore, it is necessary to remove sulfur from coal prior to its utilization [2, 3].
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Sulfur in coal contains inorganic sulfur and organic sulfur. The inorganic
sulfur exists mostly in pyrites and sulfate. The organic sulfur includes mercaptan
(R–SH), disulfides (R–S–S–R′), sulfides (R–S–R′), sulphone (R–SO–R), sulfoxide
(R–SO2–R) and thiophene (C4H4S). Generally, the organic sulfur is fixed in the
chemical structure of coal matrix and is more difficult to remove it [4, 5].

At present, many methods have been used for coal desulfurization before
combustion by physical, chemical and biological processes. Although physical
desulfurization methods are in an effective cost and simple operation, it can only
remove inorganic sulfur from coal [5, 6]. Chemical desulfurization methods can
remove inorganic sulfur and organic sulfur, but they need harsh conditions and may
break the coal properties. Biological desulfurization methods still stay in the lab-
oratory stage due to a lack of stability and controllability [7].

Microwave is a kind of electromagnetic wave with frequencies ranging from
300 MHz to 300 GHz. Microwave irradiation can heat substance quickly, uni-
formly and selectively. It is a new desulfurization method in the field of coal clean
technology. Moisture, some minerals and chemical reagents can increase the
microwave absorption of coal [2, 3], which will avoid significantly changing the
fundamental properties of the coal. Peter Wardle studied the selective heating of
pyrite in coal using microwave energy. Using a multimode microwave cavity it was
found that significant amounts of pyrrhotite were formed in 20s when using 15 kW
of microwave power in coal. Treatment at lower power levels in this type of cavity
was found to be less effective [7]. Desulfurization of Tabas coal with microwave
irradiation and peroxyacetic acid washing has been reported by E. Jorjani. The
results showed that microwave irradiation had a positive effect on desulfurization
with peroxyacetic acid. The desulfurization rates enhanced from 36.1 to 61.9%.
Peroxyacetic acid was believed to produce the hydroxyl cations that are strong
electrophiles and react with sulfur atoms [8, 9]. Xu studied the sulfur forms change
during coal desulfurization with NaOH by microwave irradiation. After the
desulfurization, only a small amount of thiophene sulfur was removed, some
sulfur-containing components were oxidized to sulfates sulfur. Under the condition
of microwave irradiation, NaOH not only reacted with pyrites but also with partial
organic sulfur [10]. Oxidative desulfurization techniques is another effective
method to remove sulfur from the high sulfur coal. H2O2 has become a popular
oxidant due to environment-friendly. It is convenient and effective, forming no
toxic by-products which only is water [2, 5]. It is worth trying to remove sulfur
from the coal using cooperation of microwave irradiation and leach of H2O2 and
NaOH.

In this study, the microwave irradiation was used to desulfurize the raw Nantong
coal and the coal leached with H2O2 and NaOH. The effects of microwave irra-
diation time, irradiation power, particle size and concentration ratio (H2O2:NaOH)
on desulfurization were investigated by single factor analysis. Furthermore, the
chemical structure change of coal matrix before and after treated was analyzed by
Attenuated total reflectance Fourier transform infrared (ATR-FTIR).
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Experimental

Coal Sample

The coal samples to be studied was prepared from Nantong, Chongqing munici-
pality. It is a kind of high organic sulfur coal. The sample was ground to a particle
size of <300 μm after drying under ambient atmosphere and stored in a glass
desiccator until further experiments. The proximate and ultimate analysis of the coal
sample were performed with a WS-G410 elemental analyser. The GB/T 214-2007
and GB/T 215-2003 were applied to determine the total, pyrite and sulfate forms of
sulfur in coal. Organic sulfur was calculated by difference [7]. The results were
shown in Table 1.

Desulfurization Experiments by Microwave Irradiation

In microwave irradiation experiments, about 5 g coal was added into a 100 ml
beaker. Microwave irradiation was carried out in a microwave oven with 2.45 GHz
frequency and 100–1000 W energy. The aim in this work was to study the effects of
irradiation time, irradiation power and coal particle size on the desulfurization rates
of Nantong coal. The irradiation time of 1, 3, 5, 10 and 15 min were selected under
800 W and <74 μm. The irradiation powers of 100, 300, 500, 800 and 1000 W
were employed under 10 min and <74 μm. The coal particle sizes of <74,
74 * 150, 150 * 300 μm were chosen under 800 W and 10 min.

Desulfurization Experiments Leached with H2O2

and NaOH by Microwave Irradiation

In leached with H2O2 and NaOH by microwave irradiation experiments, about 3 g
coal,1 ml C2H5OH, 25 ml H2O2 and 25 ml NaOH were added into a 100 ml flask.
The experiments were performed in the flask and microwave heating (Fig. 1).

Table 1 Characterization of
Nantong coal representative
sample

Proximate
analysis (wt%)

Ultimate
analysis (wt%)

Forms of
sulfur (wt%)

Mad 1.24 Cdaf 87.62 St,d 2.83

Ad 10.37 Hdaf 4.48 Ss,d 0.04

Vd 17.92 Ndaf 1.39 Sp,d 0.30

FCd 71.71 Odaf 3.68 So,d 2.49

M moisture, A ash, V volatiles, FC fixed carbon, ad air dry
d dry, daf dry ash free, t total, s sulfate, p pyrite, o organic
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The aim in this work was to study the effects of irradiation time, irradiation power,
coal particle size and the concentration ratio (H2O2:NaOH) on the desulfurization
rates of Nantong coal. The irradiation time of 1, 3, 5, 10 and 15 min were selected
under 800 W, <74 μm and H2O2:NaOH = 1:1. The irradiation powers of 100, 300,
500, 800 and 1000 W were employed under 10 min, <74 μm and H2O2:
NaOH = 1:1. The coal particle sizes of <74, 74 * 150, 150 * 300 μm were
chosen under 800 W, 10 min and H2O2:NaOH = 1:1. The concentration ratios
(H2O2:NaOH) of 1:1 were selected under 10 min, 800 W and <74 μm. The coal
after treated was filtered with distilled water many times until the PH of the filtrate
became neutral and then dried for 2 h at 105 °C.

ATR-FTIR Analysis

Attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) of
raw and treated coal were measured with a Nicolet Is5 FTIR in the range of
4000–400 cm−1. The samples were formed into a KBr pellet for spectroscopic
examination. Integrated area (A) of different absorption peaks obtained from the
selected ATR-FTIR data were employed for the semi-quantitative analysis [6].

Fig. 1 The schematic of the experimental equipment
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Results and Discussion

The results of coal desulfurization rates of two methods were shown in Figs. 2, 3, 4
and 5. From these results, it can be seen that the desulfurization rates varied from
1.11 to 12.34% by microwave irradiation and from 34.28 to 51.14% leached with
H2O2 and NaOH by microwave irradiation. The microwave is absorbed selectively.
The pyrites’ capacity to absorb microwaves is more than ten times higher than coal.
The pyrites convert into pyrrhotite while the sulfide was released in the form of
hydrogen sulfide. The reaction equation was as following [7, 11]:

FeS2 ! Fe1�xSþH2S "! FeSþH2S " ð1Þ

H2O2 and NaOH were added to increase the desulfurization rates of the coal. The
sulfur content of pyrite, sulfate and organic sulfur declined with a varying degrees.
The reaction equations were as following [9, 12]:

H2O2 þNaOHþ FeS2 ! Fe OHð Þ3# þNa2SO4 þH2Oþ Fe2 SO4ð Þ3 ð2Þ

H2O2 þNaOHþR1 � S� R2 ! R1OHþR2OHþNa2S ð3Þ

O2R� SHþNaOH ! RþNa2SþH2O ð4Þ

H2O2 þNaOHþR1 � S� S� R2 ! R1OHþR2OHþNa2Sþ S ð5Þ

Fig. 2 Effects of irradiation time on desulfurization rates of raw and treated coals
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Effects of Irradiation Time on Desulfurization Rates

The effects of irradiation time on desulfurization rates of raw and leached with
H2O2 and NaOH were presented in Fig. 2. Generally, as the irradiation time
increased, the desulfurization rates increased. Desulfurization rates increased from

Fig. 3 Effects of irradiation power on desulfurization rates of raw and treated coals

Fig. 4 Effects of particle size on desulfurization rates of raw and treated coals
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1.72 to 12.24% for the raw coal while the samples leached with H2O2 and NaOH
were from 43.86 to 51.14%. The desulfurization rates increased sharply within
8 min while very slowly after 10 min. Considering the change of ranges, the fol-
lowing experiments were carried out using 10 min irradiation time. The sulfur
removing processes were in two obvious stages based on the order and rates, in the
first stage, the sulfur in FeS2 and disulfides were easily removed, but the other
forms of the sulfur belonged to the second stage for their hardly eliminating due to
their solid structure [12]. Therefore, controlling the reaction time was responsible
for enhancing the desulfurization rates.

Effects of Irradiation Power on Desulfurization Rates

The effects of irradiation power on desulfurization rates of raw and leached with
H2O2 and NaOH coals were presented in Fig. 3. Generally, as the irradiation power
increased, the desulfurization rates increased. It can be seen that the desulfurization
rates were from 1.11 to 12.24% for the raw coal as the function of irradiation power
while from 43.67 to 51.12% for samples. The desulfurization rates increased
sharply within 800 W while exceedingly slow after 800 W. The irradiation power
in the following experiments were 800 W taking into account the changes of
desulfurization rates [13].

Fig. 5 Effects of H2O2:NaOH on desulfurization rates of treated coals
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Effects of Particle Size on Desulfurization Rates

To evaluation of particle size effects on desulfurization process. The coal sample
has divided to the fractions of 150–300, 74–150 and <74 μm, microwaved (800 W
and 10 min) and leached with H2O2 and NaOH (H2O2:NaOH = 1:1). The results
were shown in Fig. 4. It can be seen that with increasing of particle size the total
sulfur reduction varied from 9.74 to 10.80% and from 39.25 to 50.61%, were
respectively observed for the raw and leached with H2O2 and NaOH coals.
Decreasing the particle size can increase the external surface area per unit mass of
coal. For the particle size range of 74–300 μm, the particle size didn’t clearly
effected the microwave irradiation desulfurization. However, the particle size
clearly effected the leached with H2O2 and NaOH by microwave irradiation
desulfurization. This implied that there was no mass transport limitation during
microwave irradiation [13, 14], however, there was mass transprot liminsatin in the
process of H2O2 and NaOH leach. H2O2 and NaOH had not free access to the
reactive sites on the surface and within particles [24]. Therefore, it is necessary to
grind the coal to enhance the desulfurization rates when leached with H2O2 and
NaOH.

Effects of the Concentration Ratio on Desulfurization Rates

To evaluation of the concentration ratio (H2O2:NaOH) effects on desulfurization
process, five concentration ratios (H2O2:NaOH) were chosen from 4:1 to 0.25:1.
The results were shown in Fig. 5. It can be seen that with the decreasing of con-
centration ratio the desulfurization rates first increased from 36.02 to 50.58% and
then decreased from 50.58 to 34.58%. The optimum concentration ratio of H2O2:
NaOH was 1:1. The concentration radio was found to be the most effective
parameter on desulfurization process of the coal [15].

Analysis of the ATR-FTIR Spectra

A semi-quantitative approach has been made through ATR-FTIR spectra to figure
out the sulfur contents of different type sulfur forms. From the comparison between
the ATR-FTIR spectra of raw coal and samples leached with H2O2 and NaOH by
microwave irradiation (Fig. 6). The bands in both coals showed slight changes
except the relative intensity of some absorption ones. All the functional groups that
were originally existed in raw coal were still present in the treated coal. The peaks
at 3624 and 3688 cm−1 were mainly hydroxy of alcohol or phenol functional
groups. The intensity of peaks at 2950 and 2850 cm−1 were aliphatic C–H2 groups,
which were also no significant difference between raw and treated coals. The main
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peaks between 4000 and 800 cm−1 were C, O, H functional groups, where these
groups were not obviously effects after treated. The peaks between 800 and
400 cm−1 region were related to sulfur containing functional groups [12, 16]. All
the peaks intensity of 694 cm−1 (–S–S–), 540 cm−1 (–S=S–), 470 cm−1 (–SH),
420 cm−1 (FeS2) declined with a varying degrees [17]. The sulfur contents of these
four types sulfur forms raw and treated coals were shown in Table 2. It can also be
found that most of FeS2 and –S–S– functional groups transfered after treatment,
which may be caused by the oxidation of sulfur. The functional groups of –SH and
–S=O– had almost no changing by ATR-FTIR spectra analysis.

Conclusions

Microwave irradiation of coal leaching with H2O2 and NaOH is an effective process
for desulfurization. The desulfurization rate of the coal is very low by directly
microwave irradiation, while it can be tremendously enhanced after leach of H2O2

Fig. 6 ATR-FTIR spectra of raw and leached with H2O2 and NaOH by microwave irradiation
coals

Table 2 Sulfur contents of
different type sulfur forms raw
and treated coals

Sulfur forms FeS2 –SH– –S=O- –S–S–

Wavenumbers (cm−1) 420 470 535 649

Raw area 0.181 0.153 3.912 0.311

Treated area 0.012 1.185 2.837 0.045

Raw S content (w/%) 0.300 0.600 1.643 0.166

Treated S content (w/%) 0.012 0.431 1.170 0.019
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and NaOH. The optimum conditions are obtained as 10-min irradiation time,
800 W irradiation power, particle size of <74 μm, 1:1 concentration ratio of H2O2:
NaOH, which are collectively responsible for a 51.14% desulfurization rate among
the total sulfur content. ATR-FTIR spectra shown that the desulfurization method
of leaching with H2O2 and NaOH by microwave irradiation haven’t broken the
construction of raw coal. The functional groups of FeS2 and –S–S– almost transfer
while the functional groups of –SH and –S=O– are in a relative stability and less
transformation.
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Part V
Pyrometallurgy II



Chloridizing Roasting of Bismuthinite
with Sodium Chloride–Oxygen

R. Padilla, L. Salinas and M.C. Ruiz

Abstract Chloridizing roasting of bismuthinite (Bi2S3) with NaCl–O2 has been
studied to remove the impurity Bi by volatilization from copper concentrates that
contain bismuthinite. The study was conducted using mixtures of Bi2S3 and NaCl in
a horizontal furnace and TGA apparatus. The variables were temperature, oxygen
partial pressure, and NaCl concentration. The chlorination was analyzed by weight
loss measurement method. XRD results of calcines reacted for short times in 21%
O2, and 850–1000 °C showed the presence of Bi, BiOCl, and Na2SO4, while at
longer times in the same conditions, Bi2O3 was identified as a stable phase. Thus,
the chloridizing-volatilization of Bi2S3 proceeds through the formation of Bi and
BiOCl. Temperature affected significantly the fraction of weight loss of samples. At
600 and 900 °C in 10.3% oxygen, the maximum weight loss was 4 and 20%,
respectively. An increment in the partial pressure of oxygen in the range 1–21%
affected negatively the Bi2S3 conversion. At normal roasting temperatures (550–
700 °C), bismuth volatilization by NaCl roasting was found to be marginal.

Keywords Bismuthinite � Bismuth � Chloridizing roasting � Sodium chloride

Introduction

Copper concentrates contain bismuth as an impurity, which accompanies the copper
in every step in the smelting/converting up to the copper cathode. This means that
when the bismuth content in the concentrates is high, bismuth must be removed
from the concentrates before smelting to avoid contamination of the copper cath-
odes. Bismuthinite (Bi2S3) is the bismuth sulfide that is present frequently in the
copper concentrates. Roasting of the concentrates has been a common practice to
remove the bismuth and other impurities from the copper concentrates that contain
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high levels of impurities [1]. On this matter, a recent study [2] has shown that Bi2S3
decomposes readily to metallic liquid bismuth and sulfur gas at the temperature
range of 500–700 °C in both inert and oxidizing atmospheres. The conclusion was
that the volatilization of bismuth from bismuthinite in the presence of oxygen is
negligible due to the slow rate of volatilization of liquid bismuth at roasting tem-
peratures and also due to the rapid oxidation of liquid bismuth to Bi2O3. This
bismuth trioxide is nonvolatile at roasting temperatures and thus, the removal of
bismuth through the gas phase in the range 500–700 °C was not feasible. Therefore,
the Bi removal from “dirty” concentrates by conventional roasting in inert or
oxidizing atmospheres, is not feasible and thus, alternative routes must be seek to
remove bismuth from impure concentrates before smelting.

Metal chlorides have normally low melting points, high vapor pressure at low
temperatures, and thus, they can be vaporized more easily compared to the sulfides
and oxides [3]. This means that bismuth chloride could also be volatilized easily at
roasting temperatures. Thus, the present study was primarily concerned with the
investigation of the behavior of bismuthinite in the temperature range of 600–
1000 °C in the presence of sodium chloride and oxygen.

Experimental Work

This study was conducted using reagent grade Bi2S3 and NaCl as the source of
chloride. The chloridizing reaction was studied conducting the experiments in a
horizontal furnace setup and TGA apparatus. Homogenous mixtures of Bi2S3–NaCl
were heated in the temperature range of 600–1000 °C and the extent of bismuth
chloridation was analyzed by weight loss measurement. The variables studied were
temperature, oxygen partial pressure, and NaCl concentration.

Results

For the chloridizing of bismuthinite with sodium chloride in oxidizing roasting, the
following reactions (1)–(4) can be written a priori.

Bi2S3 þ 6NaClþ 6O2 ¼ 2BiCl3ðgÞþ 3Na2SO4 ð1Þ

Bi2S3 þ 2NaClþ 4:5O2ðgÞ ¼ 2BiOClþNa2Oþ 3SO2ðgÞ ð2Þ

Bi2S3 þNaClþ 4:75O2ðgÞ ¼ 0:5Bi4O5Cl2 þ 0:5Na2SO4 þ 2:5SO2ðgÞ ð3Þ

Bi2S3 þ 2NaClþ 5O2ðgÞ ¼ 2BiOClþNa2SO4 þ 2SO2ðgÞ ð4Þ
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The equilibrium constants for these reactions were calculated by using the HSC
data base [4], which were used to draw a diagram showing the equilibrium constant
as a function of temperature for the reactions (1)–(4). The diagram is presented in
Fig. 1.

Even though this diagram shows that reactions (1)–(4) are all likely to occur,
clearly reaction (1) is the most favorable thermodynamically. Thus, in this pre-
liminary study, the bismuth chloridization was analyzed assuming reaction (1) as
the overall chloridizing reaction occurring on heating mixtures of Bi2S3–NaCl in
the presence of oxygen. It was anticipated that the decomposition of bismuthinite
according to reaction (5) should also occur in the system [2].

Bi2S3 ¼ 2Bi(l)þ 3S2ðgÞ ð5Þ

Previous research has shown that the kinetics of reaction (5) depends on the
temperature and partial pressure of oxygen. Thus, reaction (5) could be an inter-
mediate step of the overall chloridizing reaction (1).

Effect of Temperature

The effect of temperature was studied in the range 600–900 °C under 10.3% partial
pressure of oxygen in the gas phase. The sample used was a mixture of molar ratio
Bi2S3/NaCl equal to 1/6, which corresponds to the stoichiometry of reaction (1).

Fig. 1 Equilibrium diagram for the Bi2S3–NaCl–O2 system considering reactions (1)–(4)
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The results are shown in Fig. 2, where it is plotted the weight loss as a function of
temperature and time.

We can observe in Fig. 2 that all the weight loss curves attain a different maxi-
mum value at each temperature. The higher the temperature the higher the maxi-
mum, nevertheless, all the maximum values are much smaller than the theoretical
weight loss for complete bismuthinite chloridization according to reaction (1), which
is 50.7%. On the other hand, the decomposition of bismuthinite according to reaction
(5) produces a maximum weight loss of 11.1% for the Bi2S3–NaCl mixture used in
these experiments. Therefore, the low values of the experimental weight loss of the
samples at the temperatures of 600 and 700 °C suggest that in these conditions it is
unlikely that the formation of any volatile bismuth occurred in the system.

Effect of Partial Pressure of Oxygen

The effect of partial pressure of oxygen on the chloridizing reaction was studied at
850 and 1000 °C. The results are shown in Figs. 3 and 4. It is interesting to observe
that at 850 °C, an increase in the oxygen partial pressure increases not only the
maximum weight loss of the sample but also the weight loss rate as shown in
Fig. (3). On the other hand, at the higher temperature of 1000 °C, increasing
oxygen partial pressure affects negatively the weight loss; at this temperature, the
higher weight loss occurred when using an atmosphere with 1% oxygen. The
negative effect of a higher oxygen contents on the weight loss is most likely due to
the formation of bismuth oxides, which in general are nonvolatile.

Fig. 2 Influence of temperature on the chloridizing of bismuthinite using sodium chloride. Molar
ratio Bi2S3:NaCl = 1:6
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Characterization of the Reaction Products

In order to determine the phases formed by the chloridizing reaction in the various
experimental conditions, batch experiments were conducted to obtain partially
reacted samples in the horizontal furnace setup. The weight loss and the conditions
of chloridizing of the samples are shown in Fig. 5. The partially reacted calcines
thus obtained at the times 40, 120, and 420 min, labelled in the curve as A, B, and
C, were analyzed by X-ray diffraction (XRD) spectroscopy.

The results of the XRD analysis of the three calcines in Fig. 5 are shown in
Fig. 6. The XRD pattern for 40 min shows diffraction lines only for the unreacted

Fig. 3 Effect of oxygen partial pressure on the chloridizing of bismuthinite with sodium chloride
at 850 °C. Molar ratio Bi2S3/NaCl = 1/6

Fig. 4 Effect of oxygen partial pressure on the chloridizing of bismuthinite with sodium chloride
at 1000 °C. Molar ratio Bi2S3/NaCl = 1/6
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bismuthinite, metallic bismuth and sodium chloride. At 120 min in addition to the
initial reactants, sodium sulfate is also present. Finally, at the long time of 420 min,
sodium sulfate and the bismuth oxide Bi2O3 are the major identified compounds.

Additional XRD results, corresponding to calcines obtained at 1000 °C and 21%
oxygen in the gas phase for various times of reaction, are shown in Fig. 7. We can
see in this figure that in the sample reacted for 2.5 min at 1000 °C bismuthinite,
bismuth, and sodium chloride were identified as the predominant compounds.
However, at about 8 min, in addition to the latter compounds, BiOCl is present, and
at 67 min, Bi2O3 and Bi12Cl2O17 are the predominant compounds, while the BiOCl

Fig. 5 Batch experiments for the production of samples for XRD analysis of the calcines

Fig. 6 XRD patterns for calcines obtained at 800 °C in 1% oxygen partial pressure
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peaks are no longer present. These results indicate that bismuthinite decomposes
initially to metallic Bi according to reaction (5).

Then, further reaction of the bismuth occurs with time to form volatile chlorides
and nonvolatile bismuth oxides including Bi2O3, and Bi12O17Cl2. The relative rates
of these reactions would determine the degree of bismuth elimination by
volatilization at each experimental condition. The compound BiOCl, appears to be
an intermediate compound in the overall reaction.

Bismuthinite Oxidation with and without Sodium Chloride

Few additional experiments were conducted to compare the behavior of pure Bi2S3
to the behavior of Bi2S3 in the presence of NaCl in oxidizing atmosphere. The
results are shown in Figs. 8 and 9. In these figures, the values of weight loss for the
mixture (Bi2S3 + NaCl) were corrected to compare to the weight loss of the pure
Bi2S3 curve. Thus, both curves show truly the weight loss of Bi2S3. As seen in
Fig. 8, at the conditions of 700 °C and 10% oxygen, Bi2S3 behaves almost as if
NaCl was not there. In other words, NaCl did not produce appreciable changes in
the weight loss of the samples since the maximum weight loss detected corresponds
closely to the theoretical weight loss for the decomposition of Bi2S3 according to
reaction (5), which is 18.7% (corrected value). Therefore, at 700 °C and 10%
oxygen, liquid bismuth remains as a stable phase thereafter. However, at 1000 °C
and 21% oxygen, there is a large difference in the weight loss behavior of the two
samples. The sample of pure Bi2S3 shows a rapid weight loss that can be attributed
to reaction (5) followed by a weight gain due to oxidation of the liquid bismuth to
Bi2O3. On the other hand, the weight loss of the Bi2O3–NaCl sample is significantly

Fig. 7 XRD patterns for calcines obtained at 1000 °C in 21% oxygen
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higher than for the pure Bi2S3 sample. This difference in the weight loss is
attributed to the formation of volatile bismuth compounds presumably chlorides.

Based on the weight loss and the XRD results, at temperatures lower than 700 °
C in the presence of NaCl, bismuthinite decomposes readily to Bi and gaseous
sulfur and then Bi is oxidized slowly to Bi2O3 at longer times. The formation of
volatile bismuth chloride compounds is not evident at these temperatures.
Therefore, at the roasting temperatures (550–700 °C) bismuth removal through the
gas phase would be marginal.
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Fig. 8 Weight loss fraction of bismuthinite as compared to the behavior of bismuthinite in the
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Conclusions

From the experimental results, the following can be concluded:

• Temperature changes in the range 600–900 °C increase the maximum weight
loss of Bi2S3–NaCl mixtures, while at 1000 °C the partial pressure of oxygen in
the gas phase has a negative effect on the maximum weight loss of the samples.

• At temperatures lower than 700 °C in oxidizing atmosphere, Bi2S3 decomposes
to Bi and sulfur in the presence of NaCl and oxygen.

• At 1000 °C and high oxygen concentration, bismuth oxychloride (BiOCl) was
found to be an intermediate compound in the reaction of bismuthinite with
sodium chloride and oxygen.

• The overall reaction of the chloridizing of bismuthinite with sodium chloride
can be represented by: Bi2S3 + 6NaCl + 6O2 = 2BiCl3(g) + 3Na2SO4.

• Finally, at roasting temperatures in the range of 550–700 °C, bismuth
volatilization by roasting with NaCl was found to be marginal.
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Natural Gas Utilization in Blast Furnace
Ironmaking: Tuyère Injection, Shaft
Injection and Prereduction

P. Chris Pistorius, Jorge Gibson and Megha Jampani

Abstract Increased utilization of natural gas in blast furnace ironmaking can
decrease both the cost and the carbon intensity of ironmaking, given current US
natural gas prices. In this paper, three ways to utilize natural gas are compared:
tuyère injection, prereduction of iron ore, and shaft injection. The basis for com-
parison includes coke replacement ratios, carbon intensity and furnace productivity.
These were calculated using relevant mass and energy balances, a blast furnace
productivity correlation based on the bosh gas flow rate, and measured and modeled
prereduction kinetics. Of the natural gas utilization methods, prereduction has the
highest effective coke replacement ratio (and hence the largest advantage in raw
material cost), but is likely to have the highest capital requirement.

Keywords Blast furnace ironmaking � Carbon intensity � Coke replacement �
Natural gas

Introduction

Ironmaking is inherently energy intensive, because it involves breaking the
chemical bonds between iron and oxygen atoms. Large-scale blast furnace iron-
making is also carbon intensive, since coke is the main fuel used in blast furnaces.
One method to decrease the carbon intensity of blast furnace ironmaking is partial
substitution of coke with less carbon-intensive fuels. In particular, natural gas
(when injected through the blast furnace tuyères) can replace coke on an approx-
imately equal mass basis (that is, for each kilogram of natural gas injected,
approximately one kilogram of coke is saved—the “coke replacement ratio” is
approximately 1 in this case [1]). Because the carbon content of natural gas (around
75% by mass) is lower than that of coke (which typically contains 85–90% carbon),
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partial replacement of coke with an equal mass of natural gas would yield a
decrease in process carbon intensity. In addition, recent decreases in the US price of
natural gas (Fig. 1) [2] means that partial replacement of coke by injected natural
gas would both save raw-material cost and lower the carbon intensity.

Natural gas is increasingly used as injectant in North American blast furnaces: In
2015, natural gas was used as the sole injectant at 13 blast furnaces (with a total
production of 16.6 million metric tons of hot metal [THM]) in North America, with
a weighted average injection rate of 83 kg/THM; both natural gas and coal were
injected at another 12 furnaces [3]. The furnace with the highest injection rate in
2015 was AK Steel Middletown, at 117 kg/THM [3].

Limits to Tuyère Injection Rates

Given the cost advantage of natural gas over coke, an obvious question is why the
natural-gas injection rates are not even higher. One possible reason is that, as coke
is replaced by natural gas as fuel, less coke is available to support the furnace
burden and distribute the gas flow within the furnace. However, modern blast
furnaces can operate at low coke rates: this has been best documented for furnaces
operating at high rates of pulverized-coal injection (PCI) [4], with a low coke rate of
approximately 260 kg/THM reported at a PCI rate of 240 kg/THM. This means that
there would be sufficient coke in the furnace feed even at much higher natural-gas
rates than the current North American maximum.

The second constraint is thermal: tuyère injection of natural gas tends to lower
the flame temperature; while this can be counteracted by enriching the blast air with
oxygen, oxygen enrichment in turn causes the top-gas temperature (at the furnace
exit) to decrease, leading to condensation of water in the upper part of the furnace if
the blast contains too high a percentage of oxygen. These two thermal constraints
are conveniently illustrated with an “operating window”, with examples shown in
Fig. 2. In these diagrams, the top-gas temperature constraint is shown as one line
(for a temperature of 125 °C in this case); oxygen concentrations (in the blast air)
below this line would give higher top-gas temperatures, as required for stable

Fig. 1 Average US industrial prices of natural gas (converted assuming a density of 44.8 lb per
thousand cubic feet; monthly averages), coal receipts at coking plants (annual averages), and
open-market coke sales (annual averages). Source US Energy Information Administration [2]
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operation. The constraint value was chosen to be higher than what is absolutely
necessary to prevent condensation, to provide a margin of safety, recognizing that
the top-gas temperature in a blast furnace is not uniform (it tends to be higher at the
center-line and lower near the walls of the shaft). The flame-temperature constraint
is shown as another set of lines, each drawn for a separate (theoretical) adiabatic
flame temperature (AFT) at the tuyères; the AFT would be higher (as required for
stable operation) if the oxygen concentration in the blast is above the relevant line.
Thus the region between the lines representing the top-gas temperature constraint
and the flame-temperature constraint give conditions for stable furnace operation—
the “operating window”. It is not clear what the correct lower limit to the flame
temperature is; Figure 2 shows lines for 1900 and 1750 °C, and in that figure all
data (from 2015) for North American furnaces can be seen to lie above the 1750 °C
line. It should be noted that for the present work the adiabatic flame temperature has
been calculated with a mass and energy balance. There are other methods for
estimating this value, such as the AISI method, and values obtained from various
methods often differ when applied to the same operating conditions.

Figure 2 also shows a third constraint: the TCE (thermal and chemical energy) of
the gases in the lower part of the furnace [5]. The principle is that the “hearth gases”
produced by combustion at the tuyères must have sufficient enthalpy to transfer heat
to and melt the iron and slag; an assumption of the calculation is that the presence
of hydrogen in the hearth gases reduces the energy required for stable furnace
operation, because utilizing hydrogen as reductant partially avoids the highly
endothermic solution loss (carbon gasification) reaction. The TCE is calculated as
the remaining enthalpy of the hearth gases after melting and heating the hot metal
and slag to 1482 °C (2700 °F) (a reasonable tapping temperature), adding a credit
of 46.5 kJ per mole of hydrogen in the hearth gases. The latter value represents the
difference between the heats of reduction of FeO with C (CO as product) and H2

(H2O as product), multiplied by 35% utilization of hydrogen [5]. The heat of
reaction was obtained from FactSage, and used instead of the values from the

Fig. 2 Calculated operating windows for blast furnaces with different tuyère injectants: CH4 at
298 K (left), and CH4 preheated to 1200 K (right). “AFT” is the calculated adiabatic flame
temperature, “Ttopgas” is the gas temperature at the top of the furnace, and “TCE” is the total
“thermal and chemical energy” of the “hearth gas”. Shaded regions are proposed stable operating
conditions. Data points are for North American blast furnaces which used only natural gas as
injectant in 2015 [3]. See Table 1 for assumed furnace conditions
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original TCE paper [5]. In the work presented here, the enthalpy of the “hearth
gases” was calculated from an energy balance of the region of the furnace below the
1420 °C isotherm, assuming coke (including ash formers) and unmelted Fe and
slag-forming oxides (at 1420 °C) as condensed-phase inputs, blast air and injectants
as gaseous inputs, hot metal and slag (at 1482 °C) as condensed-phase outputs, and
hearth gases as gaseous outputs. For cases where metallic iron was included in the
feed, a credit of 146 kJ per mole of Fe° in the feed was added; this value corre-
sponds to the heat of reaction of FeO with C (to produce solid Fe and CO) around
1600 K.

If a blast furnace is operated with a target of a constant TCE, the result is that the
adiabatic flame temperature would be lower at higher rates of natural gas injection,
as actually observed in blast furnace operations [5]. Operating data for North
American furnaces (for the year 2015) in Fig. 2 cluster around a TCE of
1.0 GJ/THM, and do support the suggestion that the adiabatic flame temperature
can be lower for higher natural-gas injection rates while opearating stably [5].

Using Pre-reduced Feed

Including metallic iron (as scrap or direct-reduced iron [DRI], or more typically
hot-briquetted iron [HBI]) in the furnace feed greatly decreases the coke rate (be-
cause less reduction is needed per ton of hot metal) and increases furnace pro-
ductivity (because of the smaller gas volume per ton of hot metal) [8]. The typical
reduction in coke rate is around 0.37 kg coke saved per kg of metallic iron in the
burden [9]. Because the typical rate of natural-gas use in production of DRI or HBI
is around 0.2 kg natural gas per kg of metallic iron [9], the effective coke
replacement rate by natural gas is 0.37/0.2 � 1.8. This is much higher than the
value for tuyère injection, which (as mentioned earlier) is around 1.0.

The larger increase in furnace productivity (typically 8% increase in hot metal
production rate for every 10% of the ferrous feed which is in metallic form [10])
can have strategic advantages. For example, the increased productivity resulting
from use of HBI at the AK Steel Middletown furnace allowed a less-efficient blast
furnace to be closed [10].

Shaft Injection

One potential way to avoid the detrimental effect of tuyère injected natural gas on
the flame temperature would be to inject gas in the furnace shaft instead [11, 12].
However, even in this case the endothermic effect of natural gas would have to be
counteracted; this could be achieved by a combination of preheating and partially
combusting the gas. Preheating the natural gas (and the oxygen for combustion) to
1200 K and partially combusting it to produce CO and H2 would eliminate the
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endothermic effect [11]. (Partial combustion would have to be completed outside
the furnace, to avoid introducing unreacted oxygen which would tend to reoxidize
metallic iron in the furnace shaft.) If the gas is taken to be CH4, this means that 0.5
mol of O2 would be required per mol of CH4. The combination of preheating and
partial combustion is similar to what is used in the HYL Energiron ZRA process
[13] for production of direct-reduced iron. In that process, the off-gas of the shaft
furnace is cooled to condense out water, CO2 is removed, then the gas (mainly CO
+ H2, with unreacted CH4) is enriched with natural gas, preheated to around 950 °C
and partially combusted with oxygen before being returned to the shaft furnace
inlet. Preheating temperatures higher than 950 °C are likely not feasible because of
the danger of cracking of methane within the preheaters.

If a mixture of CH4 and O2 (2:1 molar ratio, initial temperature 1200 K) is
allowed to react to form CO and H2, the product gases would be at 1421 K under
adiabatic conditions. This means that, in terms of the mass and energy balance of a
blast furnace, injecting CH4 and O2 at 1200 K would have the same effect on the
coke rate as injecting the equivalent amount of CO and H2 at 1421 K. Given the
relative amounts and masses, 1 kg of CH4 would yield 2 kg of the partially com-
busted mixture, containing CO and H2 in a 1:2 molar ratio. (The actual composition
of the gas would be somewhat different because of the effect of reaction kinetics—it
would contain some unreacted CH4, CO2 and H2O in addition to CO and H2 and
would be at a higher temperature; however, the presence of these species does not
change the overall mass and energy balance since the overall gas enthalpy and
elemental molar amounts remain the same if partial combustion is assumed to be
adiabatic.)

Calculation Approach

A mass and energy balance for that part of the furnace below the 1200 K isotherm
was used. Similar to the approach of Rist and Meysson [1, 14], it was assumed that
the furnace gas reaches thermal and chemical equilibrium with Fe/FeO at 1200 K as
the gases rises through the furnace, and that coke remains unreacted until it is
heated to above 1200 K (that is, coke passes unreacted through the 1200 K iso-
therm as it descends in the furnace). Detail of the (typical) compositions and
conditions assumed in the calculation are given in Table 1. A hypothetical furnace
with a hearth diameter of 12 m was considered. Changes in furnace productivity
were calculated by assuming that the gas flow rate in the raceway region limits
furnace productivity. Based on published data for operating furnaces, the raceway
gas flow rate for a 12 m furnace was estimated to be approximately 7500 Nm3/min
[9]. The furnace production rate was found by dividing the raceway gas flow rate by
the volume of raceway gases produced per ton of hot metal (as found from the mass
and energy balance). In cases where shaft injection was considered, the total vol-
ume of injected gas plus that produced by combusted at the tuyères was used to
estimate furnace productivity. Natural gas was approximated as methane in these
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calculations. Reoxidation of the metallic feed in the upper parts of the furnace was
assumed to be negligible.

Five cases were considered—a baseline with only coke as reductant, one with
180 kg DRI (containing 156 kg metallic iron) in the feed per THM, 180 kg/THM
methane injected through the tuyères (while maintaining the same TCE as the
baseline case, by adding oxygen enrichment to the blast air), 180 kg/THM pre-
heated methane partially combusted with preheated O2 (also 180 kg/THM) to yield
at CO–2H2 mixture at 1421 K, and 180 kg/THM preheated methane (at 1200 K)
injected through the tuyères (adding oxygen enrichment to the blast air to achieve
an adiabatic flame temperature of 1750 °C). The value of 180 kg/THM methane
was chosen since this is approximately the maximum possible tuyère injection rate
(of cold methane) within the constraints of TCE, top-gas temperature and adiabatic
flame temperature (as indicated in the results, the AFT for this case was calculated
to be 1711 °C).

The aim of the calculations was to confirm the general trends stated in the
introduction, and to provide more detail of predicted changes in carbon intensity
and coke replacement rates. In calculating the carbon intensity, each mole of carbon

Table 1 Assumed furnace conditions for calculations

Iron ore/pellets 71.2% Fe2O3; 22.8% Fe3O4; 4.2% SiO2; 0.4% Al2O3; 1.1% CaO; 0.3% MgO

Coke 12.5% ash yield (composition 65% SiO2, 25% Al2O3, 6% CaO, 4% MgO);
bal. carbon

Blast air variable oxygen content; moisture content 18 g per Nm3 dry blast; 1273 K

Direct-reduced
iron

86.4% Fe, 8.4% FeO, 5.2% SiO2

Flux 100% CaO

Hot metal 4.4% C; 0.5% Si; balance Fe; 1800 K

Slag Basicity: (%CaO)/(%SiO2) = 1; 1800 K

Hearth
diameter

12 m

Bosh gas flow
rate

7500 Nm3/min

Heat loss 30 MW (from region of furnace below 1200 K isotherm) [1]

Slag enthalpy Estimated using the model of Björkvall et al. [6]

WRZa

temperature
1200 K

AFTa

calculation
Carbon (from coke) enters at 1800 K; blast air and injectant compositions and
temperatures as specified; combustion products are N2, CO and H2

TCEa Enthalpy of hearth gases after heating hot metal and slag to 1482 °C, plus
46.5 kJ per mole H2 and 146 kJ per mole metallic Fe in the furnace feed

Oxygen plant Energy requirement for oxygen production 0.3 kWh/Nm3 [7]; CO2 intensity
of electricity 0.53 kg CO2/kWh (US average [2])

Dust losses Assumed to be zero
aWRZ wüstite reserve zone; AFT adiabatic flame temperature; TCE thermal and chemical energy
of hearth gases
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in coke and methane (whether used in the furnace, or in the production of DRI) was
assumed to produce one mole of carbon dioxide at the ironmaking site (with no
credit given for potential utilization of the blast furnace top gas). If oxygen
enrichment was required, the associated CO2 was estimated by using a typical
energy requirement for oxygen production of 0.3 kWh/Nm3 [7] and assuming all of
this energy would be provided by electricity produced at the US average carbon
dioxide intensity of 0.53 kg CO2/kWh [2].

Results and Discussion

Coke Replacement Ratios and CO2 Intensity

The main results are summarized in Fig. 3 and Table 2. For metallic iron in the
feed, the results confirm the expected large increase in production rate, decrease in
coke rate and carbon intensity, and high effective coke replacement rate (around
1.9 kg coke per kg methane used to produce DRI). Tuyère injection of cold
methane does decrease the coke rate, with a replacement rate around 1 kg coke per
kg methane; the reduction in CO2 intensity is partially offset by the CO2 associated
with producing the oxygen to enrich the blast (to 48.5% O2 on a dry basis, as
required to match the TCE of the baseline case).

Fig. 3 At left, comparison of the coke rate, CO2 intensity and coke replacement rate
(CRR) relative to the baseline case, for 180 kg/THM direct-reduced iron in the furnace feed,
180 kg/THM cold CH4 injected through the tuyères, 180 kg/THM CH4 (preheated to 1200 K)
partially combusted with O2 (1200 K) to yield hot CO + 2H2 and then injected in the furnace shaft,
and 180 kg/THM CH4 (preheated to 1200 K) injected through the tuyères; At right, comparison of
the gas flow rate into the furnace, and the heat transfer required to preheat the blast air and
injectants for these cases, together with the net calorific value of the blast furnace top gas
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For the hot CO–2H2 mixture (produced by partial combustion of preheated CH4

with preheated oxygen, then injected into the shaft) the coke replacement ratio
would be around 1.3; tuyère injection of hot methane would give a similar coke
replacement ratio. The high coke replacement ratio for the cases involving hot
CO–2H2 and hot methane largely results from preheating; as the results show,
injection of cold methane would give a replacement ratio of approximately 1.

For injection of the hot CO–2H2 mixture, recovery of energy from the blast
furnace top gas through preheating the injected gases would be similar to the
current approach of using blast furnace stoves. Process complexity would be
increased, though: in addition to stoves for the blast air, separate preheaters would
need to be added for the natural gas and the oxygen (although a simpler “hot
oxygen” heating system could perhaps be used for the oxygen [15]).

Tuyère injection of preheated methane (at 1200 K) appears to be an interesting
alternative. Injection of hot methane would have a smaller effect on the theoretical
flame temperature than cold methane. The result is that the operating window
extends to higher injection rates; see the right-hand side of Fig. 1. As expected from
the large effect on the coke rate, the energy requirement for preheating is large, as
shown in Fig. 3 (at right). However, as the figure shows, the calorific value of the
top gases is also higher at high methane injection rates, and should be sufficient to
supply the energy for preheating: The values show that it would be feasible to meet
the energy requirement if the stoves and preheater have a thermal efficiency of 40%;
in comparison, modern furnace stoves typically have much higher thermal effi-
ciencies, around 60% [16].

Table 2 Comparison of the blast furnace performance for the base case, with addition of
180 kg/THM of direct-reduced iron to the furnace feed, 180 kg/THM cold CH4 injected through
the tuyères, 180 kg/THM CH4 (preheated to 1200 K) partially combusted with O2 (1200 K) to
yield hot CO + 2H2 and then injected in the furnace shaft, and 180 kg/THM preheated (1200 K)
CH4 injected through the tuyères

Additive Tadditive
(K)

CH4 used
(kg/THM)

Coke rate
(kg/THM)

O2-blast
(%)

Production
(kTHM/day)

Ttopgas
(°C)

TCE
(GJ/THM)

AFT
(°C)

None – 0 492 21.0 7.1 157 1.08 2134

DRI 298 31 433 21.0 8.0 127 1.15 2134

Tuyère
CH4

(cold)

298 180 305 48.5 7.2 152 1.08 1711

Shaft
CO + 2H2

1421 180 265 21.0 6.6 231 N/A 2134

Tuyère
CH4 (hot)

1200 180 263 39.2 7.2 178 1.19 1750
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Costs

All of the process variants considered here would decrease the raw-material cost,
since natural gas costs less than coke (per unit mass), and the coke replacement
ratios are larger than 1 in all cases.

Of these variants, production of DRI would have the largest capital cost. For the
hypothetical case considered here (a 12 m furnace, with 180 kg DRI per THM), the
production rate of DRI would need to be approximately 500 kt per annum, with a
total furnace production rate of 2.8 million metric tons per year. For comparison,
the Nucor Louisiana plant has a capacity of 2500 kt DRI per annum, and cost US
$750 million [17]. If it assumed that the plant cost would scale with (capacity)n,
with n = 0.5, the estimated cost of a 500 kt/a plant would be approximately US
$330 million. At a discount rate of 10% and 10-year project lifetime the capital cost
would be approximately US$53 million per year, corresponding to US$19/THM.

Conclusion

Several US blast furnace operators have already taken advantage of the low
natural-gas price in the US, increasing natural-gas injection rates to an average of
some 80 kg/THM, with a maximum rate around 120 kg/THM. The analysis pre-
sented here indicates that higher tuyère injection rates (greater than 150 kg/THM)
should be feasible, provided the level of oxygen enrichment is carefully increased to
meet all the thermal requirements. Natural-gas utilization rates higher than this
would require additional equipment—whether in the form of a plant to produce
direct-reduced iron, or preheaters for natural gas, or both natural gas and oxygen.

Acknowledgements Support of this project by the industrial members of the Center for Iron and
Steelmaking Research is gratefully acknowledged.
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Selective Sulfation Roasting of Rare
Earths from NdFeB Magnet Scrap

B.N. Carlson and P.R. Taylor

Abstract Rare earth magnets play an increasingly important role in high end
technology, and the manufacture of rare earth magnets, such as the NdFeB type,
consume a large amount of the rare earths produced. Recycling of this material
could provide an important domestic source for these materials. A selective sul-
fation roast has been proposed; the central principle of which is to take advantage of
the differing stabilities of the rare earth sulfates as compared to those of iron under
an air/SO2 atmosphere. Experiments show iron is found to be stable as an oxide,
however, neodymium is found to form an oxy-sulfate phase.

Keywords Sulfation roasting � Rare earth magnet recycling

Introduction

NdFeB Magnets

Sintered NdFeB type magnets are by far the strongest commercially available
variety, and are used where size and weight are important factors. The reason for
this, as demonstrated in Table 1, is that for a given required field strength, a much
smaller NdFeB magnet can be used in comparison to more traditional magnetic
materials, such as ferrite or alnico [1]. As such, rare earth magnets play an integral
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role in many high end technologies, such as hybrid and electric vehicles, computer
hard drives, and high efficiency wind turbines [2].

During the manufacture of sintered rare earth magnets, up to 30% of the starting
alloy is lost to machining waste. This waste, known as magnet “swarf” represents a
significant waste stream in terms of value. This material cannot be re-used directly,
however, as it is contaminated with cutting fluids and grinding media, as well as
being partly oxidized during the machining process [3].

Sulfation Roasting

Sulfation roasting has been used as a selective method for the extraction of metals
from primary sources such as the extraction of nickel from laterite ores [4]. The
concept of this method is to form a soluble sulfate species of one component while
leaving the other in an insoluble form. The desired sulfates species can then be
selectively leached away from the insoluble phase with water. A recent study has
successfully demonstrated the selective sulfation of rare earths from NdFeB magnet
scrap via sulfuric acid sulfation and selective decomposition, showing that is
possible to selectively form sulfate species of rare earths while leaving the iron as
an oxide [5].

In this study, a method for selective, gas phase sulfation of neodymium from
iron is proposed. The basis for this selectivity is the differing thermodynamic
stability of iron and neodymium sulfate. Using a stability diagram, such as a Kellog
diagram, it is possible to ascertain what species of certain metals may be stable at a
set temperature and atmosphere. This can be seen in the Kellog diagram in Fig. 1,
which shows, at 750 °C, there exists a region where it is possible to form ferric
oxide and neodymium sulfate. Therefore, at this temperature, there exists a certain
partial pressure SO2 and O2 which allows for the stability of iron oxide and neo-
dymium sulfate.

As a method to increase the kinetics of sulfation roasting, alkali metal sulfates
can be added. These pyro-sulfate forming compounds, such as potassium sulfate,
allow for the penetration of reactant gases through the sulfate product layer. This is
accomplished by formation of a liquid phase which acts to form a porous product
layer [6].

Table 1 Required magnet
size to achieve 1000 gauss
field (after Darcy et al. [1])

Magnet composition Required volume (cm3)

NdFeB 0.22

SmCo5 0.37

Ferrite 19.6

Alnico 9 14.3

Alnico 5–7 11.9
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Experimental

Sample Preparation

In this study, porous pellets several compositions were prepared. Reagent grade
components were utilized, all of which were sieved to −74 μm and +53 μm. In the
samples containingNd2O3 and Fe2O3, a 1:7 mol Fe:Nd ratiowas used, corresponding
to the Nd2Fe14B phase utilized in NdFeB type magnets. Where potassium sulfate was
added, a 0.1 mol per mol oxides ratio was used. Each pellet composition was mixed
with ammoniumbicarbonate so that this fraction took up 1/7 of the total volume. These
components were pressed into 20 mm cylindrical die. These pellets were heated at
100 °C for one hour, sublimating the contained ammonium bicarbonate, leaving
behind a porous structure, and then sintered at 600 °C for 6 h. Theywere then turned to
rough spheres by rotating the pellet in a 12.7 mm hole drilled in 4.8 mm steel plate.

Experimental Procedure

Pellets were loaded in the thermal gravimetric analysis system (TGA), shown in
Fig. 2, and heated to 750 °C under a flow of N2 gas. When the desired temperature
was reached, a flow of SO2 and air was introduced into the furnace which provides

Fe2(SO4)3

Fe2O3

FeSO4

Nd2(SO4)3

Nd2O3

log PO2
(g)

lo
g 

P
SO

2(g
)

Fig. 1 Kellogg diagram composed of superimposed (Nd and Fe)–O2–SO2 diagrams at 750 °C

Selective Sulfation Roasting of Rare Earths from NdFeB Magnet Scrap 295



an atmosphere which corresponded to a −log(PO2 ; PSO2) of 0.76. As seen in Fig. 1,
this lies within a region which iron is stable as an oxide, while neodymium is stable
as a sulfate. The pellet was reacted for 1 h. after which the furnace was flushed with
N2 and allowed to cool. The resulting pellet weighed was crushed to −295 μm for
analysis by X-ray diffraction (XRD) to determine the phases present in the sample.

Results

Weight Change

The weight change of each pellet after sulfation roasting can be seen in Table 2.

Fig. 2 TGA utilized for this study (after Anderson [7])

Table 2 Change in weight of
sample after roasting

Sample % Weight change

Fe2O3 −0.37

Nd2O3 12.27

Nd2O3–Fe2O3 7.03

Nd2O3–Fe2O3–K2SO4 7.96
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XRD Spectra

The X ray diffraction pattern of the iron oxide pellet can be seen in Fig. 3.
The X ray diffraction pattern of the neodymium oxide pellet can be seen in

Fig. 4.
The X ray diffraction pattern of the iron oxide and neodymium oxide pellet can

be seen in Fig. 5.
The X ray diffraction pattern of the iron oxide and neodymium oxide pellet that

included potassium sulfate can be seen in Fig. 6.

Fig. 3 XRD pattern of roasted Fe2O3 pellet

Fig. 4 XRD pattern of roasted Nd2O3 pellet
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Discussion

As seen in the XRD pattern in Fig. 3, the pellet of iron oxide appears to not have
reacted at the experimental conditions used. This is in agreement with the Kellog
diagram in Fig. 1, which shows that Fe2O3 is the thermodynamically stable phase at
750 °C and −log(PO2 ; PSO2) = 0.76.

The samples containing neodymium oxide were shown to be reactive, as seen in
Table 2, as they all exhibited a weight gain. Looking at the XRD patterns, however,

Fig. 5 XRD pattern of roasted Nd2O3–Fe2O3 pellet

Fig. 6 XRD pattern of roasted Nd2O3–Fe2O3–K2SO4 pellet
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it appears that in place of the sulfate species expected, a neodymium oxy-sulfate
phase is dominant. It may be that this phase is an intermediate which forms in
between the oxide and sulfate, and simply more reaction time is necessary.

Conclusions

Pellets of several compositions were created and reacted in an atmosphere and at a
temperature which predicted iron to be stable as an oxide while neodymium is
thermodynamically stable as a sulfate. By XRF analysis, iron oxide does not seem
to react at the conditions used, as predicted by the thermodynamic stability diagram.
However, neodymium was found to form an oxy-sulfate species. More study is
merited to locate conditions where it may be possible to form neodymium sulfate
species.
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Gold Solubility in Smelting Slags
for the Recycling of Industrial and Mining
Wastes

Jun-Gil Yang, Joo Hyun Park and Hyun-Sik Park

Abstract Gold is one of the most valuable and precious metals. But, the extraction
efficiency of gold from natural resources is very low and labor-intensive due to very
low concentration of gold, i.e., 1–5 ppm, which means that gold extraction pro-
cesses produce extensive amounts of tailings. The gold content in printed circuit
board (PCB) of waste mobile phone is about 100–400 ppm, which is enormously
greater than that found in natural ores. Consequently, a requirement for recycling
waste PCB and gold mine tailings becomes increasing for maintaining sustainable
society. Because the pyrometallurgical processes are issued due to economic rea-
sons, it is needed to understand the thermodynamic behavior of gold in smelting
slags under oxidizing and reducing atmosphere at high temperatures. Therefore, in
this study, the effect of slag chemistry, oxygen potential and temperature on gold
solubility in smelting slags are discussed.

Keywords Gold � Solubility � Mine tailings � PCB wastes � Pyrometallurgy �
Smelting slags

Introduction

Gold has good physicochemical properties. Thus, it plays an increasingly important
role in industrial applications. For example, over 300 tons of gold are used annually
in electronic components [1]. However, 75% of all gold ever produced has been
extracted since 1910 and gold reserves in the world are becoming rapidly depleted
[2]. The cost of gold production and its price in the market have increased rapidly,
and interest in the recycling of gold-containing materials has naturally increased.
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The wastes of electronic equipments (e-wastes) contain large amounts of pre-
cious metals compared to their own respective ores, and therefore such wastes may
be considered as a secondary source of valuable metals. For instance, the con-
centration of gold in natural ore is commonly 0.5–15 g/ton-ore (0.5–15 ppm), while
its concentration in electronic circuit boards is over 10 times higher, typically being
about 150 ppm in expansion cards and over 10,000 ppm in central processing units
(CPUs) [3]. Also, gold mine tailings are discharged after floatation process as slurry
form then stacked near the operating plants (approx. 100 ton per day in one of
Korean gold mines). Gold mine tailings contain gold about 1-2 mg/kg. This is the
reason why Au-containing materials such as e-wastes and mining wastes are highly
important sources [4].

From the viewpoint of pyrometallurgical processing, the distribution ratio of
gold between metal and slag and the solubility of gold in slags have been scarcely
reported. Richardson and Billington reported that the solubility of gold in lead glass
was 220 ppm but only 30 ppm in plate glass at 1673 K [5, 6]. Toguri and Santander
measured the distribution ratio of copper between Cu–Au alloy and silica-saturated
fayalite slags at temperatures ranging from 1523 to 1623 K as a function of the
oxygen partial pressure from p(O2) = 10−8 to 10−7 atm [7]. Although the distri-
bution of gold was plotted against the alloy composition for various conditions of
temperature and oxygen partial pressure, there was a high degree of scatter.

The solubility of Au in fayalite slag was reported to be approx. 80 ppm at
1473 K by Altman and Kellogg [8]. Nagamori and Mackey [9] measured the
distribution ratio of gold between copper/slag and matte/slag. However, the
experimental results were scattered due to the poor reproducibility of gold analysis
in the slag, segregation and sampling difficulty, and the very low level of Au in the
slag. Recently, the dissolution mechanism of gold into metallurgical slags was
systematically investigated by Swinbourne et al. [6] at extensive temperatures and
oxygen partial pressures, viz. from 1373 to 1573 K, and p(O2) = 10−10 to 1.0 atm.
The solubility of gold in iron silicate, calcium ferrite and lead oxide slags increased
with increasing oxygen partial pressure, from which gold was found to be present
probably as Au+ ions in molten slags.

Based on the above background, not only the temperature dependency of gold
solubility in slags but also the gold solubility in the calcium silicate based slags,
which are more easily reused from iron- and steelmaking companies, has not been
investigated yet. The operation temperature and slag composition are very impor-
tant factors affecting the recovery of gold from electronic and mining wastes to
design the cost-effective pyrometallurgical processing routes. Consequently, in the
present study, gold solubility in the CaO–SiO2–Al2O3 based slags was measured at
1673–1773 K to determine the dissolution mechanism of gold in the calcium sili-
cate based slags.
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Experimental Procedure

The thermochemical equilibration experiments were carried out using a
super-kanthal electric furnace with a MoSi2 heating element. The temperature was
controlled within ±2 K using a B-type thermocouple and a PID controller. Pure
gold (4 N purity) was used, and slags were prepared by mixing reagent-grade
chemicals. Gold (0.38 g) and slag (3 g) were loaded into a fused alumina or
magnesia crucible placed in a porous alumina holder. The oxygen partial pressure
of the system was controlled by CO-CO2 equilibrium, i.e., p(O2) = 10−10 to 10−8

atm at 1673 to 1773 K. After 12–24 h equilibration, the samples were quickly
extracted from the furnace and quenched by plunging the crucible into brine. The
slag and gold samples were carefully separated from the crucible. The gold content
in the slag was analyzed by ICP-OES and the equilibrium composition of the slag
was analyzed with an XRF spectroscopy.

Results and Discussion

Gold dissolution reaction into the slag can be described by the following general
equation:

AuþmO2ðg)þ nðO2�Þ ¼ ðAuO2n�
2mþ nÞ ð1Þ

K½1� ¼
aAuO2n�

ð2mþ nÞ

aAu � pmO2
� an

O2�
¼

fAuO2n�
ð2mþ nÞ

� %AuO2n�
ð2mþ nÞ

� �
pmO2

� an
O2�

ð2Þ

where ai, fi, and pO2 are the activity and activity coefficient of component i, and the
oxygen partial pressure, respectively. Because pure gold was used in the experi-
ments, the activity of gold is unity. Therefore, the above Eq. (2) can be expressed as
follows.

log(%AuO2n�
ð2mþ nÞÞ ¼ nlog aO2� þmlog pO2 � log fAuO2n�

ð2mþ nÞ
þC ð3Þ

From Eq. (3), the solubility of gold is expected to have a linear relationship with
the oxygen partial pressure in logarithmic form (slope = m) at a fixed temperature
and slag composition. The gold solubility in the 23%CaO–38%SiO2–13%Al2O3–

MgOsat system at 1773 K is plotted against the oxygen partial pressure in Fig. 1.
Gold solubility, log (%Au), linearly increases with increasing oxygen partial
pressure, log p(O2), with a slope of 0.20(±0.02).

Gold has two oxidation states, Au+ and Au3+. If gold oxide is Au2O, viz. gold is
stable as Au+, the stoichiometric coefficient m will be 0.25. Otherwise, if Au2O3 is
the case, viz. as Au3+, m will be 0.75. From the measured results in the present
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study (Fig. 1), the theoretical slope of 0.25 is more reasonable than 0.75, indicating
that the ‘O2(g)’ term should have the stoichiometric coefficient ‘m = 1/4’. It is
significant that the oxygen potential dependence of gold solubility in the CaO–
SiO2–Al2O3–MgOsat slag system is very similar to that in the PbO slag at 1373 K,
which was investigated over a more extensive p(O2) range, and supports the view
that gold dissolves as the Au+ oxidation state [6].

The measured results in the present slag system at 1773 K were extrapolated to
1373 K, at which temperature the system is assumed to be supercooled, based on
the temperature dependence of gold solubility [10]. It is very interesting in Fig. 1
that the extension of gold solubility in the MgO-saturated calcium aluminosilicate
melts at moderately reducing atmosphere, i.e. p(O2) = 10−10 to 10−8 atm, is sur-
prisingly consistent with the solubility in the PbO slag under oxidizing atmo-
spheres, i.e. p(O2) = 10−3 to 0.2 atm at 1373 K [6]. This means that the
experimental results in the current study and Swinbourne et al.’s results are in good
agreement and that the influence of oxygen partial pressure on the dissolution
mechanism of gold in the CaO–SiO2–Al2O3–MgOsat slag and PbO slag is identical
through a very wide range of oxygen potentials, i.e. from p(O2) = 10−10 to 0.2 atm,
irrespective of the slag system.

The solubility of gold in the CaO–SiO2–Al2O3 based slags is plotted against the
modified Vee ratio (MVR), i.e., (%CaO)/(%SiO2 + %Al2O3), in Fig. 2. The solu-
bility of gold in the slags increases with increasing MVR. The quantitative analysis
for the influence of basicity on the dissolution behavior of gold can be given using
the following equation, which is modified from Eq. (3).

log %AuO2n�
ð2mþ nÞ

� �
¼ nlog aO2� þ 1

4
log pO2 � log fAuO2n�

ð2mþ nÞ
þC ð4Þ

Because the basicity of slag, i.e. the activity of free oxygen, cannot be experi-
mentally measured due to thermodynamic constraints, it can be replaced by the
activity of CaO, assuming that the CaO activity is proportional to the O2− ion
activity at fixed oxygen partial pressure and temperature. In the current study, the

Fig. 1 Dependence of gold
solubility in the CaO–SiO2–

Al2O3–MgOsat slag system on
the oxygen partial pressure at
1773 K
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CaO activity in the slag was calculated by FactSage™7.0. The solubility of gold is
plotted against the activity of CaO on logarithmic axes in Fig. 3, wherein a good
linear relationship between log (%Au) and log aCaO is found. Because the slopes are
close to 0.5 within the experimental scatters, the stoichiometric coefficient n in
Eq. (4) is 1/2 in the CaO-based slags.

In Fig. 3, the experimental results for the gold solubility in the PbO–SiO2 slag
measured at 1373 K under atmospheric condition are shown for the sake of com-
parison [8]. If the activity of PbO, which can be obtained using FactSage™, in the
PbO–SiO2 slag were employed as an indirect basicity index, the slope of the line
obtained from a linear regression analysis is close to 1.5, viz. n = 3/2. Therefore,
based on the above thermodynamic discussion, the dissolution mechanism of gold
into the silicate melts can be summarized as follows according to the activity of
basic oxides (BO).

Fig. 2 Dependence of gold
solubility in the CaO–SiO2–

Al2O3–MgOsat and CaO–
SiO2–Fe2O3–Al2O3 sat slags
on the modified Vee ratio

Fig. 3 Dependence of gold
solubility in the CaO- and
PbO-based slags on the
activity of CaO and PbO
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Auþ 1
4
O2ðgÞþ 1

2
ðO2�Þ ¼ ðAuO�Þ; aBO\0:1ð Þ ð5Þ

Auþ 1
4
O2ðgÞþ 3

2
ðO2�Þ ¼ AuO3�

2

� �
; aBO [ 0:1ð Þ ð6Þ

Conclusions

From the present results, it is concluded that the predominant species of gold is
strongly dependent on the basicity of slag. Furthermore, the more basic slags
provided the higher solubility of gold at a given oxygen partial pressure and the
more oxidizing atmosphere enhanced the dissolution of gold to the molten slag
phase. Consequently, it is necessitated to carefully control the slag composition
during pyro-processing of gold-containing waste materials in order to improve the
gold recovery.
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Solid State Reduction of Iron, Manganese
and Chromium Oxide Ores with Methane

R.H. Eric, A. Bhalla, P. Halli and P. Taskinen

Abstract Sustainable development requires less energy consumption with lower
carbon footprint. In this review the solid state reduction behaviour of three oxide
ores using methane gas are briefly summarized based on experimental work con-
ducted in our laboratories. The discussion concentrates mainly on mechanisms of
the reduction studied through SEM-EDAX and X-ray diffraction techniques.
Limited preliminary kinetic input is also mentioned. Iron ore containing titanium
and vanadium could be reduced significantly in the solid state with
methane-hydrogen mixture up to 400 °C lower than is needed in ordinary solid
state carbothermic process. The reduction of chromite and manganese ores were
possible similarly at lower temperatures with potential energy savings lower carbon
footprint.

Keywords Metal oxides � Reduction � Methane

Introduction

Methane is widely known for its high energy potential and is already globally
adopted as a source of energy and heat [1], but it is not as commonly studied yet as
potential reductant for metallurgical processes. Currently most oxide ores are
reduced through the use of solid carbon. This process is energy demanding due to
the highly endothermic nature of reduction reactions conducted at temperatures well
above 1200 °C and production of CO2 which has to be converted to CO again by
the highly endothermic Boudouard reaction to maintain high reaction rates and high
recoveries. However, possibility of lowering both exists through the use of
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hydrocarbon gases such as methane as a reductant. The investigation of the
potential alternative reductants has been carried out by some authors [2–9], but the
literature is quite limited despite similar results were observed regardless of the raw
materials used indicating the possible lowering of reduction temperatures compared
to ordinary carbothermic reduction. The fundamental nature of hydrocarbons is that
they are not thermodynamically stable at high temperatures and especially in the
presence of a solid phase which may act as a catalyst for decomposition. In the case
of methane this decomposition occurs approximately at 600 °C [10] as in Eq. (1).

CH4ðgÞ ! C(s)þ 2H2ðgÞ ð1Þ

The overall reduction reaction of metal oxides, MeO, with methane is shown in
Eq. (2).

4MeO(s)þCH4ðgÞ ! 4Me(s)þCO2ðgÞþ 2H2O(g) ð2Þ

Moreover, as the system contains hydrogen and elemental carbon according to
Eq. (1), they will act as the real reducing agents forming gaseous H2O, CO and CO2

along with metal. According to Randhawa and Rehmat, [11], hydrogen gas can
react with carbon dioxide and according to Lin et al. [12], water vapour can also
react with the carbon at high temperatures regenerating the reductant gases; CO and
H2. The decomposition of methane will produce potentially nanometre sized solid
elemental carbon and hydrogen gas in the system. The thermodynamic activity of
the nanometre sized carbon is greater than 1.0 in the system and the produced
carbon will react with any CO2 present producing carbon monoxide, which is the
main reductant. In the Ellingham diagram for oxides, the standard line for the
reaction of solid carbon (with respect to pure solid graphite as the standard state)
with oxygen forming carbon monoxide gas at 1.0 atm pressure has a negative slope
facilitating carbothermic reduction of different metal oxides the Ellingham lines of
which have positive slopes. Thus the intersection point of the negatively sloped CO
line and the positively sloped metal oxide line is thermodynamically the minimum
temperature for the carbothermic reduction of the metal oxide. When the activity of
carbon is greater than 1.0 the standard line for CO shifts in clockwise direction with
more negative slope thus its intersection with a metal oxide line occurs at lower
temperature. Moreover as the partial pressure of product CO gas will potentially be
less than 1.0 atm due to presence of other gases the clockwise shift of the CO line
will even be more severe. This is the fundamental principle of lowering the tem-
perature of metal oxide reductions through the use of a hydrocarbon gases.
Furthermore, hydrogen gas would also support the reduction of especially iron
oxides and all of these would contribute to a lower temperature operation reducing
energy requirements and less carbon consumption leading to lower the CO2

emissions and lower energy requirements. The thermodynamic activity of carbon is
illustrated in Fig. 1 as a function of CH4/H2 ratio in the gas phase and temperature
calculated using HSC Chemistry 7.0 [13]. During the experimental work summa-
rized below the CH4/H2 ratio of the gas was kept constant in certain values in order
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to fix the thermodynamic activity of carbon to create a thermodynamically con-
trolled experimental reduction system. In an actual potential process the carrier gas,
hydrogen, can be replaced with air and the oxygen of the air could be utilized to
combust the excess part of methane to provide heat for the endothermic reduction
reactions. In many cases the end product of the reduction reactions is not pure
metallic phases but carbides due to the high activity and concentration of carbon
resulting in carbon saturation and also due to the relevant stability of the carbides.

Experimental Procedure

Reduction experiments were carried out isothermally in batches of constant mass at
temperatures from 800 to 1350 °C depending on the type of ore reduced. The
treatment times were kept constant at each temperature to 10, 20, 30, 60, 90 and
120 min. The total gas flow rate in every experiment was 800 ml/min (STP). The
contents of methane were 10, 20 and 30 vol.% and the balance in the mixture was
hydrogen. Argon was employed as an inert gas to flush the furnace before and after
every experiment. The argon gas flow rate was 500 ml/min. Experiments were
carried out in a laboratory scale horizontal electrical furnace. The furnace is
described in detail in a previous work [4]. The temperature variance through the hot
zone was ± 2 °C. Both sample holder boats and the working tube were pure
impervious alumina. Figure 2 present the schematic diagram of the experimental
furnace employed. The temperature was measured with a calibrated thermocouple
(Pt/Pt10Rh) and the thermoelectric force was converted into degrees with a

Fig. 1 The behaviour of
carbon activity in CH4–H2 gas
mixtures as a function of
temperature
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Keithley measurement software and the data was collected with a National
Instruments Labview temperature logging program.

XRD (X-ray diffraction), SEM-EDS (scanning electron microscopy, energy
dispersive spectroscopy), optical microscopy and selective leaching with ICP-OES
(inductively coupled plasma, optical emission spectroscopy) were employed to the
experimental samples. The selective leaching with ICP-OES was employed to
dissolve the reduced metallic elements, and the metallic carbides in order to define
the metallization degree of (partially) reduced samples [14, 15]. XRD was the
method used to determine the formed carbides. The degree of metallization is
defined as:

Mi ¼ % of metallized i in the sampleð Þ= total% of element i in the sampleð Þ ð3Þ

where “% of metallized i in the sample” is obtained from chemical analysis
ICP-OES mentioned above and total “% of element I” in the sample is known from
the chemical composition of the ore.

The titanomagnetite ore used was produced by Mustavaaran Kaiso’s Oy,
Finland. The mean size was 19.63 μm. The chemical analyses of the ore used is
presented in Table 1 and the XRD revealed two principal phases: magnetite and
ilmenite.

The South African Mamatwan manganese ore from Kalahari district was used
for this study. The composition of the ore is presented in Table 2. The mean particle
size of the ore used in the tests was 95.78 μm. The manganese ore was calcined at
1000 °C prior to reduction tests to derive off its CO2 and H2O contents. The
principal phases of the calcined ore determined by XRD were Hausmannite;
Mn3O4, Braunite; Mn (Mn, Fe)6 SiO12, Manganosite; MnO, Jacobsite; MnFe2O4,
and Lime; CaO.

The chromite ore used in the experiments was from the LG-6 seam of the
Bushveld Complex of South Africa. The composition of the ore is shown in
Table 3. The mean particle size of the ore used in the experiments was 104.62 μm.

Fig. 2 Schematic diagram of the experimental furnace
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The main phase of the ore is the spinel which is made up of divalent cations of Fe
and Mg, three-valent cations of Fe, Cr and Al with O2− anions. It can be represented
in a very simplified way as (Fe, Mg) [Fe, Al, Cr]2O4. The only other phase was the
silicate which actually was below the detection limit of XRD.

Table 1 The chemical
analysis of Mustavaara
titanomagnetite ore

Compound Average (wt%) Element Average (wt%)

SiO2 0.805 Si 0.376

TiO2 6.3 Ti 3.775

Cr2O3 0.007 Cr 0.004

V2O3 1.02 V 0.695

FeO 80.95 Fe 62.9

MnO 0.191 Mn 0.148

MgO 0.625 Mg 0.38

CaO 1.095 Ca 0.785

Table 2 Chemical
composition of Mamatwan
manganese ore

Component Average wt%

Mn 37.69

Fe 4.71

SiO2 4.51

CaO 16.51

MgO 3.29

Al2O3 0.231

P 0.0174

CO2 17.80

H2O 4.20

Table 3 Chemical
composition of LG-6
chromite ore

Component Average wt%

Total Cr 31.60

Cr2O3 46.20

Total Fe 19.60

Fe2+ 14.90

FeO 19.20

Fe2O3 6.71

MgO 9.98

Al2O3 13.70

SiO2 1.46

TiO2 0.54

Cr/Fe 1.61

Fe3+/Fe2+ 0.315
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Results and Discussion

Within the limited scope and space of this presentation the results on each of the
three ores tested will be given without going into details of the reduction mecha-
nisms and kinetic aspects. The aim here is to reveal the possibility of using methane
as a reductant and the potential benefits in terms of lower temperature operations in
comparison to ordinary solid state carbothermic reductions.

Reduction of Mustavaara Titano Magnetite Ore

Two reference experiments were performed on the titanomagnetite ore with the
same experimental setup as described earlier. The first reference experiment was
carbothermic in argon atmosphere and the second reference experiment was carried
out in hydrogen gas atmosphere. The treatment time in both cases was 120 min at
1200 °C. The carbothermic reduction achieved 18.2% metallization degree for
titanium, 37.7% for vanadium and 97.2% for iron. When employing pure hydrogen,
the final metallization degree of titanium, vanadium and iron were 0.40, 17.00 and
94.2% respectively.

The metallization of titanomagnetite ore as a function of temperature using 10
vol.% of CH4 in the feed gas mixture can be seen in Fig. 3. The reduction of
titanium under 1000 °C, as expected, did not take place due to high stability of
rutile. The reduction of iron was practically complete after an hour at 1100 °C and
in half an hour at 1200 °C and even at 800 °C the final metallization degree of iron
achieved was 80%. The reduction rate of vanadium depended highly on the tem-
perature and eventually the highest metallization degree was obtained at 1100 °C,

Fig. 3 Metallization curves of iron, vanadium and titanium of the titanomagnetite ore with 10
vol.% CH4 containing methane-hydrogen gas mixture
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approximately 95%. The highest metallization degree of titanium achieved was
around 80% at 1200 °C. The metallization values for vanadium and titanium when
methane is used are spectacularly high in comparison to ordinary solid state car-
bothermic and hydrogen reductions conducted at the same temperatures and for the
same reduction periods illustrating the potential benefits of methane/natural gas.
Figure 4 presents the reduction mechanism of titano magnetite ore reduced at
900 °C with 20 vol.% of CH4. The shrinking core kinetics is the main reduction
mechanism at the earlier stages of the reduction but after 60 min, the inner core
collapses completely regardless of the methane content employed in the feed gas
mixture. Above 900 °C even with a treatment time of 10 min the inner oxide core
disappears. Hence it can be concluded that at temperatures higher than 900 °C the
shrinking core kinetics would be very fast. At 1000 °C and above the reduction rate
is very high. Partial melting of the metallic iron phase started at 1100 °C just after
10 min and was more pronounced at 1200 °C. The methane content in the feed gas
mixture did not affect to the partial melting of the metallic particles. Titanium
carbide was first detected at 1200 °C after 1 h of reduction with every content of
methane used. The SEM-EDS analyses revealed the formation of metallic vana-
dium potentially entering into solution with iron carbide.

Reduction of Mamatwan Manganese Ore

Reduction of calcined Mamatwan manganese ore was performed in the temperature
range of 1000 to 1200 °C with 10, 20 and 30 vol.% of methane in the gas mixture.
A typical metallization plot is illustrated in Fig. 5. Total metallization values
achieved after 2 h ranged from 21 to 72% depending upon temperature and methane
content of the gas mixture. The associated Mn/Fe metallization ratio were 0.19–0.69
all much higher than those achieved with ordinary solid state carbothermic
reduction. The most common occurrence was rapid leveling of reduction rate after

Treatment 
time

Phases detected 
by XRD SEM-micrograph

10 min Magnetite, Iron, 
Rutile

20 min
Iron, Wustite, 

Magnetite, 
Cementite, Rutile

30 min Iron, Cementite, 
Wustite, Rutile

60 min Iron, Cementite

Fig. 4 XRD and SEM of the
reduction sequence of the
titanomagnetite ore particles
at 900 °C with 20 vol.% CH4
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first 20 or 30 min for all methane concentrations and temperatures revealing that the
process will take 20–30 min to complete the reactions which is much quicker than
ordinary carbothermic reduction. For example at 1100 °C reduction % achieved by
carbothermic reduction with excess carbon was only around 35% [14] as compared
to 70% metallization and above reached at same temperature of 1100 °C in this
work. Manganese ore was reduced primarily to carbide Mn7C3 at lower temperature
range of the experiments, but at 1200 °C the dominant reaction product was Mn5C2.
The XRD analysis revealed that with the progress of metallization, the concentration
of the original oxide phase decreased with reduction time and a new oxide phase;
Ca2FeMnO5, began to appear. Fe7TC3 appeared as the predominant iron carbide
phase early in the reduction test but with progress of metallization, this phase dis-
appeared and was replaced in increasing amounts Fe3C. Generally, the higher the
concentration of methane in the reducing gas the sooner the Fe3C appeared.

The particle morphologies were studied mainly by means of SEM and energy
dispersive analysis of X-rays (EDAX). Two typical images are presented in Figs. 6
and 7 indicating the possibility of surface coverage type of kinetics where the metal
appears almost everywhere on the surface of the particle and eventually covering it.

Reduction of LG-6 Chromite Ore

Methane reduction of LG-6 chromite ore was conducted in the temperature range of
1050–1250°C again with 10, 20 and 30 vol.% CH4 in either methane-argon or
methane-hydrogen gas mixtures. When argon was used as the carrier gas total
metallization values achieved after 2 h of reduction ranged from 59 for 10% CH4 in
Ar at 1050 °C, to 79 for 30% CH4 in Ar at 1250 °C. The associated Cr/Fe met-
allization ratios were 0.51 and 0.65 respectively, all much higher than those
achieved with solid state carbothermic reduction [15, 16] conducted at these

Fig. 5 Progress of metallization versus time curves for reduction of Mamatwan manganese ore
for tests using 30% CH4 in hydrogen at T = 1200 °C
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temperatures. When hydrogen was used as the carrier gas the total metallization
values achieved after 2 h of reaction ranged from 44 for 10% CH4 in H2 at 1050 °C
to 85 for 30% CH4 in H2 at 1250 °C. The associated metallic Cr/Fe ratios were 0.48
and 0.78. A typical metallization versus time curve for the reduction of LG-6
chromite ore is shown in Fig. 8.

The images presented in Fig. 9 illustrate the particle morphologies of partially
reduced chromite ore. Pore formation appeared to initiate on the particle surfaces, at
the crack tips and along the spinel crystallographic planes in the iron and chromium
rich central core of the particle. This enabled the reducing gas to penetrate the inner
core causing metallization there. In general the kinetics follow shrinking core
characteristics. Changing CH4 concentration had the effect of changing the kinetic
rate and extent of reduction. Up to 1200 °C, product morphologies of particles

Fig. 6 Mamatwan manganese ore particle reduced at 1100 °C for 20 min using 10% CH4 in the
gas mixture

Fig. 7 Mamatwan
manganese ore particle
reduced at 1200 °C for
20 min using 10% CH4 in the
gas mixture
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reacted under 10% in CH4 in Ar and H2 looked nearly identical. At higher tem-
peratures, however, some differences were observed indicating a change/shift in
reaction mechanism and rate control. This aspect requires further study.

Fig. 8 Progress of metallization versus time for test using% 30 CH4 in Ar at T = 1100 °C for the
reduction of LG-6 chromite ore

Fig. 9 Summary of particle morphologies for 10% CH4 in Ar
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Conclusions

This study explored the use of different concentrations of CH4 gas both in Ar and in
H2 as the reducing gas mixture for a better understanding of the reduction behavior
of titanomagnetite, manganese and chromite fines at different temperatures.
Generally, CH4 was an effective reductant because it supplied both C and H2 to the
reduction site. H2 is a kinetically rapid redundant. On site formed carbon from CH4

cracking, in its atomic form with very high thermodynamic activity well above
unity ensured the rapid regeneration of the reductants CO and H2 from CO2 and
H2O, ensuring the maintenance of a very low reduction potential shifting the
minimum reaction temperature to lower values.

The experimental results for the reduction of Mustavaara titano magnetite
showed high metallization degrees of iron and vanadium and at higher temperatures
even titanium. The reduction mechanism of the Mustavaara titano magnetite ore
clearly follows shrinking core kinetics which is clear at lower temperatures studied
while at the higher temperatures the reduction kinetics was very fast and the
shrinking core was not visible having collapsed at the very early stages of the
reduction.

In the case of the reduction of Mamatwan manganese ore the reaction sites were
mostly limited to the particle surface and there were no significant crack and pore
formation. This resulted in a surface coverage type of mechanism and kinetics. The
higher the concentration of the methane in the gas phase, the higher was the
resulting reaction rate and extent reaching over 75% metallization at 1200 °C.

For the reduction of LG-6 chromite ore the reduction sites were not limited to the
particle surface only and included cracks and pores. The rate of reduction was
generally highest within the first 20 and 30 min of reaction. The higher the con-
centration of CH4 in the gas mixture diffusing to the particle surfaces from the bulk
phase, the higher were the resulting reaction rate and extent. Simultaneous to the
surface reduction, the ionic solid-state diffusion caused the original solid solution to
form a shrinking central core in the particle, with a secondary partially reduced
spinel oxide forming the outer rim obviously following shrinking core mechanism
and kinetics.

The solid state reduction of titanomagnetite, manganese and chromite ores into
useful products with methane gas mixtures could potentially result in development
of more sustainable process options which could reduce the energy requirements
and carbon footprint due to being able to operate at lower temperatures to reach the
metallization levels achieved by the existing processes operating at higher
temperatures.
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Stibnite Chloridizing with Calcium
Chloride-Oxygen at Roasting
Temperatures

R. Padilla, I. Moscoso and M.C. Ruiz

Abstract Antimony and arsenic are impurities in copper concentrates found nor-
mally as stibnite (Sb2S3), tetrahedrite (Cu12Sb4S13) and enargite (Cu3AsS4). When
copper concentrates contain appreciable amounts of As and Sb, theymust be removed
before smelting to avoid environmental pollution. Oxidizing volatilization roasting at
500–700 °C has been used to eliminate these impurities. However, only a fraction of
Sb volatilizes in those conditions; thus, a more effective process to eliminate anti-
mony from concentrates is needed. In this study, the chloridizing roasting of Sb2S3
using CaCl2–O2 was investigated to remove the antimony from concentrates. XRD
analysis of calcines indicated that the overall reaction could be written as:

Sb2S3 þ 3CaCl2 þ 6O2 ¼ 2SbCl3 þ 3CaSO4

Temperature and oxygen partial pressure have a significant effect on the rate of
reaction. An estimated conversion of about 90% was obtained at 750 °C, 5.4%
oxygen in 20 min. High oxygen concentrations arrest the advance of the reaction
forming various antimony oxides including Sb6O13, Ca5Sb5O17 and Sb2O4.

Keywords Stibnite � Antimony � Volatilization � Chloridizing roasting � Calcium
chloride

Introduction

Copper sulfide minerals are the major source for the production of metallic copper,
and these sulfides usually contain variable amounts of non-desirable minor ele-
ments such as As, Sb and Bi, which are present in the concentrates as enargite
(Cu3AsS4), antimonite (Sb2S3) and bismuthinite (Bi2S3), respectively. Antimony
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may also be present in some concentrates as tetrahedrite or famatinite. In the froth
flotation processing of copper minerals, the majority of these impurities report to
the copper concentrates. Since smelting and converting are the primary processes
for the production of copper from copper sulfide concentrates, the ever increasing
content of these noxious elements (As, Sb, and Bi) in the concentrates produce
operational complications, leading to the pollution of the environment and also to
the production of the final copper product with unacceptable high levels of impu-
rities. Therefore, these contaminating elements must be separated or eliminated
from the copper concentrates before smelting.

The conventional method for the pretreatment of dirty copper concentrates has
been oxidizing roasting, where the minerals of the minor elements (As, Sb, and Bi)
tend to decompose rather easily to volatile compounds, allowing separation of these
elements by volatilization from the copper minerals [1]. Some alternative
hydrometallurgical processes for cleaning the copper concentrates have also been
proposed [2, 3]; however, they have not reached commercial application so far.
Thus, roasting methods are still preferred over leaching methods for the elimination
of As, Sb, and Bi from concentrates by the copper mining industry.

Regarding the high temperature behavior of stibnite, Padilla et al. [4] reported
that in nitrogen atmosphere antimony could be volatilized efficiently as Sb2S3 only
at temperatures higher than 900 °C. In the case of roasting in the presence of
oxygen, antimony can be volatilized efficiently as Sb2O3 at temperatures higher
than 900 °C when the gas phase contains less than 5% oxygen [4, 5]. At higher
oxygen concentration in the gas phase, the volatilization of antimony is hindered by
the formation of the nonvolatile oxide SbO2. Thus, the elimination of antimony
through the gas phase in conventional roasting processes using air or
oxygen-deficient air in the roasting temperatures (500–700 °C) is not feasible and
the antimony would remain mostly in the calcine as nonvolatile oxide. Therefore,
the objective of this investigation was to determine the feasibility of volatilizing
antimony and bismuth in the presence of calcium chloride in oxidizing roasting. In
particular, in this paper we discuss the behavior of stibnite in the presence of
calcium chloride at roasting temperatures.

Experimental Work

Materials and Procedure

The experimental work was carried out using mixtures of Sb2S3 and CaCl2*2H2O
(both Aldrich chemicals). The molar ratios of the sample mixtures used are shown
in Table 1.

Table 1 Molar ratios of
mixtures for the antimony
chloridizing experiments

Sample Sb2S3/CaCl2*2H2O

M9 1/4.5

M10 1/3
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The methodology used for the determination of the chloridizing/volatilization of
antimony was thermogravimetric. The experimental apparatus consisted of a hor-
izontal furnace with a quartz reaction tube, and ancillary equipment including a
temperature controller and a gas system to maintain a controlled atmosphere in the
reaction tube. TGA setup for continuous monitoring of the chloridizing reaction
was also used.

Results

The chloridizing reaction was followed by analyzing the weight loss fraction of the
sample given as ΔW/Wo, where Wo is the initial sample weight. Figure 1 shows the
weight loss fraction as a function of time for experiments carried out to study the
effect of temperature on the chloridizing of stibnite.

Clearly, the sample weight loss depends greatly on the temperature. In order to
verify that the weight loss of the sample is associated to the volatilization of
antimony species from the mixture sample, few experiments were run to capture
condensed material from the gas phase over the surface of a cold finger set at the
exit of the reaction tube. After a few runs, the precipitated solids on the surface of
the cold finger were removed, and analyzed by X-ray diffraction spectroscopy. The
results are shown in Fig. 2. The identified precipitated compound was Sb2O4 which
confirms that the weight loss is related to antimony volatilization. Based on this
result and the thermodynamic analysis of the Sb2S3–CaCl2 system, the following
reaction was considered a priori as the likely chloridizing reaction for the analysis
of our experiments.
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Fig. 1 Effect of temperature on the chloridizing/volatilization of stibnite sample M10 with
calcium chloride in 5.4% oxygen in the gas phase
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Sb2S3 þ 3CaCl2 þ 6O2ðgÞ ¼ 2SbCl3ðgÞþ 3CaSO4 ð1Þ

Therefore, assuming that reaction (1) is the overall reaction for the antimony
removal from the sample, the weight loss data can be used to estimate the con-
version of this reaction. Therefore, the conversion of reaction (1) was calculated by
ΔW/Wt, where ΔW is the weight loss of the sample at any time and Wt is the
theoretical final weight for complete reaction according to the stoichiometry of
reaction (1). The resulting data are shown in Fig. 3.

Figure 3 shows that conversions over 90% can be obtained in a very short time,
about 20 min at 750 °C. On the other hand, about 40% maximum conversion is
attained at 600 °C in 30 min. Therefore, the maximum conversion attained in the
experiments depends strongly on the temperature.

Effect of the Partial Pressure of Oxygen in the Reaction
Atmosphere

The influence of the partial pressure of oxygen on the antimony removal from the
sample is shown in Fig. 4. The batch experiments were conducted using mixture
M10, which has the stoichiometric molar ratio of Sb2S3 and CaCl2 for reaction (1).
In these experiments, the antimony removed from the sample was determined by
chemical analysis of the calcines for antimony.

We can observe in this figure that the maximum volatilization of antimony from
the sample decreases with an increase in the oxygen content in the gas phase. This
negative effect of the oxygen concentration on the antimony volatilization is
probably due to the formation of nonvolatile compounds of antimony such as

Fig. 2 Diffractogram of collected condensed material showing well crystallized Sb2O4
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Sb2O4, and Sb2O5 and other complex oxides as shown in the diffractograms of
calcines shown in Figs. 6 and 7. Nevertheless, we can observe that the rate of the
antimony volatilization increases with increasing the oxygen content in the gas
phase.

Comparing the maximum fraction of arsenic volatilized at each oxygen con-
centration shown in Fig. 4 with the conversions values in Fig. 3 for the same
temperature, it is evident that the conversion values calculated from the weight loss
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overestimate the fraction of arsenic volatilized from the samples. This again is a
consequence of the fact that not all the antimony reacts according to reaction (1) but
a fraction of the antimony oxidize to nonvolatile compounds and remains in the
calcine. Therefore, estimated conversions based on weight loss would be better for
lower oxygen partial pressures.

Fig. 5 XRD patterns of calcines obtained at 650 °C and 1% oxygen in the gas phase

Fig. 6 XRD patterns of calcines obtained at 650 °C and 10% oxygen partial pressures
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Characterization of the Reaction Products

The identification of the phases present in the calcines was done mainly by XRD
spectroscopy. The results for samples obtained at 650 °C in 1% oxygen in the gas
phase are shown in Fig. 5. In this figure, we can observe two XRD patterns; in the
pattern corresponding to 20 min of reaction, the major compounds identified were
the reactants Sb2S3 and CaCl2. This means that antimony chloridizing under this
low oxygen content and low temperature is a very slow process. However, at
150 min, CaSO4 was identified together with several oxides of antimony including
Sb6O13, Ca5Sb5O17, and CaSb2O4.

In contrast, Fig. 6 shows the XRD patterns of samples obtained at the same
temperature of 650 °C but higher oxygen content of 10%. We can observe in this
figure that the major phases identified were CaSO4, Ca5Sb5O17, Sb6O13 for both 20
and 30 min of reaction times. These results confirm that in the presence of high
oxygen concentration the antimony removal through the gas phase is not complete
due to the formation of Ca5Sb5O17 and Sb6O13 compounds.

At the higher temperature 675 °C, and 10% oxygen, the formation of CaSO4,
Sb6O13, and Ca–Sb oxides are again evident as shown in Fig. 7. The identification
of CaSO4 phase in the calcines is an indication that the reaction (1) does occur in
the system for the chloridation of antimony. However, other reactions must also
occur in parallel leading to the formation of the various antimony oxides identified.

Fig. 7 XRD spectrums of calcines produced at 675 °C and 30 min of reaction time a function of
oxygen partial pressures
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Conclusions

From the data shown above, the following can be concluded.

• Temperature has a significant influence on the stibnite chloridization in oxi-
dizing atmospheres of Sb2S3–CaCl2 mixtures.

• An increase in the oxygen concentration in the gas phase has a detrimental effect
on the antimony volatilization from the Sb2S3–CaCl2 samples.

• An estimated conversion of about 90% was obtained at 750 °C in 5.4% oxygen
and 20 min of reaction time.

• High oxygen concentrations in the gas phase arrest the advance of the chlo-
ridizing reaction forming various antimony oxides including Sb6O13, Ca5Sb5O17

and Sb2O4.
• Finally, the XRD results suggest that the overall reaction for the chloridation of

stibnite could be represented by:

Sb2S3 þ 3CaCl2 þ 6O2ðgÞ ¼ 2SbCl3ðgÞþ 3CaSO4
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Investigations on Rotary Tool Near-Dry
Electric Discharge Machining

Vineet Kumar Yadav, Pradeep Kumar and Akshay Dvivedi

Abstract Near-dry electric discharge machining (EDM) is a process variant of
EDM, which uses two-phase flow of liquid and gas as dielectric medium. This article
reports the results of an investigation pertaining to the drilling of holes on high speed
steel (T2 grade) by a rotary tool near-dry EDM. The One-Factor-At-a-Time (OFAT)
approach was used for experimentation. The effects of process parameters, viz. tool
rotation speed, peak current, pulse duration, gas pressure and liquid flow rate on
material removal rate (MRR) and overcut were investigated. The dielectric medium
used was a mixture of glycerin-air. The experimental results reveal that rotation of the
tool electrode along with high pressure of two-phase dielectric medium contribute in
an effective flushing of inter electrode gap (IEG). Further, in rotary tool near-dry EDM
process, higher values of current can be used. This improves process economics in
terms of MRR. The MRR measured with rotary tool near-dry EDM was three to four
times higher in comparison with conventional EDM. Additionally, appreciable sur-
face quality was achieved.

Keywords Near-dry EDM � Material removal rate (MRR) � Surface roughness �
Two-phase flow

Introduction

Electric Discharge Machining (EDM) is an advanced machining process. This
process is primarily used to machine conductive materials irrespective of their
hardness, into complex shapes with high precision. In EDM, material removal takes
place due to erosion caused by a series of discrete discharges between the tool
electrode and the workpiece. Both the electrodes are submerged in the dielectric
medium such as hydrocarbon oil or deionized water. Commercially available EDM
is also known as conventional EDM uses hydrocarbon oil as dielectric medium. The
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burning of hydrocarbon oil produces harmful fumes, that pollute the environment
and also harmful to the operator. Low material removal, high tool wear rate and
issues related to environmental pollution are the main disadvantage of conventional
EDM. In order to overcome these problems, researchers have developed several
process variants such as dry EDM, powder mixed EDM and near dry EDM, etc.

In dry EDM, gaseous dielectric medium is used instead of hydrocarbon oil [1].
Kunieda et al. observed that MRR can be improved by using the oxygen gas as
dielectric medium. Which resulted in higher MRR due to the exothermic reaction in
IEG [2]. To further enhance the performance of dry EDM, various methods were
proposed such as ultrasonic assisted dry EDM, hybrid dry EDM, quasi explosion
mode dry EDM and dry EDM with the piezoelectric servo system, etc. The
ultrasonic assisted dry EDM increased the material removal by two times while
reducing surface quality [3]. The hybrid dry EDM process was performed in a
pulsating magnetic field, which increased productivity by 130% with no tool wear
[4]. The MRR was improved by performing dry EDM in quasi explosion mode
assisted by oxygen and air at 15 psi [5]. The quasi explosion mode was very
difficult to control during machining. Further, a gas suction dry EDM technique was
proposed to overcome debris attachment to both electrodes and to achieve better
surface quality. This technique resulted in better surface quality, but debris blocked
the gas flow hole. Dry EDM performed with a piezoelectric servo system also
improved MRR but repetitive oscillation was incompetent in this process [6].
However, low MRR with non-oxygen gas, short of stability, deposition of debris on
the electrodes, and odor of burning are the disadvantage of dry-EDM [3, 7].

Near-dry EDM, another process variant of EDM was developed by Tanimura
et al. [8] in 1989 to resolved the above mentioned problem. Near dry EDM uses
two-phase flow of liquid and gas as a dielectric medium. The dielectric in this
process is supplied through the hollow tool. Due to the presence of liquid phase in
dielectric, debris reattachment to electrodes is minimal in near-dry EDM. The
presence of liquid medium in the dielectric helps to solidify the debris particle and
thus flush away from the IEG. Tao et al. identified that lower discharge current and
lower pulse duration were significant process parameters of near-dry EDM for
enhancing the surface quality. It was reported that this process produced better
surface finish and also produced holes with nearly zero taper [9]. Higher MRR was
found when near-dry EDM performed with oxygen as a gaseous medium in the
dielectric and copper as tool electrode. Tao reported mirror-like surface finish with
0.09 lm Ra by near-dry EDM [10]. To predict the dielectric flow rate, Fujiki et al.
[11] developed a model based on computational fluid dynamics (CFD). Further, the
results obtained by developed model were compared with experimental values. The
model showed that the dielectric flow rate was directly proportional to material
removal and inversely proportional to tool wear. Thinner recast layer and negligible
tool wear were found in near-dry EDM as compared to conventional EDM [12].
Dhakar et al. [13] compared the effect of glycerin-air, water-air, and EDM oil-air
mixtures. They reported that glycerin-air dielectric medium produced higher MRR.
This dielectric has a high Prandtl number and high viscosity that yields more
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thermal energy in IEG. Glycerin-air dielectric also resulted in fine surface integrity
with no recast layer.

In this investigation, the rotary tool near-dry EDM drilling was investigated to
understand the effect of process parameters. The effect of tool rotation speed, pulse
duration, peak current, liquid flow rate and gas pressure on MRR and overcut were
investigated. Further, the benefits and potentials of rotary tool near-dry EDM
drilling process were identified and discussed.

Experimental Setup

Materials and Methods

High speed steel (T2 grade) was used as the workpiece material, which is widely
used in tool and die making industries. The dimension of the workpiece was
100 mm � 60 mm � 6 mm. The surface of the specimen used for near dry EDM
was smooth and polished. The workpiece was clamped in a vice attached to the
machine table. A hollow copper tool electrode with 99.9% purity was used in this
investigation. The tool of 6 mm outer diameter, 3 mm inner diameter and 45 mm
length was used in this investigation.

Experiments were conducted on an EMS-5030 EDM die sinking machine. An
additional attachment was mounted on EDM machine for mixing gaseous and
liquid medium to form mist [12]. This mist was injected by a dielectric mixing unit
through the hollow tool electrode in the inter electrode gap. A self-designed rotary
system was attached to the EDM machine, to provide rotation to the tool electrode.
Belt drive was used to transmit motion from an electric motor to the pulley attached
to the hollow shaft as shown in Fig. 1. The rotation speed of the tool electrode was
controlled by a voltage variator. The tool electrode was clamped in a chuck attached

Fig. 1 Schematic of rotary tool near-dry EDM setup
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to the hollow shaft. In this investigation, glycerin-air was used as a dielectric
medium. The air was supplied by a compressor and glycerin was supplied by a
precision pump.

Experimental Procedure

In the present investigation tool rotation speed, peak current, pulse duration,
flushing pressure and liquid flow rate were used to perform the experiments on HSS
workpiece.

The One-Factor-At-a-Time (OFAT) approach was used in this investigation.
Running OFAT experiments is a sequential learning process and continuously
receive information from each run. OFAT gives a more rapid effect of input
parameters on responses [14]. The experimental settings are summarized in
Table 1.

The weight of the workpiece before and after drilling was measured using a
SHIMADZU AUW220D electronic balance with a least count of 0.01 mg. The
MRR (mm3/min) was calculated by (Eq. 1).

MRR ¼ Weight difference before and after machining ðgmÞ
Density of workpiece gm

mm3

� �
� Machining time ðminÞ

ð1Þ

Overcut is the difference between the diameter of the machined hole and the
diameter of the tool electrode before machining. These diameters were measured
using NIKON SMZ745T optical microscope. The first set of experiments was
conducted by varying the tool rotation speed by keeping all the other parameters at
middle value. Highest MRR was found at 2500 rpm thus tool rotation speed of
2500 rpm was kept constant for remaining experiments. The next set of experi-
ments was performed with the best setting of process parameters from the previous
experiments. Current (12 A), pulse duration (390 ls), pressure (55 psi) and liquid

Table 1 Experimental settings

Variable parameters Constant parameters

N (rpm) 500, 1000, 1500, 2000 and 2500 Work material HSS

I (A) 4, 8, 12, 16 and 20 Polarity Straight (tool negative)

Ton (ls) 90, 190, 290, 390 and 490

F (ml/min) 2, 3, 4, 5 and 6 Dielectric medium Glycerin-air

P (psi) 25, 40, 55, 70 and 85 Tool material Copper

Lift 2

Sensitivity 3

Gap control 4

N: Tool rotation speed, I: Current, Ton: Pulse duration, F: Liquid flow rate, P: Gas pressure
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flow rate (4 ml/min) were found the best settings of input parameters. The effects of
these process parameters on MRR and overcut were investigated.

Results and Discussions

It was observed during the experiment that the MRR increased with an increase in
tool rotation speed as well as current. With an increase in pulse duration, gas
pressure and liquid flow rate, MRR increased up to a certain value then start
decreasing. The overcut first reduced and then enlarged as tool rotation speed
increased. An increased in overcut was found with increase in electrical parameters.
With an increase in the liquid flow rate and gas pressure, the diametral overcut
increased up to a certain value and then deceases.

Effect of Process Parameters on MRR

The effect of input parameters on MRR is shown in Fig. 2. With an increase in tool
rotation speed, MRR increased continuously. Rotation of the tool electrode
increased tangential velocity of the two phase dielectric medium, which resulted in
higher centrifugal force. Higher centrifugal force contributed in an effective
flushing of inter electrode gap and stable machining.

An increase in current and pulse duration increased MRR. When current and
pulse duration increased, discharge energy between the tool electrode and work-
piece also increased for longer duration. Due to transfer of more energy from
cathode to anode, more material melted and vaporized. Which resulted in increased
MRR. Very high value of pulse duration resulted in expansion of plasma channel
and low discharge energy. Hence, MRR decreased after 390 µs. Similar results
were reported by Tao et al. [9] and Dhakar and Dvivedi [12]. MRR first increased
and then decreased with an increase in gas pressure. This was because, an increase
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Fig. 2 Effect of process parameters on MRR
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in gas pressure expelled debris particle from IEG more effectively. Improved
flushing of IEG resulted in effective sparks, minimizes debris accumulation and
concentrated thermal energy. At very high pressures, MRR decreased because the
circulation of dielectric medium became very fast, which led to the process insta-
bility. As the liquid (glycerin) flow rate increased, the MRR increased up to
4 ml/min then start decreasing. The increase in flow rate provided more number of
glycerin molecules at IEG. Higher amount of glycerin molecules increased the
number of sparks in IEG.

Effect of Process Parameters on Overcut

The effect of input parameters on diametral overcut is shown in Fig. 3. With an
increase in tool rotation speed, there was an increase in diametral overcut. As the
tool rotation increased, centrifugal force and tangential velocity of the dielectric
medium were increased. Which resulted in removing more debris from IEG and
promoted discharge between the side surface of the copper tool and workpiece.
Discharge between the side surface of the copper tool and workpiece resulted in
higher overcut. An increase in current increased diametral overcut. The higher value
of current resulted in more discharge energy in IEG. Higher thermal energy resulted
in larger crater size, which resulted in higher overcut. Higher pulse duration led to
the prolonged spark between the tool and workpiece. More dominant discharges led
to higher overcut. With the increase in gas pressure diametral overcut increased up
to 55 psi and as the pressure of the gas increased further the diametral overcut
decreased. When high pressure combined with rotation, provide cyclic movement
to the debris particle. More interaction time increased side spark between the side
surface of the copper tool and workpiece, resulted in higher overcut. The overcut
decreased above 55 psi. This was because at pressure above 55 psi improved debris
flushing from inter electrode gap, resulted in effective sparks between tool electrode
and workpiece.
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Conclusions

Effect of tool rotation speed, pulse duration, peak current, gas pressure and liquid
flow rate were experimentally investigated and analyzed using OFAT approach.
The main conclusions obtained in this investigation are as follows:

• Rotation of the tool electrode along with the high pressure of two-phase
dielectric medium contribute in an effective flushing of inter electrode
gap. MRR obtained by rotary tool near-dry EDM was three to four times higher
than that of other EDM variants. Further, better quality holes were achieved.

• Higher current and higher pulse duration can be used in a rotary tool near-dry
EDM. The MRR increased with an increase in tool rotation speed, peak current.
MRR increased with pulse duration up to 390 ls, with gas pressure up to 55 psi
and with the liquid flow rate up to 4 ml/min.

• Overcut reduced at higher values of gas pressure and liquid flow rate, whereas it
increased with an increase in tool rotation speed and electrical parameters.

• The best settings for input parameters obtained by OFAT with rotary tool
near-dry EDM were tool rotation speed (2500 rpm), gas pressure (55 psi), peak
current (12 A), pulse duration (390 ls) and liquid flow rate (4 ml/min).
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Dependence of Ti2O3 and Temperature
on Electrical Conductivity of TiO2–

FeO–Ti2O3 Slags

Shengping Li, Xuewei Lv, Gangqiang Fan, Wei Lv and Yingyi Zhang

Abstract The electrical conductivity of high titania slag, as being an important
fundamental physical property utilized in the theoretical understanding of mass
transfer phenomena and requirement of practical electric smelting processes, were
measured by AC Impedance Spectroscopy using four-electrode method for ternary
TiO2–FeO–Ti2O3 slag system based on 85 type of titania slag in Panzhihua in this
work. The experiment results show that the slags have a high magnitude of the
order of 80–180 s/cm−1 in the whole experimental temperature range from 1523 to
2013 K. The Ti2O3 exhibits very strong effect on increasing the electrical con-
ductivity of high-titania slag since the specific values averagely increase by
55 s/cm−1 with corresponding Ti2O3 content range from 10 to 16 wt%. the X-ray
diffraction gram and phases calculated by FactSage are presented and interpreted to
discuss the impact of phase change on the electrical conductivity.

Keywords High titania slag � Electrical conductivity � AC impedance
spectroscopy � Four-electrode method � Phase changes

Introduction

The electrical conductivity is an important property in understanding the structure
of molten slag and operation of electric smelting furnace, in practice, it is directly
related to the temperature of the molten pool and the electric power consumption
[1, 2]. The electrical conductivity of TiO2–BaO [3], TiO2–SiO2–CaO–MgO–Al2O3

[4], and TiO2–CaO–SiO2 [5], had been measured and reported in the published
literatures. However, the basic data of high titania slags from literatures are espe-
cially limited due to the high melting point, high electrical conductivity as well as
high reactivity. Since 1990, the growing requirements for properties of high-titania
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slag at high temperature aroused great interest by researchers [6–9] who focused on
the effects of various composition on the properties and smelting process of
high-titania slag. this work was conducted to investigation the fundamental elec-
trical conductivity on TiO2–FeO–Ti2O3 slag system by means of AC Impedance
Spectroscopy [10, 11].

Experimental

In the present study, the electrical conductivity of ternary TiO2–FeO–Ti2O3 slag
were experimentally measured. The typical compositions of industrial high-titania
slag in Panzhihua area and slag investigated in this work are separately given in
Tables 1 and 2, as showed in the Table 1, partial titanium dioxide TiO2 is inevitably
reduced to low valence titanium sesquioxide Ti2O3 under strong practical reducing
conditions.

Apparatus for Electrical Conductivity

In the present work, the electrical conductivity measurements were determined by
AC Impedance Spectroscopy (Electrochemical Workstation: Princeton 2273) using
four-electrode method. The experimental arrangement including the dimensions of
the crucibles and electrodes was schematically shown in Fig. 1, the Princeton 2273
device was connected with a computer to simultaneously record the correlation
between impedance and frequency of slag. The graphite-tube resistance furnace was
specially used to meet the ultra-high temperature requirement and it can also
guarantee a long enough and uniform hot zone. The crucible and electrodes made of
molybdenum were employed for electrical conductivity measurement and the slag
sample was loaded in the molybdenum crucible that was further put into a graphite
crucible. With a graphite crucible in the outer layer, the left oxygen in the furnace
can be effectively eliminated to a large extent. Additionally, before the experiment,

Table 1 Compositions of Panzhihua 85 type of high-titania slag

TiO2 Ti2O3 FeO SiO2 MgO CaO Al2O3 MnO Cr2O3 V2O5

69.18 13.29 9.55 2.85 1.33 0.58 2.07 1.37 0.13 0.29

Table 2 Chemical
compositions of the slags
studied in the present work

No. TiO2 FeO Ti2O3

1 80.8 9.20 10

2 79.00 9.00 12

3 77.21 8.79 14

4 75.41 8.59 16
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the CaF2 melt was used to calibrate cell constant, with its electrical conductivity
value has been generally determined to be 6.40 s/cm at 1600 °C by many careful
experiments [12]. The resistance of the slag in each temperature is computed by the
average value of reality part in the Nyquist plot when its image part is zero. The
electrical conductivity of the melts can be obtained by the following equation:

K ¼ C=Rx ð1Þ

where C is the cell constant and Rx is the resistance of slag. There are many factors
influence the measurement accuracy, such as the applied frequency, the height of
melt, the immersion depth of electrode, and position of electrodes were also
carefully considered in this paper.

Samples Preparation

The samples for electrical conductivity measurement were synthetized with analysis
pure grade reagents that is shown in Table 3. the compositions except Ferrous
Oxalate were firstly claimed at 1273 K in a muffle furnace to remove all the
impurities such as hydroxide and moisture, while the Ferrous oxide was carefully
obtained through decomposition of Ferrous Oxalate under strict condition of
absence of air. Besides, the weighted chemicals were thoroughly mixed in desired
proportion and pressed into cylindrical pellets and roasted at 1473 K for 2 h aiming
at sintering and having a certain conductivity, which was favorable to pre-melting
and homogenization of slag in a vacuum arc furnace before resistance measure-
ment. After that about 220 g of sample was packed into Mo crucible to obtain a
40 mm-deep slag bath. The argon was poured into the whole furnace during both
pre-melting and heating processes to achieve the atmosphere requirements and
remove the potential traces of oxygen. The three dimensions of the molybdenum

Fig. 1 Experimental setup
for the electrical conductivity
measurement and dimensions
of the crucible and electrodes
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crucible and electrodes are given in Table 4, the slag samples were heated to reach a
temperature of above 1973 K and held at that point for 2 h for complete melting
state (the duration time was demonstrated sufficient in preliminary studies of
thermal equilibrium).

Procedure for Electrical Conductivity

The electrodes were initially placed at a level of 10 mm above the solid slag layer.
The crucible and electrodes were vertically aligned to keep experimental errors
from a slight deviation in immersion depth. Once the slag were fully molten, the
position of the electrodes were adjusted to gradually approach the slag layer, the
sharp change of resistance data indicated the touch between electrodes and slag and
then this specific position was selected as a base for further immersion depth of
electrodes inside the Mo crucible. The electrical conductivity measurements were
conducted along with the cooling of temperature, duration time in each selected
temperature was long enough to obtain a homogeneous slag melt and stable
resistance value. After electrical conductivity measurement, the slag sample, along
with the crucible was cooled with the furnace, and thereafter the slag samples were
taken out from crucible to grind into fine powder for X-ray analysis. All of the
electrical conductivity measurement works were carried out under a slightly posi-
tive pressure of high-purity argon atmosphere.

Table 3 Oxides and gas used in the present work

Material Purity (pct) Supplier

Titania (TiO2) ≧99.5 Chengdu Kelong

Titanium sesquioxide (Ti2O3) ≧99.5 Chengdu Kelong

Ferrous oxalate (FeC2O4) ≧99.5 Tianjin Zhiyuan

Argon (Ar) 99.999 Chongqing Zhongfa

Table 4 Dimensions of
molybdenum crucible and
electrode

Crucible (unit: mm) Electrode (unit: mm)

Inner diameter 44 Diameter 2

Wall thickness 2 Length 600

Inner depth 98 – –

Base thickness 2 – –

Height in total 100 – –
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Results and Discussion

The variation of electrical conductivity as a function of temperature for ternary
TiO2–FeO–Ti2O3 slags and the compositional effect of Ti2O3 on electrical con-
ductivity are showed in Fig. 2. The mass ratio of TiO2 to FeO was fixed at 2.515.
As can be drew from the Fig. 2 that the specific electrical conductivity value
generally decrease with decreasing the temperature except where there is mainly a
peak between 1740 and 1820 K. The slags have a high magnitude of order of
80–180 s/cm−1 in the whole experimental temperature range from 1523 to 2013 K
and the Ti2O3 exhibits very strong effect on increasing the electrical conductivity of
high-titania slag since the specific values averagely increase by 55 s/cm−1 with
corresponding Ti2O3 content range from 10 to 16 wt%.

XRD Analysis of Slag

The main phases after naturally cooling down with furnace, as showed in Fig. 3, are
consistently anosovite (Fe, Mg)xTiyO5 and rutile phases, the anosovite is

Fig. 2 The effect of Ti2O3 on
the electrical conductivity in
the TiO2–FeO–Ti2O3 slag
system

Fig. 3 The XRD pattern of
TiO2–FeO–Ti2O3 slag cooled
with the furnace
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pseudobrookite type, which is basically in accordance with the phase detecting
result of Sorel slags studied by Pistorius [13].

Theoretical Phases Calculation by FactSage

The Fig. 4 describes the theoretical phases changes results calculated by FactSage.
It can be seen that with the decrease of temperature, the mass proportion of slag
phase plunges rapidly and disappears when it is just around 1600 K, whereas the
rutile phase gradually increases. The pseudobrookite experiences a noticeable
tendency of increasing along with the cooling of temperature, after peaking at
1600 K, its content gradually falls back to a very low level and disappears when the
temperature reaches approximately under 1200 K. The Ti20O39 see a significant
increase with the increase of Ti2O3 content just from 10 to 16%. Besides, some
attention should also be drawn from Fig. 4 the appearance of a little amount of Fe,
which may be related to of the reduction effect of that Ti2O3 on FeO.

The increase of electrical conductivity might also be dependent of enhancement
of bimolecular reaction and electron hoping between Ti3+ and Ti4+ and the for-
mation of Magneli phase.

Fig. 4 Phases changes of ternary TiO2–FeO–Ti2O3 slag
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Conclusions

The electrical conductivity of ternary TiO2–FeO–Ti2O3 slag was experimentally
measured, and the following conclusions were obtained.

(1) The ternary TiO2–FeO–Ti2O3 slag have a high magnitude of the order of
80–180 s/cm−1 in the whole experimental temperature range from 1523 to
2013 K.

(2) Ti2O3 exhibits very strong effect on increasing the electrical conductivity of
high-titania slag.

(3) The main phases after naturally cooling down with furnace are consistently
rutile and anosovite (Fe, Mg)xTiyO5 phases.
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DuraStell PTA Cladding for Wear
Application

Qingjun Zheng and Robert Vasinko

Abstract Cladding by plasma transferred arc (PTA) welding is widely used for
enhancing the surface properties of a metallic component, in particular wear, high
temperature and corrosion resistances. This paper presents the application of
Kennametal Stellite PTA cladding technology, especially the DuraStell PTA pro-
cess technique, for tungsten carbide composite cladding for boiler tube application.
DuraStell PTA process gives low heat input to the substrate and fast deposition rate.
The cladded boiler tube samples showed more uniform carbide dispersion in the
cladding, less base metal dilution, and insignificant effect on the microstructure and
mechanical properties of the substrate base metal, in comparison of the traditional
PTA and other arc welding process.

Keywords PTA � Wear � Carbide cladding � Fast deposition � Boiler tubes

Introduction

Extensive research and development have been conducted in thermal plasma pro-
cessing for extraction of metals, synthesis of advanced material, destruction of
hazardous wastes, and hardfacing/cladding [1–13]. Thermal plasma is essentially an
ionized form of the gas with electrons and the charged particles in thermal equi-
librium. Thermal plasma can be generated in a plasma generating device, called
plasma torch kit, by converting electricity into thermal energy. In a plasma torch, an
electric arc is established between two electrodes in the presence of a gas, which
partially ionizes and becomes electrically conductive. While thermal plasma can be
generated by alternating current (AC), radio-frequency (RC) and other discharges as
well, direct current (DC) torch is the most researched and used in industry, owing to
its better consistency, less noise, easier control, lower electrode and power con-
sumption. Based on the anode structure, there are two types of DC torches,
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transferred arc and non-transferred arc. The difference between the two is that the
anode is part of the torch structure in a non-transferred plasma DC torch while the
conductive work piece, that is the material to be treated, is the anode in the
transferred plasma mode. Figure 1 illustrates a transferred plasma DC torch, in
which the plasma is generated by employing a non-consumable tungsten alloy
electrode, a water-cooled constriction nozzle, plasma gas, and shield gas in the
torch kit. Transferred plasma arc has higher energy efficiency but requires the work
piece to be electrically conductive, therefore often selected for welding, hardfacing,
spray coating, remelting, and refining of metallic materials. Non-transferred plasma
DC torch is bulkier and less energy efficient but can be used for treating
non-conductive materials, therefore good for processing of ceramic materials,
hazardous wastes, ore processing etc., where the materials to be treated are not
required to be electrically conductive.

Plasma transferred arc (PTA) cladding is essentially similar to transferred plasma
arc welding (PAW). The difference between PAW and PTA is that PAW feeds
metal wires whereas PTA deposits the cladding materials in the powder form. In
addition to the plasma generating torch kit, a turn-key PTA cladding system
includes the power console, control panel, chiller, welding chuck/work platform,
powder feeder and software although the system design may vary dependent on the
specific application and the suppliers. Figure 2 illustrates a turn-key PTA cladding
system, Kennametal Stellite Starweld™ 400. The system can give output up to
450 A, with programmable logic and AC servo motors for accurate motion and
process control.

PTA is a versatile process, enabling deposition of a variety of alloys and alloy
matrix composites on the metal based substrates. The cladding deposited by PTA
can have lower penetration, dilution and heat affected zone (HAZ) than conven-
tional arc welding technologies like tungsten inert gas (TIG) welding and metal
inert gas (MIG) welding. The thickness of the typical PTA cladding ranges from
0.5 to 3 mm in one pass. PTA process can easily be automated, providing high
reproducibility. Owing to these advantages, PTA is popular for depositing tungsten
carbide composite, Stellite alloy and nickel alloy claddings for wear, high

Fig. 1 Schematic of a
transferred plasma DC torch
for hardfacing
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temperature and/or corrosion applications. Examples of such applications include
mud motor bearings and stabilizers in oil/gas drilling, drilling components in
mining, refinery tubes, and valve components etc. PTA is also used for Inconel
alloy cladding with a large variability of composition and uses around the world
[9, 10]. Compared with the emerging laser cladding, the limitation for the tradi-
tional PTA process is that the energy input to the substrate is higher and
less-concentrated, potentially causing more distortion in geometry and degradation
in properties of the cladding and substrate base metals. Different from the traditional
PTA process, Kennametal DuraStell PTA process is a finely tuned stringer bead
PTA process with precise process control. It allows for faster deposition, shorter arc
dwelling time, and lower heat input. The advantages of the DuraStell PTA process
include less component distortion, lower dilution, better control of the coating
thickness and higher deposition rate. DuraStell PTA process can be used for
cladding heat sensitive cladding materials such as non-magnetic alloys and heat
sensitive substrates. Since the low heat input, the post-cladding heat treatment often
used for recovering the microstructure and properties of substrate alloys in tradi-
tional welding may become unnecessary. Owing to the fast deposition, DuraStell
process also gives lower operation cost. These characteristics make DuraStell PTA
process potentially a cost-effective alternative to the laser cladding. Compared with
the traditional PTA process, DuraStell PTA process requires precise process control
and the process development for different cladding-substrate material system and
the part geoemetry. This paper reports the application of DuraStell PTA process for
applying tungsten carbide composite cladding on the boiler tubes for hanger and
super heater applications. Failure of the boiler tubes due to erosion and corrosion
from the burning wastes such as fly ashes is one of the leading causes for the forced
outages in coal-fired boilers.

Fig. 2 Starweld™ 400 PTA system
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Test Sample Preparation and Characterization

Tungsten carbide-nickel alloy composite cladding was applied on SA-210 A1
carbon steel and SA213-347H stainless steel tubes of 2 in. in outside diameter with
the DuraStell PTA process. The cladding sample was deposited on the Stellite
StarweldTM 400A PTA system illustrated in Fig. 2, which uses Kennametal
Excalibur II PTA torch and argon gas for generating plasma, shielding and powder
feeding. The major parameters controlled for cladding the boiler tube samples
include the output current, stand-off distance, pitch size, boiler tube rotation speed,
flow rate of shielding, powder feeding and center plasma-generating gas etc. Before
depositing, the cladding sections of the boiler tubes were cleaned by grit blasting to
remove the oxides, oil and grease. The cladding material was the tungsten
carbide-nickel alloy blended powders having 60% in weight the tungsten carbide,
supplied by Kennametal Stellite. After cladding, the boiler tubes were cooled on the
welding chuck without additional heat treatment.

Post-cladding characterization is for understanding the cladding appearance,
cladding quality, interfacial bonding, and effect of the DuraStell PTA process on the
substrate base metal. The visual examination was to check if there were any
apparent welding defects at the cladding surface like cracking, open voids, and
sluggish weld puddles. Then samples were taken from different locations of the
cladded tubes including the starting, cladding body, and stopping points.
Mechanical testing includes Rockwell hardness according to ASTM standard E18,
microhardness according to ASTM E92, bending test according to ASTM E190,
and the abrasion test according to ASTM G65. The bending test samples were taken
from the middle of cladded tubes. Some of the characterization and testing works
were conducted by David N. French Metallurgists.

Results and Discussion

Tungsten Carbide-Ni Alloy Composite Cladding on SA-210
A1 Boiler Tubes

Figure 3 shows a tungsten carbide-nickel alloy composite cladded SA-210 A1
carbon steel tube sample. The cladding was deposited by the DuraStell PTA process
with the surface speed about 5 m/min. This deposition rate is faster than the tra-
ditional stringer bead PTA process, in which the surface speed is less than 2 m/min.
The cladding appears to be uniform in cladding thickness and free of cracks, voids,
sluggish welding puddles and bumps at the cladding surface. No obvious distortion
was observed.

Figure 4 depicts the metallography of the carbide composite cladding at the
starting point, middle, and stopping end of the cladding. The samples were cut and
polished along the tube length. The cladding is bonded metallurgically to the steel
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substrate and is fully densified. Substantial disbonding was not discovered between
the welding passes or at the substrate-cladding interface either in the welding toes or
in the middle of the cladding. The tungsten carbide particles in the cladding are in
angular shape with sharp edges, indicating little dissolution of the carbide particles
into the matrix alloy. The tungsten carbide particles are uniformly dispersed
through the thickness of cladding without obvious settling, as shown in Fig. 4. This
is a significant improvement over the traditional PTA process, in which the settling
of tungsten carbide is a key challenge [10]. Settling of the carbide particles

Fig. 3 A tungsten carbide-nickel alloy composite cladded SA-210 A1 carbon steel tube by
DuraStell PTA process with the sampling locations marked

a) Starting point of cladding                            b) Middle of cladding 

c) Stopping point of cladding 

Fig. 4 Metallographic images of the tungsten carbide–Ni alloy composite cladding on a
SA210-A1 boiler tube sample by DuraStell PTA process
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produces a tungsten carbide deficient zone of lower wear resistance at the top of the
cladding. The settling of tungsten carbide in the traditional PTA process is caused
by the slow solidification of the matrix alloys and the difference in the densities
between the tungsten carbide and nickel alloy matrix and [10]. Compared with the
traditional PTA process, the DuraStell PTA process deposits the composite at a
faster speed, shorter arc dwelling time and less heat input to the substrate. The
solidification of matrix alloy is much faster in the DuraStell PTA process and thus
the heavier carbide particles do not have enough time to settle. Hence, uniform
distribution of carbide particles can be gained through the cladding thickness.

Microhardness was measured on the tungsten carbide particles and the matrix
alloy in the cladding by Vickers indentation at 0.5 kg load (HV0.5). HV0.5 for the
tungsten carbide was given as 1277 kg/mm2 in average. The HV0.5 of the matrix
alloy was around 420 kg/mm2. The abrasion resistance of the composite cladding
measured in volume loss according to ASTM G65 was given as 11–12 mm3/6000
revolutions, about 40 times better than the bare carbon steel substrate, about
420 mm3/6000 revolutions. Since the matrix alloy containing about 7–9% Cr and
over 3% Si is very corrosion resistant, it is expected that the cladding can improve
significantly the life of the boiler tubes for the application in the combined corro-
sion and erosion environment.

Dilution/dissolution is another key challenge in the traditional PTA process
[10, 11]. Benefiting from the less heat input and fast solidification, controlling the
dilution/dissolution becomes less difficult in the DuraStell PTA process. Figure 5
shows the composition profile of Fe in the cladding across the fusion line analyzed
by EDS. This semi-quantitative analysis shows that the content of Fe reduces from
interface to the cladding surface and is stabilized at about 5% in weight in the
cladding at about 300 μm to the interface. Dissolution control is important for the
super heater and hanger tube application, where the substrate mechanical properties
and the surface corrosion resistance are critical for the life [14].

Since the high heat input, hardfaced boiler tubes by the traditional PTA and arc
welding processes usually have large HAZ and degradation. Post heat treatment is
thus often used to recover the properties for the heat treatable substrates, but the
heat treatment increases the operation cost. For those non-heat treatable substrate

Carbide cladding Substrat

Fig. 5 Composition profile
of Fe across the interface by
EDS for the tungsten carbide
composite cladding on
SA-210 A1 carbon steel by
DuraStell PTA process
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materials, the intensive heat input can cause irreversible degradation in the
microstructure and properties. In comparison, the impact of the DuraStell PTA
process on the substrate tube is insignificant. The bending tests were conducted
according to ASTM E190 to determine the cracking susceptibility into the substrate.
The preselected bend angles are 30°, 60°, 120° and 180°. Figure 6 shows the
macroscopic view of the metallographic image of the bend test samples. All the
bending test samples exhibited cracking normal to the bending direction in
the cladding, as expected. While the number of cracks appeared increasing with the
increasing bend angles, no significant cracking was observed in the substrate even
when bending to 180°. This suggests that the substrate is still relatively resistant to
crack propagation post the cladding.

Figure 7 shows the microstructure of the cladded boiler tube near the interface
by the DuraStell PTA process. The HAZ was measured at averaging 630 μm in the
depth, which is insignificant. No noteworthy carburized layer, decarburized layer,
or abnormal microstructure was observed in the HAZ. The microhardness in the

30o 60o

120o 180o

Fig. 6 Macroscopic view of the bend test samples bent at different degrees for the tungsten
carbide-Ni alloy composite cladded SA-210 A1 boiler tube samples

a) At lower magnification                        b) At higher magnification

Fig. 7 Microstructure near the interface for the SA-210 A1 boiler tube cladded by DuraStell PTA
process at a lower and b at higher magnifications

DuraStell PTA Cladding for Wear Application 351



HAZ was measured and given as 203 kg/mm2 in HV0.5 in average, slightly higher
than that of the base metal, 163 kg/mm2 in HV0.5.

Figure 8 compares the microstructure of steel at the mid-wall of the cladded tube
and the bare uncladded tube. As shown, the mid-wall microstructure after cladding
was still ferrite and pearlite. Hardness was measured on these mid-wall metallo-
graphic samples. The cladded sample showed the average hardness value about 74
in Rockwell B (HRB), within the typical range for new SA-210 A1, 72–78 in HRB
while it is slightly higher than the bare tube, given by 70 in HRB.

Tungsten Carbide-Ni Alloy Composite Cladding on SA-213
TP347H Boiler Tubes

The tungsten carbide-Ni alloy composite cladding was also applied on SA-213
TP347 boiler tubes by using the DuraStell PTA process. Besides visual examina-
tion, metallography, SEM, bending and microhardness, the characterization also
includes sensitization test for understanding the effect of DuraStell PTA on the
corrosion properties of the base stainless steel.

Figure 9 depicts the metallographic images of the cladding at the welding toes
and cladding body. Similar to the case for SA-210 A1 carbon steel, the tungsten
carbide particles are uniformly dispersed in the cladding without obvious settling.
No significant local disbonding was detected between the cladding and substrate
base metal or between the welding passes. As shown by the composition profile of
Fe given in Fig. 10, the dilution of substrate in the cladding is insignificant, limited
within about 350 μm in the cladding to the interface.

Similar to the case for SA-210 A1 carbon steel tube, all bend test samples of the
cladded SA-213 TP347 boiler tubes exhibited cracking in the cladding, but the
cracks terminated at the interface. Figure 11 shows a metallographic image of the

a) Cladded tube                                 b) Bare uncladded tube 

Fig. 8 Microstructure of the steel at the mid-wall for the cladded and bare SA-210 A1 boiler
tubes, whereas the cladding was applied by the DuraStell PTA process
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bend samples near the interface at a higher magnification when bending to 180°.
That the cracks did not penetrate into the substrate suggests that the cladded sub-
strate is still crack resistant and the tendency of cracking is minimal from the
cladding into the substrate. No evidence of cladding spalling or cracking along the
interface implies that the interface bonding is strong. The hardness was uniform in

a) At the welding toe                    b)   In the middle of cladding  

Fig. 9 Metallographic images of the tungsten carbide-Ni alloy composite cladding on SA-213
TP347 boiler tubes by the DuraStell PTA process

Fig. 10 Composition profile
of Fe measured with EDS for
the tungsten carbide-Ni alloy
composite cladding on
SA-213 TP347 boiler tubes
by DuraStell PTA process

Fig. 11 Microstructure of the
tungsten carbide-Ni alloy
composite cladded SA-213
TP347H tubes by DuraStell
PTA process near the
interface after bending to 180°
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the zone next to the bonding interface and at the mid-wall, which gave 218 and
214 kg/mm2 in average in HV0.5 respectively. The average hardness on the
mid-wall is 74 in HRB for the cladded tube, slightly higher than the bare tube,
averaging 70 in HRB, but still within the typical range for new SA-213 TP347H,
73–87 HRB.

Sensitization test was performed on the cladded SA-213 TP347H tubes and the
bare tubes. The dual structure was observed in the both cladded and bare tube
samples. Figure 12 illustrated a typical image of the cladded sample near the
interface.

As shown in Fig. 12, no complete ditches around the grains were observed,
indicating no carbide precipitation at the grain boundary. The microstructure at the
mid-wall showed the same condition as that near the interface.

Conclusions

The DuraStell PTA process may be a cost-effective alternate to laser cladding for
applying high quality tungsten carbide cladding on the boiler tubes since the fast
deposition rate, short arc dwelling time, and low heat input. Compared with tra-
ditional PTA and arc welding, DuraStell PTA process offers the advantages
including.

(1) Fast consolidation of the matrix alloys which can prevent the settling of
carbide particles in the cladding and give uniform carbide distribution through
the cladding thickness.

(2) Low dilution/dissolution of substrate base metal into the cladding, important
for retaining the wear and corrosion resistance of the cladding materials.

(3) Minor impact on the microstructure and mechanical properties of substrate
base metals, critical for those substrates requiring high mechanical strength
and/or susceptible to sensitization.

The boiler tube samples cladded by the DuraStell PTA process appear providing
satisfactory results for application in the combined erosive and corrosive

Fig. 12 Microstructure of the
cladded SA-213 TP347H tube
sample near the interface after
sensitization test
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environment. The cladding gives high hardness and abrasion resistance. The
cladded boiler tube samples have strong metallurgical bonding at the interface,
insignificant dissolution and heat-affected zone. The bending tests indicate that the
tendency of crack penetrating into the substrate is low. The sensitization tests
performed on SA-213 TP347H stainless steel tubes suggest that the cladded tubes
are not susceptible to intergranular corrosion or intergranular stress corrosion
cracking. In summary, the tungsten carbide-Ni alloy composite cladding applied by
the DuraStell PTA process showed the promise for use in the combined erosive and
corrosive environment of super heater and hanger boiler tubes.
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Production of SiMn-Alloys by Natural Gas
and Carbon Black

Xiang Li and Merete Tangstad

Abstract Currently, the main carbonaceous material for Mn-alloys production is
solid carbon, i.e. coke, charcoal and petroleum coke, which is produced with large
CO2 emissions. Due to the simple purification, high carbon activity and low CO2

emissions, natural gas has some advantages compared with conventional reducing
agents. The aim of the present project is to develop a new technology for production
of Mn-alloys using natural gas as a source of carbon. Experimental results indicated
that injection of CH4 gas directly into melted slag reduced slightly the MnO and
SiO2. However, the metal yield was much less than the theoretical value due to a
relative low residence time of CH4 in the slag. The alternative approach was to use
carbon black as reductant, produced by CH4 decomposition. The preliminary
experimental results showed a high reduction rate using carbon black.

Keywords Silicomanganese � Methane � Slag � Carbon black

Introduction

Silicomanganese (SiMn) alloys are produced by smelting of manganese ore in a
submerged arc furnace (SAF) which requires high consumption of energy, and
proceeds at high temperatures. In this process, raw materials containing manganese
ore, quartzite, high carbon ferromanganese (HC-FeMn) slag, and coke are fed into
the furnace. High manganese oxides in the ore are first reduced to MnO by CO gas
in the upper level of furnace, which is called pre-reduction zone. Subsequently, the
manganese ores and fluxes (CaO, MgO etc.) melt together forming a slag, and enter
the coke bed zone of furnace, where MnO and SiO2 are reduced to metal by solid
carbon at 1500–1700 °C, as described by Reactions (1) and (2) [1].
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SiO2ð1Þþ 2C ¼ Sið1Þþ 2COðgÞ ð1Þ

MnOð1ÞþC ¼ Mnð1ÞþCOðgÞ ð2Þ

Though this technology is world leading today, there is a continuous effort to
develop more economical and environmental friendly processes. The solid carbon
used for SiMn alloys production is typically coke which is produced under CO2

emissions. CO2 emissions for coke production varies from 1 * 4 t CO2/t coke,
depending on the processing temperature of coking [2]. Low temperature processes
give low CO2 emission. High temperature processes cause high CO2 emission.
High temperature metallurgical coke is typically used in ferromanganese industry.

The lower carbon activity of traditional solid carbon demands a high temperature
for reduction. Secondly, impurities enter the SiMn alloys from the carbon materials
[3, 4]. Due to the low impurities and high carbon activity, natural gas is advanta-
geous compared with conventional reducing agents. In addition, natural gas could
be considered the most environmentally friendly fossil fuel, because it has the
lowest CO2 emissions per unit of energy [5, 6].

Intensive studies have been conducted in the reduction of meal oxides by
methane. Direct-reduced iron (DRI), is produced from direct reduction of iron ore
by a reducing gas produced from natural gas. This process has been applied in
industry for decades [7]. Using methane-containing gas, reduction of silicon,
chromium and titanium oxides can proceed at much lower temperatures. Under
standard conditions, methane is unstable at temperatures higher than 550 °C. At
appropriate CH4/H2 ratio and temperature, carbon activity in the
methane-containing gas can be well above unity (relative to graphite), which pro-
vides favourable thermodynamic conditions for reduction to occur at relatively low
temperatures [8–11]. Anacleto et al. [12] studied the reduction of manganese ores
and oxides by methane-hydrogen-argon gas mixtures. In a non-isothermal reduc-
tion, MnO2 was reduced to Mn3O4 by H2 and further to MnO by hydrogen at
temperatures of 620 °C. The reduction of MnO to manganese carbide started at
760 °C and was completed at about 1200 °C. However, this gas-solid reduction
process is difficult to apply industrially due to the carbide products being difficult to
separate from the remaining oxides.

The aim of the present work is to study the feasibility of reduction of liquid MnO
slag at higher temperatures by CH4. In this case, CH4 is injected into melted SiMn
slag as reductant. The slags and produced metals compositions are analyzed for
establishing the reactivity of CH4. In addition, carbon black, which can be produced
by CH4 decomposition, is also used in the experiments as reductant.
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Experimental

The SiMn slag used in this study was synthetic slag. High purity (chemical grade)
fine powders of MnO, SiO2, CaO, MgO, Al2O3 and Fe2O3 were mixed in a plastic
jar with zirconia balls for 1 h. Table 1 presents the weight composition of mixed
raw materials.

CH4 gas with purity of 99.999% was supplied by AGA industrigasser AS (Oslo,
Norway) in 50 L gas cylinders.

The experiments were run in a 75 kW induction furnace. A sketch of the
experimental set up is shown in Fig. 1. The raw material mixture (1 or 1.5 kg) is fed
into a graphite crucible with inner diameter of 11 cm and a height of 40 cm. The
temperature is measured with a C-type thermocouple, which was protected by a
graphite sheath. The furnace was heated to 1200 °C with a heating rate of
approximately 40 °C/min and held at 1200 °C for 30 min. The furnace was then
heated to the target temperature at a heating rate of approximately 20 °C/min and
held at this temperature for a certain holding time. The reduction was stopped by
lifting the crucible out from the furnace and quenching it in air. At 1200 °C,
methane was injected via a gas lance. Two different gas lances made from graphite
were used in the experiments, as shown in Fig. 1. Lance A has 2 gas outlet holes,
and the distance between holes and the bottom of the crucible is 2.5 cm. In the
experiment using lance A, the raw materials weight was 1 kg and the slag depth

Table 1 Weight composition of mixed raw materials

MnO SiO2 CaO MgO Al2O3 Fe2O3 Total

wt% 37.3 31.2 8.7 3.5 12.2 7.3 100.0

Fig. 1 Schematic of experimental set up
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was 3.2 cm. Lance B has 4 gas outlet holes, and the distance between the holes and
the bottom of the crucible is 0.7 cm. In the experiments using lance B, the raw
material weight was 1.5 kg and the slag depth was 4.8 cm. Several slag samples are
taken during the experiment with a steel rod at different temperatures or times. After
cooling, the crucible is cut. Slag and metal are separated, weighted and subse-
quently analyzed by SEM and EPMA.

Table 2 summarises experimental conditions. For each experiment scheme, a
blank test without gas injection was operated for the purpose of comparison.

The samples were mounted in a mould by Epoxy resin, ground and polished
carefully. Polished samples were coated with carbon film to enhance conductivity
during SEM/EDS and EPMA observation. SEM images were recorded by
field-emission scanning electron microscopy (FESEM, Zeiss Ultra 55 LE,
Oberkochen, Germany) operated at 15 kV. The chemical composition of the slags
was analyzed by an energy-dispersive X-ray spectrometer (EDS) mapping or point
analysis. The chemical compositions of the slags were also analyzed by an electron
probe X-Ray micro analyzer (EPMA), (JEOL JXA-8500F, Tokyo, Japan). In the
microprobe the sample is bombarded with a finely focused electron beam. The
emitted x-rays are analyzed quantitatively using Wavelength dispersive spec-
troscopy (WDS).

The carbon contents in the reduced metals were analyzed by combustion-IR
(LECO CS-200, St. Joseph, USA). Other metal elementals contents in the reduced
metals were analyzed by an X-ray fluorescence (XRF) spectrometer (SPECTRO
XEPOS, Kleve, Germany).

Results and Discussions

Methane as Reductant

In Table 2, compared to experiment Scheme A, scheme B applied more slag to
increase slag depth, lower gas flow rate to increase CH4 residence time in the slag, a
new design (Lance B) with more and lower gas outlet holes was used. All these
measures were done to increase CH4/slag contact rate.

Table 2 Experimental conditions

Condition Exp
#

Temperature
°C

Dwell
time min

Slag
weight g

CH4 flow
rate L/min

Lance

Experiment
scheme A

with CH4 1 1600 60 1000 3 A

blank 2 1600 60 1000 – –

with CH4 3 1700 60 1000 3 A

blank 4 1700 60 1000 – –

Experiment
scheme B

with CH4 5 1600 180 1500 1.5 B

blank 6 1600 180 1500 – –
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The final slag compositions of various experiments were analysed by EPMA and
summarized in Table 3. Although the MnO contents were slightly reduced, the
MnO content are much higher than the equilibrium content of less than 5%MnO at
1600 and 1700 °C, indicating that the reduction rates were slow in these
experiments.

The metal yield (shown in Table 4) and the slag composition with Lance A gave
very little reduction with methane. Most of the reduction was attributed to the
graphite crucible. One possible reason is that part of CH4 was leaking from the
surface of the graphite tube. Flames was observed on the surface of lance. The main
reason is however that the CH4 residence time in the slag was too short. Most of
CH4 escaped from the slag and burned subsequently on the surface of the slag.

Based on the first series of experiments measurements were carried out to
increase CH4 residence time in the slag, such as increasing slag depth by using
more raw material (1.5 kg), lower gas flow rate (1.5 L/min) and modification of the
gas lance. In the experiment using Scheme B, the introduction of CH4 gave twice
the metal yield (96.7 g) compared to the blank tests (45.3 g). The total extent of the
reduction was still quite low.

Figure 2a, b present the MnO and SiO2 contents during the reduction in the
experiment using Scheme B, respectively. The MnO content increased with
temperature, from 1200 to 1600 °C, due to the reduction of FeO at these low
temperatures. At maximum temperature, the MnO content dropped faster in the test

Table 3 Measured slag composition after each experiment by EPMA

Exp # Composition, wt%

MnO SiO2 CaO MgO Al2O3 FeO Total

1 A 37.0 34.5 9.3 3.9 13.5 0.4 98.6

2 no CH4 37.8 33.4 9.5 3.9 14.2 0.8 99.7

3 A 35.8 35.2 9.7 4.0 13.9 0.2 98.9

4 no CH4 37.0 33.4 9.8 4.0 14.7 0.3 98.6

5 B 34.6 35.8 10.1 4.2 14.1 0.1 98.9

6 no CH4 37.1 34.7 9.7 3.9 13.3 0.5 99.2

Table 4 Total measured metal composition for each experiment by XRF

Exp # Metal yield g Composition, wt%

Mn Si Fe C Total

1 A 30.0 15.2 0.2 78.4 5.2 99.0

2 no CH4 27.1 6.7 0.2 86.2 5.7 98.8

3 A 51.9 24.8 0.8 67.6 6.2 99.3

4 no CH4 44.7 21.3 0.7 71.4 5.8 99.2

5 B 96.7 31.9 1.0 60.2 6.0 99.1

6 no CH4 45.3 12.7 0.5 80.4 5.6 99.2
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with CH4 injection than the blank test, indicating a faster reduction rate. The SiO2

content shows a rising trend due to the reduction of MnO and FeO reduction. Due
to the faster reduction of MnO, the SiO2 will increase faster using CH4.

The measured metal yield and metal composition by XRF was summarized in
Table 4. It is noted that the introduction of methane into the slag did improved the
Mn and Si content in the produced alloys. However, Mn and Si content is not even
close to the standard of commercial SiMn alloys or the thermodynamic equilibrium
composition. Both Mn and Si contents were much lower than the equilibrium
values.

Carbon Black as Reductant

Although CH4 reaction with slag increased in the experiment using Scheme B,
about 88.8% of CH4 was still wasted, based on the calculation of theoretical metal
yield, which should be 460 g. Short residence of CH4 gas in the slag is believed to
be responsible for such low utilization of CH4.

An alternative approach suggested in this study is based on the use of natural gas
as a source of carbon black and hydrogen for production of SiMn alloys. The
carbon black will be produced by decomposition of methane:

CH4ðgÞ ¼ Cþ 2H2ðgÞ ð3Þ

This process provides a high purity carbon black and improves the economy of
hydrogen production from natural gas. Hydrogen produced in this procedure will be
used in the pre-reduction of high manganese oxides at temperature below 700 °C,
which is much lower than in the CO reduction atmosphere [12].

One preliminary experiment was run to study the reduction rate by carbon black.
1000 g of synthetic slag mixed with 225 g of carbon black (particle size approxi-
mately 1 μm), heated to 1600 °C for 60 min in the induction furnace. A comparison
test was also run using 225 g of coke lumps (size range 1.5 * 3 cm).

Fig. 2 MnO (a) and SiO2 (b) contents changes during the reduction in experiment scheme B.
Planned temperature profile is shown
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The mass balance of the two experiments are presented in Table 5. The metal
yield from the reduction experiment with carbon black was significantly higher than
the one with coke, indicated a much higher reduction activity of carbon black. At
the end of reduction, 137 g of unreacted powder was collected from top layer of
crucible. It was consisted with molten slag droplets, unmelted slag, as well as
unreacted carbon black.

The slag and metal compositions for the two experiments are summarized in
Table 6. The MnO content in the final slag was 2.8 wt%, which is close to, and
within the uncertainty of the experiments, to the equilibrium value (4.3 wt%). The
produced metal was a typical commercial SiMn alloy.

Conclusions

It was confirmed that injection of CH4 gas into melted slag improved the reduction
of MnO and SiO2 in SiMn slag. However, the metal yield was far from the theo-
retical value due to a relative low residence time of CH4 in the slag and thus a low
reaction rate. Most of CH4 passed the slag and burned subsequently on the surface
of slag, before it reacted with the slag or converted to carbon black. Alternative
approach was to use of carbon black as reductant, which was produced by CH4

decomposition. The preliminary experiment results showed a high reduction rate by
using carbon black.

Acknowledgements This research is supported under the Norwegian Research Council (project
No. 224950).

Table 5 Weight balance for experiment 7 and 8

Exp # Carbon source Slag in g Slag out g Metal out g Unreacted powder g

7 Carbon black 1000 289.1 222.1 137.0

8 Coke lumps 1000 881.0 25.0 –

Table 6 Total measured slag and metal compositions for experiment 7 and 8

Exp # Slag compo-
sition, wt%

Metal composition, wt%

MnO SiO2 Mn Si Fe C Total

7 2.5 35.4 66.5 16.5 13.6 2.2 98.8

8 34.8 35.7 28.4 0.5 65.6 5.1 99.6
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Effect of Flux Ratio on the Products
of Self Propagating High Temperature
Synthesis-Casting in the WO3–Si–Al
System

S. Niyomwas and T. Chanadee

Abstract The influence of flux CaO2–Al ratio on the Self propagating high tem-
perature synthesis (SHS)-casting reaction products in WO3–Si–Al system has been
investigated in this study. Incorporation of CaO2–Al amounting to 1–5 wt% of total
charge has been found to be adequate to form WSi2 intermetallic with a maximum
hard-W5Si3 secondary phase. The micro-hardness of tungsten silicides intermetallic
product increased significantly with CaO2–Al ratio. The as-SHS-casting products
were characterized by X-ray diffraction (XRD) and scanning electron microscope
(SEM) with energy dispersive x-ray (EDX) technique.

Keywords Self propagating high temperature synthesis-casting � Phase separation �
Tungsten silicide � Flux

Introduction

Tungsten silicides are well known as a good high temperature structural materials
due to their high melting temperature (2700 ± 4 °C), excellent creep resistance,
good strength, excellent oxidation resistance at elevated temperatures and it also
adherent SiO2 scale at high temperatures [1, 2]. However, tungsten silicides also
have a potential as coating materials for low-resistance contacts, gate electrodes and
interconnections in microelectronic and semiconductor devices because of the high
conductivity and thermal stability of its tetragonal phase [3–5].

Conventionally, tungsten silicides have been processed by various methods,
including mechanical alloying (MA), direct heating of mixtures of stoichiometric
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amounts of pureW and Si elements in vacuum or inert atmosphere to above 1700 °C.
However, these methods are costly and have limitations on purity of the product
[6–8].

Elaboration of new cost effective methods or simplification of existing ones
seems to be of current importance in so-called “Self propagating high temperature
synthesis (SHS)”. SHS is potentially an energy-efficient process to produce in-situ
refractory ceramics, ceramic composites, and intermetallic compounds. Recently, a
new approach to the “SHS-casting” of bulk ceramic materials has been reported. In
this approach, exothermic reactions are utilized to achieve high temperatures well
above the melting points of reaction products [9, 10].

In this communication, we report on the effects of flux CaO2–Al content on the
SHS reaction products of WO3–Si–Al system, including phase compositions,
morphology and mechanical properties.

Experimental

Powder of WO3 (Fluka Analytical, purity mass 99.9%) and Si lump
(Sigma-Aldrich, purity mass 98.5%) have been used as starting materials for oxides.
Powder of CaO2 (Sigma-Aldrich, purity mass 75%) has been used as cum slag
fluidizer as well as supply of additional reaction heat to the system. Fine powder of
Al (HiMedia laboratories, purity mass 93%) has been used as a reducing agent.
These powders were weighted to produce a composition to cause the chemical
reaction (1).

x1ðWO3ðsÞ þ SiðsÞ þAlðsÞÞ þ x2 CaO2 þAlð ÞðsÞ
! x3 WSi2 þW5Si3ð ÞðsÞ þ x4 Al2O3ð Þ þ x5 CaOþAl2O3ð ÞðsÞ ð1Þ

The precursor powders have been homogeneously mixed and dry-blended
thoroughly in the desired ratio for 60 min in a ball-mixing mill with ZrO2 spheres at
room temperature. Then, the powder mixture was uniaxially pressed without binder,
using Herzog, TP20P with green density in the range of 50–60% of the theoretical
value into cylindrical pellets compact with the diameter of 25.4 mm. The compacts
were inserted in a 26 mm inner diameter silica sand tube (97% SiO2) and placed on
a 3-layer graphite plate with 15 mm diameter hole at the center. Then, the compact
and graphite plate was transferred into a SHS reactor. The reaction chamber was
evacuated with a vacuum pressure of 70 mmHg for 5 min and filled with argon gas
up to 0.3 MPa. This operation was repeated at least twice in order to ensure an inert
environment during the reaction revolution. The compact was ignited at one end by
tungsten filament. The details of experimental setup and the reaction phenomena
were given in Fig. 3. After the reaction, a distinctly separated intermetallic bottom
is then recovered by mechanical breaking the top slag layer.
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The metallographic sample of tungsten silicides intermetallic was prepared using
standard mechanical polishing procedures. The microstructure was investigated
using a scanning electron microscope, SEM (JSM-5800LV, JEOL, Japan) with an
energy dispersive x-ray spectrometer, EDX (ISIS 300, Oxford, England). Phase
compositions were indentified by X-ray diffraction, XRD (PHILIPS, X’ Pert MPD,
Cu Kα, Netherlands). The density was measured according to the Archimedes’
principle. The micro-hardness values were measured under a 4.9 N load by a
Vickers hardness tester (High Wood, HWDM-3, Japan).

Results and Discussion

Thermodynamic Investigation

The equilibrium compositions of the WO3–Si–Al system with varied CaO2–Al
ratios at different temperatures were calculated using “HSC chemistry®” computer
software based on Gibbs free energy minimization method [10] and the results are
shown in Fig. 1. The formation of WSi2 and W5Si3 intermetallic was initiated at
above 1500 and 2000 °C, respectively with a decrease in the amount of reactants.

A prerequisite for SHS casting materials is that the attained combustion tem-
perature (Tc) must be higher than the melting point (Tm) of combustion products: Tc

> Tm. In the presence of unavoidable heat loss, the real combustion temperature is
not enough to complete melt formation, and it has a short melted life time.
Thermodynamic analysis of many systems has shown that, in order to elevate Tc, an
some amount of CaO2–Al mixture is added to react to provide the supply of
additional reaction heat to the system. As follows from Fig. 2, the addition of
CaO2–Al mixture gives a marked increase in adiabatic temperature (Tad) [11]. The
calculated adiabatic temperatures were much higher than melting points of the
products and so the produced the intermetallics and oxides formed a superheated
liquid.
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SHS-Product Characteristics

Because the reaction temperature was extremely high, the oxide reactant compact
was melted, cast and subsequently solidified and cooled at the silica sand tube wall
or inside a graphite substrate cavity where the whole synthesis process lasts only
seconds. The products were separated to two immiscible layers: heavy intermetallic
compound at the bottom and light oxide ceramic slag on the top which was con-
trolled by buoyancy force and the different density of the products [12], as shown
cross-section schematic mechanism in Fig. 3a.

It is found that the use of the silica sand tube helped the phase separation of the
oxide and intermetallic product. Figure 3b shows the presence of three approximate
layers after cooling down process: a Al2O3 deposited on silica sand surface (layer 1),
calcium aluminates in the middle zone (layer 2), and an intermetallic at the bottom
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(layer 3). The nucleation on layer (1) is due to the formation of solid solution
between silica sand and Al2O3 (SiO2–Al2O3) which was shown that this phe-
nomenon is controlled by surface tension and wet ability as well as enthalpy of
formation (ΔHf°= −108.74 kJ/mol). While, liquid calcium aluminate on top of the
intermetallic is solidified in the cooling process at the same time. Since the thermal
expansion coefficients of CaO–Al2O3 compounds (20 × 10−7 °C−1) [13] are much
smaller than that of tungsten silicides intermetallic (9.3 × 10−6 °C−1) [14], thermal
stresses at the interface between calcium aluminates and tungsten silicides inter-
metallic were so large that it did not bind together.

Polished sections (Fig. 4a–f) showed the following microstructural constituents:
dark-gray matrix, precipitates of a white-gray phase, and pores. With no CaO2–Al,
the microstructure consisted of overlapping narrow-layer grains with many pores
(Fig. 4a). A significant change in microstructure is observed with increase in the
amount of CaO2–Al in the precursor mixture. Figure 4b–d shows a white-gray
cellular precipitates embed into the dark-gray matrix while, cross-link grain
microstructure of white-gray precipitates with higher CaO2–Al content is domi-
nantly formed as shown in Fig. 4e–f.

In order to determine the chemical composition of SHS-cast product, locally
resolved EDX microanalysis was applied during scanning SEM investigations.
The EDX spectrum in Fig. 5a shows this SHS-cast product contains both tungsten
(W) and silicon (Si) as alloying elements. In addition, we see that the tungsten and
silicon are in the same area of the two-phase region present in Fig. 5b represented
by dark-gray matrix (α) and the white-gray precipitates (β). The EDX quantitative
analyses for α and β in Figure 5b show that the approximate alloy contents at each
region contains 79.88% W-20.12% Si corresponds to WSi2 and 85.82% W-14.18%
Si coresponds to W5Si3, respectively.

Fig. 4 Microstructure and local composition of SHS-tungsten silicides intermetallic products at
various CaO2–Al ratio: a without CaO2–Al b 1 wt%, c 2 wt%, d 3 wt%, e 4 wt% and f 5 wt%
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Figure 6 and Table 1 show the evolution of XRD patterns of tungsten silicides
intermetallic product as a function of CaO2–Al ratio. According to the XRD results,
without the addition of CaO2–Al, products only appear as WSi2 intermetallic phase.
When CaO2–Al ratio increase, the major phase is WSi2 and W5Si3 is the secondary
phase. It is believed that the introduction of CaO2–Al mainly contributed to the
formation of WSi2 + W5Si3 intermetallic. Because of a reaction temperature much
above the W-Si eutectic temperature (*2284 °C) by which, on cooling, a liquid
transforms into WSi2 + W5Si3 solid phases at the same time.

Fig. 5 SEM micrographs and EDX data for the SHS-tungsten silicides intermetallic ingot surface.
a EDX spectrum and elemental mapping from the entire area of Fig. 4b and d SEM micrograph
magnifying from the entire area of Fig. 4f

Fig. 6 XRD pattern of
SHS-tungsten silicides
intermetallic products at
various CaO2–Al ratio:
a without CaO2–Al b 1 wt%,
c 2 wt%, d 3 wt%, e 4 wt%
and f 5 wt%

Table 1 Semi-quantitative
analysis of SHS-tungsten
silicides intermetallic
products related hardness
treated with different CaO2–

Al ratio

CaO2–Al ratio
(wt%)

Phase
composition (%)

Micro-hardness (HV)

WSi2 W5Si3
0 100 – 795.1

1 99.72 0.28 900.4

2 98.4 1.6 906.3

3 92 8 924.3

4 87.86 12.14 955.2

5 82.54 17.46 989.9

370 S. Niyomwas and T. Chanadee



Table 1 includes the hardness variation for the tungsten silicides intermetallic
produced at different ratios of CaO2–Al. The Vickers micro-hardness of the pre-
pared tungsten silicides intermetallic specimens is tested with 4.9 N load. The
hardness of the tungsten silicides intermetallic prepared without CaO2–Al addition
is about 795.1 HV. However, it increases with the increasing of CaO2–Al ratio from
1–5 wt%. These results indicated that the micro-hardness increases as the W5Si3
content increases. Therefore, it can be said that microstructures are affected by the
use of the CaO2–Al additive. The density of SHS-tungsten silicides intermetallic
products are 5.7 g/cm3 with no CaO2–Al and about 8.5 g/cm3 with 1 wt% and
up. From the aforementioned results, there must be a significant effect of the
addition of CaO2–Al on the microstructure.

Typical XRD patterns of the ceramic slag are shown in Fig. 7. Major intensity
peaks of SiO2 with Al2O3 and amorphous CaO�6Al2O3 appears in layer (1) and
layer (2), respectively.

Conclusions

A study on the influence of CaO2–Al content on phase separation phenomena,
microstructural development, phase composition and hardness of tungsten silicides
intermetallic reveals the following. (1) The extent of phase separation depended on
adiabatic temperature as well as reaction temperature. (2) The incorporation of
CaO2–Al additive was helpful to increase the melted life time and complete phase
separation. (3) The phase compositions of the WO3–Si–Al precursor system with
1–5% wt of CaO2–Al included a major WSi2 intermetallic with hard W5Si3 sec-
ondary phase. (4) Application of CaO2–Al resulted in a SHS-cast tungsten silicides
intermetallic product having improved micro-hardness.

Fig. 7 XRD pattern of
ceramic slag at different
region a silica sand tube
surface and b top of
intermetallic ingot
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Synthesis of Chrysin Based Cationic
Lipids: Plasmid Delivery and Transgene
Expression

Bhavani Kedika, Venkatagiri Noole, Krishna Thotla
and Krishna Reddy Chepyala

Abstract Cationic lipids are attractive candidates for transgene delivery and
expression and are safer alternatives to viral delivery vehicles. Here, we report the
design, synthesis, characterization and transgene expression efficacies of a series of
chrysin derived cationic lipids. A series of ten lipids of chrysin was synthesized by
treating the 7-hydroxy group with dibromoalkane and further substitution of the
bromo derivative with alkyl amines. The synthesized lipids were characterized
spectroscopically. Parallel screening of the synthesized lipids for in vitro plasmid
delivery expressing luciferase led to identification of several leads that demon-
strated higher transgene expression when compared to the standard. Transgene
expression efficacy was dependent on the chain length of the lipid. The influence of
the various physicochemical properties on transgene expression efficacies was
investigated. This study indicates that lipids derived from chrysin results in high
levels of transgene expression and may be attractive for gene therapy applications.

Keywords Chrysin � Plasmid � Transgene expression � Lipids � Gene therapy

Introduction

Gene therapy mediated by the delivery of genetic materials into target cells to treat
various human diseases like cancer, infectious diseases and immunodeficiency is a
promising clinical modality [1–6]. Many challenges associated with the delivery of
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genes include enzymatic instability, low cellular uptake and inability to escape from
the endosomes. Hence, development of efficient vehicles to deliver genes into target
cells is very important. Major types of gene delivery vectors include viral and
non-viral vectors. Among the non-viral vectors many properties associated with
cationic lipids such as their handy synthesis, low immune response and good safety
made them deeply investigated. Cationic lipids interact with negatively charged
DNA through electrostatic interaction and condense it into lipid/DNA aggregates
which are called lipoplexes. The positive charges on the lipoplexes interact with
negatively-charged cell membrane residues. There are a variety of cationic lipids
developed [7–12], but there is still space for the development of efficient and safe
delivery vectors.

Chrysin (5,7-dihydroxyflavone or 5,7-dihydroxy-2-phenyl-4Hchromen-4-one)
belongs to the flavone class of the ubiquitous 15-carbon skeleton natural polyphe-
nolic compounds collectively called flavonoids. Chrysin found in several plants,
mushroom and honeycomb is extensively studied flavone. It is known to have broad
spectrum of biological activities including anticancer, anti-inflammatory, antioxi-
dant, antibacterial, anti-diabetic and anti-HIV [13]. But low solubility and relatively
poor absorption in the intestine are the main drawbacks that limit its potential
applications. To improve the bioavailability and efficacy of chrysin many efforts had
been made by researchers on designing its analogs and conjugates. Several articles
and reviews on biological activity of synthetic derivatives of chrysin have been
reported earlier [14–16]. To our knowledge chrysin based cationic lipids had never
been reported, hence in this study we designed and synthesized a series of ten
chrysin based cationic lipids which differ in the chain length and studied their in vitro
transfection studies in multiple cultured animal cell lines. It is demonstrated that
some of these chrysin based lipids exhibit higher transfection efficiency and low
cytotoxicities (Fig. 1).

Experimental

Synthesis

Synthetic routes for preparing cationic lipids 1–10 are shown schematically
in Scheme 1. Details of the synthetic procedures, purifications and spectral

Fig. 1 Schematic Representation of in vitro transgene expression

374 B. Kedika et al.



characterizations of the lipid 2 as well as its synthetic intermediates shown in
Scheme 1 is described below. For the remaining lipids the similar procedure is
followed.

Synthesis of Lipid 2: (Scheme 1)

(a) Synthesis of 7-(4-bromobutoxy)-5-hydroxy-2-phenyl-4H-chromen-4-one (I):
The synthesis of 7-(4-bromobutoxy)-5-hydroxy-2-phenyl-4H-chromen-4-one is
carried out according to the reported procedure [17]. Briefly in a flask equipped
with N2 atmosphere and charged with 100 mL of acetone, added 29 mmol of
Chrysin and 1 eq. of 1,4-dibromobutane in the presence of 1.05 eq. of potas-
siumcarbonate. The reaction mixture was refluxed for 24 h until no starting
material left as monitored by Thin Layer Chromatography. After the reaction
completion, the reaction mixture was concentrated, cooled at room temperature
and diluted with ethyl acetate (100 mL) and washed with water (2 × 75 mL).
The organic phase was separated and treated with Magnesium Sulphate and
then concentrated under vacuum to furnish a yellowish white colored com-
pound Yield: 83%.
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Scheme 1 Schematic representation of synthesis of lipids 1–10
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Synthesis of N, N-di-n-dihexadecyl amine:
In a 100 ml round bottomed flask equipped with N2 atmosphere and charged
with 25 mL of acetone, added 5 mmol of hexadecylamine and 1 eq. of hex-
adecylbromide in the presence of 1.05 eq. of potassiumcarbonate. The reaction
mixture was stirred at room temperature for 24 h until no starting material left
as monitored by TLC. After the reaction completion, the reaction mixture was
concentrated, cooled at room temperature and diluted with ethyl acetate
(100 mL) and washed with water (2 × 75 mL). The organic phase was sepa-
rated and treated with Magnesium Sulphate and then concentrated under vac-
uum to furnish a white colored solid.

(b) Synthesis of 5-hydroxy-2-phenyl-7-(4-(N,N-di-n-hexadecylamino)butoxy)-
4H-chromen-4-ones:
In a flask charged with 50 mL of Acetonitrile was added 2.5 mmol of com-
pound (I) and appropriate N, N-di-n-dihexadecyl amine (1.5 eq.) and the
reaction mixture was refluxed for 10–38 h until the complete consumption of
starting material as detected by TLC. After the completion of the reaction, the
reaction mixture was treated with ice and the resulting solid was filtered and
washed with water (2 × 25 mL). The residue was purified with a silica gel
column chromatography and was eluted with dichloromethane: methanol (40:1)
to afford corresponding product.

(c) Synthesis of 5-hydroxy-2-phenyl-7-(4-(N,N-di-n-hexadecylammonium chlo-
ride) butoxy)-4H-chromen-4-ones:
In a 25 mL round bottomed flask, excess methyl iodide is added to intermediate
tertiary amine 5 mmol prepared in step (b). The reaction mixture was stirred at
room temperature for 12 h. The solvent from the reaction mixture was evap-
orated and dried. The residue upon column chromatographic purification using
60–120 mesh size silica gel, and 2% methanol in chloroform as eluent followed
by chloride ion exchange (using Amberlyst A-26 with chloroform as eluent)
afforded the pure title lipid 2 as a yellowish white solid.

Hydrodynamic Diameter and Zeta Potential of Lipids

The sizes and the surface charges (zeta potentials) of liposomes were measured by
photon correlation spectroscopy and electrophoretic mobility on a Zeta sizer
3000HSA (Malvern, U.K.). The sizes were measured in Dulbecco’s modified
Eagle’s medium (DMEM) with a sample refractive index of 1.59 and a viscosity of
0.89 cP. The zeta potential was measured using the following parameters: viscosity,
0.89 cP; dielectric constant, 79; temperature, 25 °C; F(Ka), 1.50 (Smoluchowski);
maximum voltage of the current, V. Measurements were done 10 times with the
zero-field correction. The potentials were calculated by using the Smoluchowski
approximation.
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Transfection Biology

Cells were seeded at a density of 15,000 cells for CHO (Chinese hamster ovary) and
A-549 (Human lung carcinoma cells) per well in a 96-well plate 18–24 h before the
transfection. 0.3 µg (0.91 nmol) of plasmid DNA was complexed with varying
amounts of lipids in plain DMEM medium (total volume made upto 100 µL) for
30 min. The charge ratios were varied from 1:1 to 8:1 over these ranges of the
lipids. Just prior to transfection, cells plated in the 96-well plate were washed with
PBS (2 × 100 µL) followed by the addition of lipoplexes. After 4 h of incubation,
100 µL of DMEM with 20% FBS was added to the cells. The medium was changed
to 10% complete medium after 24 h and the reporter gene activity was estimated
after 48 h. The cells were lysed and the β-galactosidase activity per well was
estimated by adding 50 µL of 2X-substrate solution [1.33 mg/mL of ONPG, 0.2 M
sodium phosphate (pH 7.3) and 2 mM magnesium chloride] to the lysate in a
96-well plate. Absorbance of the product ortho-nitrophenol at 405 nm was con-
verted to β-galactosidase units by using a calibration curve constructed using pure
commercial β-galactosidase enzyme.

Toxicity Assay

Cytotoxicity of lipids 1–10 were assessed by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction assay as described earlier. The
cytotoxicity assay was performed in 96-well plates by maintaining the same ratio of
number of cells to amount of cationic lipid, as used in the transfection experiments.
MTT was added 24 h after the addition of cationic lipids to the cells followed by
3 h of incubation. Results were expressed as percentage viability = [A540 (treated
cells) − background/A540 (untreated cells) − background] × 100.

Discussion

Chemistry

The details of the synthetic procedures for generally for all the lipids shown in
Scheme 1are described for lipid 2 in the experimental section. Cationic lipids were
synthesized by the bromination of the 7-hydroxy group of chrysin with dibromo
compounds available commercially which upon further reaction with N,
N-di-n-alkyl amines yielded the intermediate tertiary amines. The resulting tertiary
amine intermediates upon quaternization with excess methyl iodide followed by
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chloride ion exchange over Amberlyst-26 yielded lipids 1–10. Structures of all the
synthetic intermediates and final lipids shown in Scheme 1 are confirmed by 1H
NMR and molecular ion peaks in their ESI mass spectra. The purity of the final
lipids was confirmed by elemental (C, H, N and S) analysis.

Nanosizes and Global Surface Charges of the Lipoplexes

The nanosizes and the global surface charges of the liposomes were measured in
order to characterize the present lipids physicochemically. The experiment is car-
ried out on liposomes of lipids 1–10 and cholesterol as colipid using a dynamic
laser light scattering instrument equipped with ξ-sizing capacity. These measure-
ments were made in the presence of Dulbecco’s modified Eagle’s medium
(DMEM). The results reveal that in general the sizes of liposomes were in the range
from 100–300 nm (Table 1). The global surface potentials of liposomes made from
representative cationic lipids 1–10 using cholesterol as co-lipid were found to be
positive in presence of DMEM (Table 1).

In Vitro Transfection Studies

The relative in vitro gene delivery efficacies of lipids 1–10 in CHO and A-549 cells
across the lipid:DNA charge ratios of 8:1 to 1:1 using cholesterol as co-lipid are
summarized in Figs. 2 and 3. pCMV-SPORT-β-gal plasmid DNA was used as the
reporter gene. The transfection efficiencies of the lipids 1–10 were compared with
that of the commercial formulation, Lipofectamine-2000. The transfection results

Table 1 Hydrodynamic
diameter (nm) and Zeta
Potentials (mV) of lipids
1–10. Sizes (average
hydrodynamic diameter) were
measured by laser light
scattering technique using
Zetasizer nanoseries 500
(Malvan Instruments, UK)

Lipid Hydrodynamic diameter (nm) Zeta potential (mV)

1 129.2 ± 2.2 33.7 ± 1.0

2 149.6 ± 21.1 12.8 ± 2.1

3 205.1 ± 10.6 10.1 ± 2.5

4 119.4.3 ± 09 19.3 ± 10.3

5 279.0 ± 11.6 6.9 ± 3.2

6 135.6 ± 21.0 11.5 ± 3.5

7 309.0 ± 2.0 5.4 ± 2.8

8 324.1 ± 7.1 8.5 ± 1.8

9 265.8 ± 15.0 6.7 ± 3.3

10 125 ± 4.9 12.8 ± 5.5
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reveals that in the case of presently studied lipids 1–10, lipids with smaller
hydrophobic group are in general proved to be more efficient when compared to
lipids with longer hydrophobic group. This difference in transfection profiles of
lipoplexes prepared from varying chain lengths has been reported earlier [18, 19].
The highest transfection efficiencies of all the transfection efficient lipids were
found to be at lipid:DNA charge ratios of 8:1 and 4:1. The spacer length between
7-O position of chrysin and the quaternary ammonium group was also found to
influence the transfection results. Taken together, the transfection profiles for the
presently described chrysin based cationic amphiphiles summarized in Figs. 2 and 3
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Fig. 2 In vitro gene delivery efficiencies of lipids 1–10 in CHO cells. Units of β-galactosidase
activity were plotted against the varying lipid:DNA charge ratios (8:1-1:1). The transfection
efficiencies of the lipids were compared to that of commercial formulation. All the lipids were
tested on the same day, and the data presented are the average of three experiments performed on
three different days
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convincingly demonstrate that these new lipids may lead to developments of effi-
cient delivery agents in the field of non-viral gene delivery.

Toxicity Studies

MTT-based cell viabilities of lipids 1–10 were evaluated in CHO cell lines across
the entire range of lipid:DNA charge ratios used in the actual transfection experi-
ments. Cell viabilities of all the lipids 1–10 were found to be remarkably high (more
than 85%) particularly up to the lipid:DNA charge ratios of 4:1 (Fig. 4). Thus, the
lipids 1–10 which are chrysin based were found to be nontoxic and the contrasting
in vitro gene transfer efficacies of lipids (Figs. 2 and 3) are unlikely to originate
from varying cell cytotoxicities of the lipids.

Conclusions

The findings described provide the first experimental evidence of chrysin head
group based cationic lipids in liposomal gene delivery. Cationic amphiphiles
containing the same head group functionality but differ only in the chain length are
designed and synthesized. In vitro findings delineated that lipids with longer chain
lengths showed better transfection than lipids with shorter chain lengths in multiple
cultured mammalian cells. Structural investigation studies of these lipids clearly
demonstrate the differences in transfection profiles.
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Corrosion Mechanism of Haynes 230 Alloy
with Ni Crucible in MgCl2–KCl

Yuxiang Peng and Ramana G. Reddy

Abstract The long-term corrosion behavior of Haynes 230 (H230) alloy in
MgCl2–KCl eutectic salt was evaluated at 1273 K for 500 h in Ni crucible in argon
gas. The results showed H230 alloy has good corrosion resistance. In addition,
corrosion was noted to occur by depletion of Cr, which was deposited on the Ni
crucible. Based on the calculation of Gibbs energy of Ni-Cr alloy and exchange
current density of Cr in MgCl2–KCl, the Tafel model was constructed to investigate
the corrosion potential and rate. The galvanic corrosion can be explained as the
predicted results were in agreement with the experimental data.

Keywords Haynes 230 alloy � Mgcl2–KCl � Corrosion � Ni–Cr alloy � Tafel

Introduction

As solar energy is emphasized as one of the promising energy sources to satisfy the
large requirement in both industry and daily life [1], molten salts have been pro-
posed as a material for solar thermal energy storage to increase the energy con-
version efficiency [2]. At low temperature, nitrate salt presents very good thermal
properties: good heat capacity, low melting point and light weight property [3–9].
However, this salt can only be served at low temperature [10]. And for the salts
serving at high temperature, carbonate salts have a high vapor pressure [11] and
fluoride salts are very corrosive to the structural alloys [12]. Chloride salt seems to
be a possible candidate for a heat transferring fluid not only because it has com-
parable thermal properties to other salts, but also it is less corrosive [12]. In
addition, the cost of chloride salt is much cheaper especially for the MgCl2–KCl salt
[12]. Thus, using MgCl2–KCl salt will be more economical in the solar power
application.
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In fact, MgCl2–KCl served as the first heat transferring fluid in the nuclear
industry [13]. However, the widespread applicability of MgCl2–KCl is still limited
mainly because of its corrosive property. Ni proved to be stable in molten chloride
salt while Cr and Mn are dissolute into the salt in a large amount [14–16]. However,
a material designed for containing the chloride molten salt was alloyed with at least
6 atom % of Cr to minimize the corrosion damage in the air at high temperature
[17]. Thus, many studies focus on the corrosion rate of different Ni–Cr alloys to
rank their corrosion resistance in molten chloride salt. It is reasonable to rank the
corrosion rate of alloys in the same condition, but by ignoring the effect of the
crucible, the real corrosion rate is not obtained. Containers used in the static cor-
rosion experiments are made by quartz, nickel, or alumina as they are very stable in
the molten chloride salt [12, 18]. However, Cr will be dissolved into the fluoride
salts and then reacted with the crucible. For the corrosion of Incoloy-800H alloy in
LiF–NaF–KF (FLiNaK), Olson [19] found that Cr-rich film was formed on the
graphite crucible and that film was identified as a Cr7C3 compound. Meanwhile,
Qiu [20] found Cr-rich film was not only obtained in the graphite crucible, but also
in the nickel crucible. In fact, containers may accelerate the corrosion rate of alloys
in the chloride salt [21]. Comparing with stainless steel 316 and Al2O3 crucibles, a
quartz crucible resulted in the largest weight loss of alloys in MgCl2–KCl molten
salt [12]. Ozeryanaya [21] indicated the corrosion of alloys within crucible might be
an electrochemical process. However, more information is needed to understand the
corrosion process. The driving force and effect on the potential and corrosion rate
are still under debate. Thus, the corrosion mechanism between alloys and crucible is
necessary to fully understand the corrosion behavior in the molten chloride salt.

As H230 presents an excellent structural property [22], the present experiment
was performed to evaluate the corrosion behavior of H230 in MgCl2–KCl molten
salt with a Ni crucible at 1273 K. The purpose is to investigate the corrosion rate
and corrosion mechanism of H230 in this chloride molten salt. Thus, a galvanic
corrosion model was constructed based on the calculation of Gibbs energy of Ni–Cr
alloy and exchange current density of Cr in MgCl2–KCl molten salt. Moreover, the
result shows the theoretical calculation is comparable to the experimental data.

Experimental Procedure

MgCl2–KCl was chosen in this research not only because it presents excellent
thermal properties, but also it is less corrosive to the alloy [12]. MgCl2–KCl salt
used in this experiment is of extremely high purity and it was kept in the glove box
to isolate water and oxygen in the air. The effect of a trace amount of impurities in
MgCl2–KCl is ignored as MgCl2–KCl is more corrosive to the H230 alloy. In
addition, galvanic corrosion between crucible and alloy may also be very signifi-
cant. Table 1 lists the composition of the H230 alloy tested in this research. H230
alloy was selected for this research based on its structural properties and its history
in serving at high temperatures [19]. Corrosion experiments were performed in a Ni
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crucible because the purpose is to investigate the effect of a Ni crucible on the
corrosion behavior, even Ni was proved to be very stable in chloride salt [15].

H230 samples were ground with SiC grinding paper and finally polished to the
mirror-finished surface with W0.5 Diamond Polishing Lapping Grind Paste to
ensure the exact weight change and corrosion rate in the chloride salt. The
dimensions and weight of samples were carefully measured after polishing.
According to the method used by Tao [23], samples were tied with Ni wire and
positioned at the bottom of the crucible. The other end of the Ni wire was
spot-welded to the inner surface of Ni-crucible to facilitate the loading of salt
powder and ensure all surfaces contacting with MgCl2–KCl salt. The process of
loading salts was performed inside a glove box with pure Argon gas to isolate the
effect of air. Ni crucible was inserted into the Al2O3 tube and the tube was trans-
ferred to the furnace after well sealing. The furnace was pumped to ultra-vacuum
and purged with Argon gas twice. The temperature was heated to 1273 K and a
small positive pressure was carefully maintained inside the chamber to prevent air
from going inside the tube. After 500 h of exposure, the furnace temperature was
lowered to room temperature. H230 samples were taken out of the crucible by
crumbling the salt to the piece. The retrieved H230 samples were cleaned with DI
water three times. Moreover, dimensions and weight were measured again to
evaluate the corrosion rate. In addition, samples were characterized by scanning
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS).

Results and Discussion

Weight Loss and EDS Analysis

Two H230 alloy coupons were selected for this long-term corrosion test. Moreover,
the results of weight change of the H230 alloys after corrosion in molten
MgCl2–KCl at 1273 K for 500 h are shown in Table 2 [24].

As shown in Table 2, the average corrosion rate of H230 was
0.939 ± 0.0289 mg/cm2/day in MgCl2–KCl at 1273 K. According to the EDS
result reported by Tao [24], the surface composition of H230 alloy after corrosion
was changed as shown in Table 3. As shown in Table 3, Cr content was decreased
significantly and as a result the concentrations of other elements were increased.

It was a safe assumption that only Cr was corroded in the molten salt after
ignoring the effect of a trace amount of other elements. In addition, CrCl3 shows
more negative Gibbs energy (−824.4 kJ/mol) than CrCl2 (−620 kJ/mol), Cr in

Table 1 Composition (mol%) of H230 alloy tested in this research

Haynes 230 Al Mo C Ni Co Si Cr W Fe Mn

mol% 0.9 0.8 0.5 63.8 0.2 0.7 26.6 4.8 1.1 0.6
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chloride salt might be CrCl3 instead of CrCl2. Therefore, the corrosion rate in
weight loss was converted to current density, which was 10−4.217±0.0134 A/cm2.

The Cr alloy in the surface was assumed to be a ternary alloy and atomic% of Al
was attributed to Ni and W to calculate the activity of the Cr. Thus, the composition
on the surface was assumed as 0.04 Cr-0.90 Ni-0.06 W. The activity of Cr was
obtained from thermodynamic modeling, which was 0.0102 in this assumed ternary
alloy. In addition, after the long-term corrosion test, the activity of Cr was equal on
the surface of H230 alloy, in the molten salt, and on the surface of Ni crucible. The
relationship is shown in Eq. (1).

aCr on surface of H230 ¼ aCr in chloride salt ¼ aCr on surface of Ni crucible ð1Þ

Therefore, the activity of Cr on the surface of the Ni crucible was 0.0102. As Qiu
[20] indicated, there was only Cr and Ni on the Ni crucible after corrosion. Thus the
composition formed on the surface of Ni crucible might be Ni0.943Cr0.057 with the
known activity of Cr.

Thermodynamic Calculation of Ni–Cr Alloy

The driving force of the depletion of Cr was the Gibbs energy of Cr alloying with
Ni. Moreover, the prediction of the Gibbs energy of Ni-Cr solution is shown in
Eqs. (2)–(5) [25].

Gs
m ¼ xNi Gs

Ni þ xCr G
s
Cr þRT ln xNi lnxNi þ xCr lnxCrð ÞþDexGs

m ð2Þ

DexGs
m ¼ xCr xNi efcc ð3Þ

0efcc ¼ 8030� 12:8801 T ðJÞ ð4Þ

Table 2 Weight loss of H230 after 500 h corrosion in MgCl2–KCl at 1273 K [24]

Alloy L
(mm)

W
(mm)

T
(mm)

Surface
(cm2)

W
(g)

WL
(g)

Rate
(mg/cm2/day)

H230 11.85 9.90 1.30 2.912 1.3155 0.0587 0.96765

H230 11.80 9.90 1.40 2.944 1.4766 0.0558 0.90978

Table 3 EDS analysis of surface of H230 alloy corrosion in MgCl2–KCl for 500 h [24]

Element Al Cr Ni W

Weight% 1.68 3.34 82.86 12.12

Atomic% 3.88 4.01 88 4.11
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1efcc ¼ 33080� 16:0362 T ðJÞ ð5Þ

where x is the mole-fraction of the element (Cr or Ni), R is the universal gas
constant, and T is the temperature in K. The quantity DGs

i is the molar Gibbs
energies of solution or element “i” with the s structure in the nonmagnetic state.
Because Ni-Cr alloy is an fcc structure with little amount of Cr at 1273 K, DexGs

m is
the excess Gibbs energy and efcc is the binary interaction parameter for the fcc
structure. The interaction parameter calculation is shown in Eq. (6) [26]:

efcc ¼
X
i¼0

ðxNi � xCrÞi�iefcc ð6Þ

xNi and xCr is the composition in the sublattice. However, this 2 sublattice model
can be used directly with xNi and xCr in the Ni-Cr alloy [26]. As the polynomial of
0ε and 1ε are defined, efcc can be written as:

efcc ¼ 8030� 12:8801 T þðxNi in fcc � xCr in fccÞ � ð33080� 16:0362 TÞ ð7Þ

Based on the known Gibbs energy of Ni (−64538 J/mol) and Cr (−53124 J/mol)
at 1273 K, the Gibbs energy of Ni0.943Cr0.057 was calculated, which was
−66048.34 J/mol. The Gibbs energy of the alloying reaction for 1 mol Cr is shown
in Eq. (8).

Crþ 0:943
0:057 Ni ¼¼ 1

0:057 Ni0:943 Cr0:057 DG� ¼ �37:91 kJ=mol ð8Þ

The negative Gibbs energy of the reaction indicates Cr and Ni were sponta-
neously formed as Ni0.943Cr0.057 alloy at 1273 K.

Galvanic Corrosion with CrCl3 Diffusion

As H230 alloy and Ni crucible were connected by Ni wire in the molten
MgCl2–KCl electrolyte in the test, the galvanic corrosion model was constructed to
predict the corrosion mechanism. The theoretical potential of the selective disso-
lution of the element (Cr) from the alloy was calculated from Nernst equation given
by Eq. (9) as:

E ¼ Eo � RT
nF

� �
ln J ð9Þ

where Eo is the standard potential calculated from the standard Gibbs energy data
(ΔGo= −nFEo), n is the number of transferred electrons, F is Faraday constant, R is
the universal gas constant, T is the temperature in K, J is the ratio of activity of
oxidized state to the activity of reduced state. J is calculated considering a(Cl−) = 1
and a(Malloy,s) is the activity of Cr in the alloy before corrosion test. Assuming
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H230 is a ternary alloy, elements with a little amount are accounted to tungsten
(0.266 Cr-0.638 Ni-W). Thus, the activity of Cr was 0.244 in the initial H230 alloy
from the thermodynamic calculation. As CrCl3 may be soluble in the chloride salt
[27], the activity of CrCl3 was unknown in this calculation. However, the activity of
CrCl3 was assumed to be 1 first in the calculation. Even the activity of CrCl3 will
affect the potential of cathode and anode, the corrosion potential between these two
electrodes remained as the same. In addition, there is no influence on the corrosion
rate, either. The corrosion potential of H230 from the potentiodynamic polarization
curve was 2.24 V versus LiCl/Li in MgCl2–KCl at 1123 K [18]. From theoretical
calculation, equilibrium potential of CrCl2/Cr was 1.993 V versus LiCl/Li. For
CrCl3/Cr, the potential was 2.238 V versus LiCl/Li. Even though there were many
species contributing to the corrosion potential during potentiodynamic polarization
experiment, the major corroded element was Cr. Thus, assuming it was CrCl3
diffused from H230 alloy to Ni crucible seems more reasonable. Therefore, the
galvanic equations at 1273 K are shown in Eqs. (10)–(12):

Anode: Crðbcc inH230Þþ 3Cl� ¼ CrCl3 þ 3e� E ¼ 8:9896V ð10Þ

Cathode: CrCl3 þ 0:0943
0:057 Ni fccð Þþ 3e� ¼ 1

0:057Ni0:943Cr0:057 fccð Þþ 3Cl� E ¼ �8:9102V

ð11Þ

Total: Crðbcc in H230Þþ 0:943
0:057 NiðfccÞ ¼ 1

0:057Ni0:943Cr0:057ðfccÞ E ¼ 0:0794V

ð12Þ

Calculation of Exchange Current Density
of CrCl3/Cr in MgCl2–KCl

Exchange current density (i0) of CrCl2/Cr in LiCl–KCl salt at 773 K with
3.366 × 10−2 mol/L of CrCl2 is 4.75 × 10−4 A/cm2 [28]. Based on the method of
minimization of Gibbs energy, there was about 10−6 mol/L Cr dissolved to the
molten chloride salt if only the intrinsic corrosion of H230 is considered. Then, i0 of
10−6 mol/L CrCl2 was calculated based on the relationship between concentration
and i0 [28], which was 10−6.04 A/cm2. In addition, i0 of CrCl3/Cr and CrCl2/CrCl3
in MgCl2–KCl at 1123 K were obtained from Tafel experiment, which were
1.6 × 10−5 A/cm2 and 1 × 10−4 A/cm2 respectively [18]. Reduction of CrCl3 to Cr
can be separated as two steps [28], which are shown in Eqs. (13 and 14).

CrCl3 þ 3e� ¼ Cr i01 ¼ 1:6� 10�5A=cm2 ð13Þ

CrCl3 þ e� ¼ CrCl2 i02 ¼ 1� 10�4A=cm2 ð14Þ

CrCl2 þ 2e� ¼ Crþ 2Cl� i03 ð15Þ
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The transferring time of the total reaction was equal to both of the two separated
steps at equilibrium potential. Thus the relationship between these three exchange
current densities is shown in Eq. 16.

1
i01

¼ 1
i02

þ 1
i03

ð16Þ

Based on the calculation of Eq. (16), i0 of CrCl2/Cr at 1123 K was obtained,
which was 1.9 × 10−5 A/cm2. As the salts used were similar in these two experi-
ment performed at 773 and 1123 K [18 and 28], i0 of CrCl2/Cr was assumed to be
the same in these two systems. Therefore, the relationship between temperature and
exchange current density was obtained by using these two data points. And the
relationship is shown in Eq. (17), known as the Arrhenius equation.

log i0ð Þ ¼ �3271:42 � 1
T
� 1:8079 ð17Þ

Based on the equation, i0 of CrCl2/Cr at 1273 K is about 10−4.38 A/cm2 with
10−6 mol/L CrCl2. Assuming the difference between the log (i0) of CrCl3/Cr and
CrCl2/Cr at 1123 K is the same as at 1273 K, i0 of CrCl3/Cr was obtained at
1273 K, which was 10−4.45 A/cm2.

Calculation of Corrosion Potential and Corrosion Rate

Corrosion potential and corrosion rate are investigated with the Tafel curve model.
Tafel slope is calculated by the Eq. (19), where R is the universal gas constant, T is
the temperature in K, n is the transferred electron number, F is the Faraday constant,
and the parameter alpha is assumed to be 0.5. Thus, the calculated Tafel slope is
�0:168.

bcathode ¼ �2:303
RT
anF

and banode ¼ 2:303
RT

ð1� aÞnF ð19Þ

Therefore, a Tafel curve was constructed based on the known i0 and Tafel slope,
which was shown in Fig. 1.

As shown in Fig. 1, the corrosion potential (Ecorr) was about 2.323 V versus
LiCl/Li, and corrosion rate (icorr) was about 10−4.22 A/cm2. Comparing with the
experimental data (10−4.217±0.0134 A/cm2), the predicted data seemed reasonable.
The comparison of corrosion rate of H230 at different temperature with different
crucibles is listed in Table 4.
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From Table 4, corrosion rate of H230 in present research is reasonable as it is
larger than which at 1123 K. Increased temperature results in the increased cor-
rosion rate. Sridharan [12] indicated that corrosion rate of alloy in quartz crucible is
much larger than which in Al2O3 and SS-316 crucibles. According to the present
study, the corrosion rate of H230 alloy in quartz will also be larger than which in Ni
crucible. This may be due to the different corrosion mechanism and different
driving force of depletion of Cr in different crucibles. Therefore, this tafel modeling
is only available for the alloy corrosion in the Ni crucible. In our modeling, only
galvanic corrosion is considered as the corrosion mechanism. However, in the
experiment, the weight loss of alloy is contributed by both galvanic corrosion and
intrinsic corrosion, which could provide a reason why there is a little difference
between modeling and experiment.

Conclusions

In conclusion, corrosion of H230 in MgCl2–KCl at 1273 K was studied in this
paper. The experimental corrosion rate was 0.939 ± 0.0289 mg/cm2/day, and
converted current density was 10−4.217±0.0134 A/cm2. The Gibbs energy of forma-
tion of 1/0.057 mol Ni0.943Cr0.057 was −37.91 kJ at 1273 K, which indicated the
reaction of Cr alloying with Ni was spontaneous. In addition, deposition of Cr on Ni
crucible can be explained as galvanic corrosion according to the negative
Gibbs energy of formation. Moreover, exchange current density of CrCl3/Cr in
MgCl2–KCl at 1273 K was predicted based on the Arrhenius equation with two

Fig. 1 Tafel curve of H230
corrosion in MgCl2–KCl at
1273 K

Table 4 Comparison of corrosion rate of H230 in different temperature with Ni and quartz
crucible

Alloy icorr at 1273 K in Ni crucible
(A/cm2) present work

icorr at 1123 K in Ni
(A/cm2). Source [29]

icorr at 1123 K in quartz
(A/cm2). Source [12]

H230 10−4.217±0.0134 10−4.26±0.21 10−3.99±0.15
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reasonable assumptions. With the calculated current density of CrCl3/Cr, the Tafel
model was constructed at 1273 K. And the predicted corrosion rate was
10−4.22 A/cm2, which was comparable to the experimental data. However, the tafel
prediction in this study is only available for the corrosion in MgCl2–KCl molten salt
with Ni crucible. The other crucible, like quartz may change the driving force of
depletion of Cr from alloys. Thus, the corrosion rate with quartz crucible may be
faster than which with Ni crucible.
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Conceptualization of Doped Black P Thin
Films for Potential Use in Photovoltaics
with Validation from First Principle
Calculations

Sayan Sarkar, Prashant K. Sarswat, Weizhi Zeng
and Michael L. Free

Abstract Black Phosphorus was recently discovered as a 2D material and it
exemplified huge prospects for application in electronics, optoelectronics, photonics
and catalysis. It is a direct band semiconductor with tunable band gap varying from
0.35 eV (bulk) to 2 eV (single layer). But the layer dependent band gap of black
phosphorus restricts it to make use of the full spectra of sunlight for absorption.
First principle calculations were performed using ‘Quantum Wise Atomistic
Toolkit’ package with Perdew-Burke-Ernzerhof (PBE) exchange-correlation for
black phosphorus doped with non-metallic dopants of B, S and Se and metallic
dopants of Ti, Mg and In. It has been found that doping with non-metallic impu-
rities result in a small diminution of the band edges (0.96–0.57 eV), whereas
doping with metallic impurities decrease the band edge drastically (0.85–0.025 eV).
Moreover, it was also observed that dopants with an even number of valence
electrons incorporated a metallic nature of black phosphorus, whereas dopants with
odd number of valence electrons further attributed to its semiconducting features.
Thus in a holistic discernment, black phosphorus with the incorporation of some
dopants in appropriate amounts can absorb more visible range of the optical spectra,
making it ideal for use in photovoltaics.

Keywords Black-Phosphorus � DFT � Band structure � Dielectric function

Introduction

In recent years, phosphorene or few-layer black phosphorus has established itself as
a monumental member of the 2D materials family. Being a combination of highly
tunable band gap and substantial carrier mobility [1], it has surpassed graphene and
other TMDCs (Transitional Metal Dichalcogenides) for potential application in
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optoectronics, electronics. Phosphorene exhibits a strong covalent bonding within
its 2d plane but its interlayer interactions are meagre. Thus it was first successfully
fabricated through mechanical exfoliation by exploitation of its weak Van der
Waals interactions [2]. However, unlike the other members of the 2D materials
family, the fascinating properties of black phosphorus lie in its anisotropy. The
dihedral angle and the bond length are distinctively different from those in the
zigzag and in the armchair direction. In addition, the local structural configuration is
bilayer in the zigzag direction while the structure is striated in the armchair
direction. This structural anisotropy results in the genesis of unique properties in
phosphorene like optical anisotropy, Peierls-distortion [3], anisotropic thermo-
electric properties and mechanical properties including Poisson’s ratio and Young’s
modulus [4, 5].

However, in our present investigation we have endeavored to focus on a rela-
tively unexplored attribute of phosphorene which is its anisotropic optical spectrum.
In fact, Phosphorene follows two distinct dispersion relations along the armchair
(Fermi-Dirac distribution) and zigzag direction (Schrodinger equation). Here we
systematically propose from first principle that by the incorporation of different
metallic and non-metallic impurities the band edges of pristine black phosphorus
can be redshifted so that it can make use of the entire optical spectra of the sun.
Further, by accounting for the anisotropy of the optical spectrum we can obtain
different absorption edges along the zigzag and armchair direction. The imple-
mentation of this principle will serve as a new platform for the application of black
phosphorus in photovoltaics.

Experimentation

The simulations were carried out based on density functional theory (DFT) using
‘QuantumWise Atomistix Toolkit’ package. For obtaining the optical spectrum of
monolayer of black phosphorus along with the monolayers of phosphorene
doped with impurities, the generalized gradient approximation of Perdew−Burke−
Ernzerhof (PBE) [6] was used for obtaining the optical spectrum of monolayer of
black phosphorus along with the monolayers of phosphorene doped with impurities.
Moreover, the interactions of valence electrons with ionic cores were analyzed by
projector augmented wave (PAW) pseudopotentials [7]. The density cut-off was
maintained at 180 Rydberg. 8 × 8× 1 k-point sampling was used for the Brillouin
zone integration in the calculation of the optical spectrum and Van der Waals
correction factor of Grimme-DFT 2 was used, which subsequently increases the
convergence of our calculation.
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Results and Discussion

The DFT optimized band structures are shown in the Fig. 1. Figure 1a shows the
intrinsic anisotropy in phosphorene. Figures 1b–d show the monolayers of phos-
phorene doped with 10% S, B and Se respectively while Figs. 1e, f doped with 5%
Ga and In respectively. We are now interested in the observation of the optical
spectrum and the influence of doping on the absorption states. Only the imaginary
part of the dielectric function is plotted since the real part can be derived from
Kramers−Kronig relation. The first peak position in the pristine phosphorene
monolayer layer was observed at *2.31 eV for the electric field polarization along
the zigzag direction, compared to only *0.62 eV for the armchair electric field
polarization (shown in Fig. 2a), which conclusively proves that phosphorene is
more optically transparent along the zigzag direction for the electromagnetic
spectrum as compared to the armchair direction. We observe an interesting phe-
nomenon that due to the incorporation of doping of metallic and non-metallic
impurities there is a reduction in the band edge and the band gap is red shifted. Thus
the doped phosphorene can now utilize more portions of the optical spectra for
energy conversion. The red-shift was however greatest due to the doping of B
among non-metals and due to the doping of In among the metals. In case of all the

Fig. 1 DFT optimized (1 × 1 × 1) supercell of monolayer of a pristine black phosphorus b Black
phosphorus doped with non-metallic impurity S c Black phosphorus doped with non-metallic
impurity B d Black phosphorus doped with non-metallic impurity Se e Black phosphorus doped
with non-metallic impurity Ga f Black phosphorus doped with non-metallic impurity In
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monolayers of black phosphorus doped with impurities, the red shift in the first
peak position for the armchair direction was even more predominant than the zigzag
polarization. This fact conclusively proves that optical anisotropy of black P Is even
conserved after doping.

Owing the variation of the band edges due to doping over a considerably wide
range (shown in Table 1), we can conclude that black phosphorus when doped with
various metallic and non-metallic elements can absorb light over a wide range.
Since the absorption coefficients are directly related to the imaginary part of the
dielectric function, they also follow the same trend. In summary we can infer that
the synergistic effects of doping of various metallic and non-metallic impurities in

Fig. 2 Variation of frequency-dependent dielectric function in a phosphorene monolayer along
with the monolayers of phosphorene doped with impurities of b S c B d Se e Ga and f In for the
incident light distributed along the zigzag and armchair direction. The tangent lines represent first
absorption peak manifesting the positions of band edges for the corresponding cases. The
extrapolated values are shown in the bordered boxes indicate the values of the band edges which
are listed in the table below

Table 1 Variation of the band absorption edge for monolayer black phosphorus and black
phosphorus doped with impurities along zigzag and armchair direction

Doping elements Band edge in zigzag
direction (eV)

Band edge in armchair
direction (eV)

Pure phosphorus 2.31 0.62

Non-metals Sulfur 0.96 1.12

Boron 0.62 0.57

Selenium 0.79 0.84

Metal Gallium 0.85 0.77

Indium 0.025 0.13
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black phosphorus results in better tenability of the band gap and the absorption of
light in the visible range, which should act as motivation for related research in
future.

Conclusions

In summary, it can be concluded from first principle calculations that incorporation
of various metallic and non-metallic dopants in black phosphorus facilitates better
tenability of the band gap. There is a wide variation of band absorption edges due to
doping and it should allow better absorption of light in the visible range. This
conceptualization of doping of various metallic and non-metallic dopants in black
phosphorus may lay the platform for its optimum use in photovoltaics and
optoelectronics.
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Energy Efficiency and Sustainability
in Steel Production

L.E.K. Holappa

Abstract Iron and steel making plays a significant role in global energy con-
sumption and carbon dioxide emissions. The target of limiting the global warming
by 2050 is extremely challenging for this energy-intensive branch of industry. In
order to be responsible for its own share in cutting CO2 emissions, great
advancements must be done. A brief history, present situation and different sce-
narios are discussed. Possibilities to decrease CO2 emissions in current processes
via improved energy efficiency, alternative process routes, energy sources and
recycling are examined. On-going and planned efforts and programs of steel pro-
ducers and institutions, as well as trends of energy generation in the long run are
reviewed and evaluated.

Keywords Steel industry � Energy consumption � Energy saving � Sustainability �
Carbon dioxide emissions

Introduction

Sustainability is a common worldwide aim today involving all fields of human
activity. Applied to industry it means economically and socially sound course of
actions, which are environmentally protective and sustainable in the long term.
From the technological viewpoint, energy consumption has a central role. The
global energy usage was estimated as 13.5 Btoe (billion tons oil equivalent) in 2013
[1]. Respectively, the anthropogenic CO2 emissions were 36 Bt in 2014 of which
the steel production was responsible for about 6.6% [2, 3]. These figures reveal the
central role of energy in metallurgical processes.
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The overall progress of steel production during the last 150 years is shown in
Fig. 1 [3]. In the early 19th century, the world annual steel production was only a
few million tons. After the breakthrough of new technologies, converter and open
hearth processes, it exceeded 30 Mt in 1900. In 1927, the steel production was
100 Mt and 200 Mt in 1951. Then a “new industrial revolution” took place with
innovative novel processes, and extensive investments in steel industry were per-
formed in Japan, Soviet Union, United States and South Korea in the vanguard and
the steel production attained the level of 700 Mt/year in the 1970s (the record
749 Mt in 1979). Then the growth stagnated due to economic crises and political
changes until the turn of the millennium, when it attained 850 Mt in 2000. That was
the first signal of the last “boom” with China as the major motor. The current
production record 1670 Mt was attained in the year 2014 [3].

China’s production has now reached a “saturation level”, whereas other devel-
oping countries (India, Brazil and Russia in the forefront) have increased steel
production remarkably. In the near future, the growth in consumption will happen
in developing countries. Still ten years earlier many scenarios forecast continuous
growth up to 3000 Mt/year in 2050. Today, after the recession period and stabi-
lization in China, the scenarios are more conservative for example, the estimate by
World Steel Association is 2500 Mt in 2050 [3]. In this contribution that figure is
used.

At present, over 73% of crude steel is made via converter processes based on
blast furnace hot metal. About 26% is produced in electric furnaces utilizing
recycled steel scrap as the iron source, with small share of direct reduced iron
(DRI + HBI in Fig. 1). The open-hearth process, which was important more than
half a century has almost disappeared to 0.5%.

Fig. 1 World production of steel, blast furnace hot metal and direct reduced iron from 1860 to
2015. Even the steel production in China and estimated fraction of recycled steel are shown [3, 4]
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Carbon Dioxide Emissions

Anthropogenic greenhouse gas (GHG) emissions have drastically increased espe-
cially during the past half-century due to the rapid growth of population, expanded
industrialisation and rise of the standard of living. The observed growth can be seen
in Fig. 2. The scale in the figure is in Gt C/year (gigaton carbon). The conversion to
CO2 takes place by multiplying with 3.667, thus the current emission per year is
about 35 Gt CO2. Carbon dioxide is the most important GHG and its content in the
atmosphere has increased from the level 300 ppm/1950 to current 400 ppm. The
relation of GHG to global climate warming is indisputable. The red line in Fig. 2
represents the growth of CO2 emissions until the year 2050, if no radical changes in
the climate policy were done [5, 6]. This would also mean rapid climate warming
which could carry catastrophic consequences. The United Nations’
Intergovernmental Panel on Climate Change (IPCC) has stated that CO2 concen-
tration must be stabilised at 450 ppm to have a fair chance of avoiding global
warming above 2 °C, which was set as a limit at the COP 21/CMP 11 Conference
in Paris Dec. 2015 [7].

To achieve the target of “stop the climate change” will require a 40–70%
emissions cut by 2050, compared to 2010 level, and zero emissions by the end of
the century. The green line in Fig. 2 presents a 50% reduction by 2050.

Transfer of the overall global demands for elimination of CO2 emissions sets
great challenges to the steel industry. The share 6.6% of the all emissions corre-
sponds to 2.4 Gt CO2/year. These are, however, only the direct emissions from iron
and steel making. If also indirect emissions incl. energy generation e.g. electricity is
included the number is around 3 Gt/year [7]. The specific emission is around 1.8 t
CO2/t steel, respectively. If we choose a scenario with 2.5 Gt steel and a target for
CO2 emissions 1.25 Gt CO2/year, we get a specific CO2 emission of 0.5 t CO2/t
steel. What should we do in order to attain this level until 2050? The author

Fig. 2 Total CO2 emissions
from fossil fuel, cement
production and gas flaring
from 1900 to 2012 and high
“business as usual” red
Greenhouse Gas Emission
line (RCP8.5) as well as low
green GHG line (RCP3-PD).
Redrawn based on the data
from references [5, 6]
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considered the problem in 2011 by analyzing the steel production practices in
different countries, by comparing with BAT technologies (Best Available Practice),
by estimating emissions from different energy sources including electricity as well
as the role of energy saving, low-carbon and carbon-free new innovative tech-
nologies [8, 9]. This contribution is based on these previous studies but is an
up-dated, generalized version. Five key factors are discussed, which enable to solve
the problem of drastic reduction of CO2 from steel production.

The first key factor is improved energy efficiency. A comprehensive study by
IEA/OECD analyzed steel industries in different countries and published
improvement potential for each country, respectively [10]. The study was based on
data of 2006, and showed the worldwide average of 4.1 GJ/t steel corresponding to
20% energy saving. The saving potential varied from 1.4 to 8.7 GJ/t in different
countries the greatest potentials being in China, Ukraine, Russia, India and Brazil.
In spite of great advancements done in ten years, the World Steel Association has
still the target of energy saving with 15–20% [3].

The second key factor is recycling. Steel recycling was extremely valued in the
Iron Age before industrialization. Even reuse by remanufacturing other new
products from “scrap” was common. When steel became mass product, its price
fell, reuse almost disappeared and interest to return scrap to steel producers
weakened. However, collection of scrap and delivery to steel plants has been duely
organized in industrialized countries, and recycling rate is moderate. Most of
purchased scrap is used in electric arc furnaces, and smaller share in converters in
which it is used as a coolant, typically 15–25% of the iron charge. Until the turn of
the century the share of EAF increased being about 34% in 2001 but then the rapid
growth in China, which based on BF + BOF route, changed the ratio and now the
EAF’s share is only 26% whereas BOF has almost 74%, respectively [3]. The EAF
share varies in different countries (100% in some small countries, 60% in United
States, 40% in EU, 6% in China). The recent amounts of scrap in steel making are
shown in Fig. 3. Purchased scrap means external “obsolete” scrap. Another group
of scrap is internal “own” scrap which can be counted as the Remainder of Scrap
use minus Purchased scrap.

Recently, the principle of “Circular economy” has become popular. Intensified
use of scrap is a self-evident goal. All scenarios assume significant growth in
availability and use of steel scrap. A simple explanation is that the abrupt growth of
steel production in the early 2000 raised also the use of steel to a new level. In
different applications, the steel components have different lifetime. Anyway, the
rise in production should reflect in scrap availability few decades later.
Consequently amount of scrap will strongly increase after the 2020s [11, 12]. The
scrap ratio is estimated at 50% level in 2050. This means a substantial growth in
EAF steel making whereas BOF production would stay approximately on its pre-
sent level on the global scale [3, 13]. However, regionally e.g. in China availability
of scrap will increase and partial transfer from BF + BOF route to EAF will hap-
pen. A general increasing demand will incite recycling and raise collection rates.

Comparison of energy efficiency of different processes (e.g. ore-based and
scrap-based steel production) can be done when the specific energy consumption
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(GJ/t steel) is examined against the recycling ratio (percentage of scrap from the
total Fe input) [8, 9]. Respectively, the specific CO2 emissions in ton/ton steel can
be presented, which was done in Fig. 4. The BAT line was drawn based on the data
by Worrell et al. [14]. The current position of “world steel” is CO2 1.8 t/t steel
versus 34% REC. The BAT line is attained by 15% reduction in emissions which

Fig. 3 Scrap use for steel production and amount of purchased scrap as well as total world steel
production 2010–2014 [11]

Fig. 4 Prospective scenario showing how the specific CO2 emissions from iron and steel
production can be decreased from the current level (W) to the target value (1.8 ! 0.5 t CO2/t
steel). % REC Recycled steel ratio, W Current global situation, solid BAT line = present BAT
function. Dotted lines show possible future relations. CCS = CO2 Capture and Storage
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can be achieved by improving energy efficiency (1st arrow in Figure). The influence
of increasing scrap ratio is shown by the 2nd arrow along the BAT line. If only
these two actions will be done by 2050, the specific emissions would be on the level
1.2–1.3 t CO2/t steel. Further actions are thus needed.

The third key factor concerns reduction of CO2 emissions by utilizing less
emitting energy sources. Direct emissions in iron and steel production come from
fossil energy sources (coal, oil, natural gas) and their derivatives (coke, coke oven
gas, off-gas from BF, BOF, EAF etc.). Emissions are reduced by energy saving
actions. Transfer from high-C fuels coal/coke to low-C fuels like natural gas have a
positive effect and the BAT line settles on a lower level. Injection of hydrogen rich
LC fuels in blast furnaces is one possible way to reduce CO2. A short survey of new
technologies follows later. Except for direct emissions even indirect emissions
should be considered. The most important is electricity generation, which is dis-
cussed as the fourth key factor. As it is well-known electricity is not a “clean”
emission-free commodity. Depending on the type of power station i.e. primary
energy source, the specific CO2 emissions can be over 1000 g CO2/kWh in a coal
power station whereas in a gas power station the corresponding figure is around
500 g CO2/kWh. Concerning non-fossil technologies, solar, wind, nuclear and
hydro power stations the emissions are roughly 70, 30–50, 20 and <10 g CO2/kWh,
respectively [15, 16]. When electric energy is used in steel production, the elec-
tricity generation method plays a significant role in emissions and it will have even
bigger role in the future. About ten years ago, the weighted world average of
electricity generation was about 500 g CO2/kWh [8]. Today, it is appr. 400 g CO2/
kWh, but e.g. in China, the biggest steel producing country, it is much higher due to
coal power stations. By lowering this emission coefficient, the BAT line would
come further downward. By substituting low emission electricity for fossil fuel, the
BAT line turns anticlockwise downward.

The fifth key factor was allocated for innovative new technologies, which will
facilitate in achieving the low emission target. There are several national or inter-
national research programs worldwide acting in this field.

• ULCOS program (Ultra Low Carbon Dioxide Steelmaking) by a European
consortium with several projects. One is TGR-BF (Top Gas Recycling Blast
Furnace) with CO2 removal. It can save coke and reduce CO2 emissions by 50%
when CCS is applied. CCS (CO2 capture and Storage) is initially under
development for coal power stations to decrease emissions by removing CO2

from off-gases and then by depositing it into geological formations [17]. HIsarna
is a new smelting reduction technology with reduced CO2 emissions by 80%
compared to average blast furnace with CCS, 20% reduction without CCS.
ULCORED is a direct reduction process utilizing reducing gas produced from
natural gas. Even iron production by electrolysis of iron ore was planned. Of
these projects Top Gas Recycling and HIsarna have proceeded to scaling up
stage at the moment [18–20].
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• COURSE50 project (CO2 Ultimate Reduction in Steelmaking process by
innovative technology for cool Earth 50) in Japan [21–23]. The goal is to
establish technologies, which contribute to a mitigation of approximately 30%
in CO2 emissions at integrated steel plants by 2050. Two technologies are
developed: (1) Intensified hydrogen reduction of iron ore using coke oven gas to
curb carbon input in blast furnaces, and (2) Sequestration of CO2 in the BF gas
through the chemical absorption method and physical adsorption method by the
effective utilization of unused waste heat in the integrated steel plants.

• POSCO project: In Korea, POSCO is investigating adaptation of CCS to the
Finex smelting reduction processes. Also CO2 capture from a blast furnace is
under development parallel to the ULCOS program [24, 25].

• In North America, the American Iron and Steel Institute (AISI) and the US
Department of Energy (DOE) are managing a CO2 breakthrough program to
develop a flash ironmaking process utilizing iron ore fines and low-carbon gas
for reduction. The process could bypass ore agglomeration and coke making
which belong to the traditional iron making. Removal of CO2 from off-gas or
primary reducing gas are options, which could decrease emissions to a low level
[26, 27].

• Renewable energy is a “hot topic” in today’s discussion but it is not at all a new
item. Until 18th century iron was produced in charcoal blast furnaces or
bloomeries. Then coal/coke overtook its position. There was a great necessity
for this innovation namely disappearance of forests in Great Britain. Today we
have a new necessity, “stop the global warming”, and biomass is one possible
lot in the total solution. It is unrealistic to load too big anticipation on bio energy
(charcoal, biogas) in metallurgy. The role will be additional at least in big scale
industry. The topic has been actively investigated worldwide. In Brazil charcoal
is used in ferroalloys industry and in pilot iron BFs. In Australia comprehensive
studies have been done to evaluate biomass resources, production technologies
for charcoal, bio-oil and biogas and their usage in iron and steel making [28,
29]. A life cycle assessment of charcoal substitution for coal/coke showed 25%
reduction in GWP (Global Warming Potential) compared to conventional
integrated BF-BOF route [29]. Current experiences and extensive studies show
that utilization of biomass in iron and steel making is technically possible.
However, the costs are relatively high and wide-ranging applications wait for
higher CO2 emission allowance prices.

• The steel industry in China is mostly quite new and thus technically modern.
Today the biggest problem is to resolve the problem of excessive capacity [30].
On the other hand serious environmental problems force to improve energy
systems, coal power stations are renovated to eliminate particle emissions and to
improve efficiency. Corresponding requirements are set to steel industry as well.
Positive progresses have been attained e.g. in energy consumption on BF-BOF
route. Ongoing and future actions aim at new types of fuel, energy conservation
and use of waste heat from slag [30].
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• Recently, it was released that in Nordic countries a consortium of three com-
panies representing steel producers, mining and energy (SSAB, LKAB and
Vattenfall). Recently launched a project to develop a CO2 emission free iron
production [31]. The project was named HYBRIT (Hydrogen Breakthrough
Ironmaking Technology). Hydro power, wind energy and bio mass were men-
tioned as potential energy sources.

Concluding Remarks

The present global target to stop the climate warming by cutting CO2 emissions has
set big challenges to all sectors of the society. Steel industry as an energy intensive
branch is ahead of really demanding tasks to readjust to the future goals. The rapid
growth of production during the last 20 years has increased the total emissions,
although great progresses have been done to cut specific energy consumption per
ton steel and specific CO2 emissions, respectively.

By 2050, the world steel production is forecast to grow by about 50% to the
level 2.5 billion tons/year. At the same time, the CO2 emissions should decrease by
60% to the level 1.25 billion tons CO2/year. This means a target of specific
emissions 0.5 t CO2/t steel, when the current world average is 1.8 t CO2/t steel. The
prime means to attain this target are the following.

The first task is to raise the energy efficiency to the current BAT level, which
means 15–20% decrease in specific energy consumption in average. In many
countries and steel plants the deviation is much larger and the problems and nec-
essary improving operations are readily identifiable.

The foreseeable prominent increase of scrap availability is a central positive
factor to reduce specific energy consumption and CO2 emissions. According to
scenario evaluations, the mean scrap ratio will increase from 34 to 50% on the
increasing steel production level. This will mean remarkable growth in electric steel
making. Certain transfer from BF—BOF into EAF will happen at least in China.

The third and fourth key actions concern energy. By transferring from high
carbon HC-fuels and reductants to LC- and renewable energy sources in the pro-
cesses and in electricity generation, respectively, great reductions in CO2 emissions
can be attained.

Finally, new innovative processes, which aim at low carbon footprint by com-
bining afore-mentioned means and utilizing renewable energy sources, are under
development and some of them will attain industrial stage in the near few decades
and thus influence for the common goal.
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Application of Surface Effect
on Metallurgical Processes

K.C. Chou

Abstract The surface effect is one of fundamental topics in physical chemistry that
has been studied over decades. However, its effect has been neglected in metallurgy
researches and industry applications in the past years. With the progress of science
and technology in metallurgy, the consideration of surface effect to the metallur-
gical processes has been paid more and more attention. In this report, it is shown
that, how this factor affects the physicochemical properties of metallurgical pro-
cesses and how to derive some new and more correct theoretical formulae for its
application. Besides, some new technique related to the application of this factor in
the experiment has also been developed for both fundamental research and industry
applications. It is hoped that these progresses will promote some new developments
both in fundamental and industrial applications for metallurgy processes.

Keywords Surface tension � Melting point � Heating and cooling curve

Introduction

The object of metallurgical process is to separate and extract required elements
and/or pure compounds from mineral resources or waste disposal materials through
a series of physicochemical processes including phase transformation and/or
chemical reactions. For these processes, it is normal that one has to deal with a
series of liquid phases including pure liquids or liquid solutions. In the other words,
one has to consider solid-liquid reactions. In general, the less the particle sites, the
faster the chemical reaction. It is well known that one has to consider the size effect
when the particle is very small. Unfortunately this effect has been neglected in the
past years due to less theoretical researches and insufficient practical works in the
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metallurgical processes. At present we have entered into the nano-world and many
new technologies have become stronger and stronger, it is the time to consider the
size effect in our metallurgical process in both theoretical and experimental
applications.

Though the surface effect has been studied almost over one century, the theo-
retical progress of which is still very limited, on the other hand, the practical
applications are not developed, especially in the metallurgical process. In this report
we will like to give two examples to show how to improve a theoretical research
concerning the melting point depression for nano size materials used in metallur-
gical process. We will also develop a practical experimental method for measuring
the melting process of glass material such as slag based on a theoretical consid-
eration. Both of them are developed in our laboratory.

A New Theoretical Formula for Melting Point Depression

The relation between the melting point dropping and the particle size can be tracked
back to the end of 19 century by Gibbs-Thomson, from which the equilibrium
conditions between a solid particle and a liquid one has been studied and its relation
formula has been derived as,

h ¼ 1� 2Mrsg
qsrsDHm

rsg � rlg
qs
ql

� �2=3
 !

ð1Þ

where θ represents the ratio of melting point T of small particle to that of big size
material,

h ¼ T
T1

ð2Þ

DHm melting enthalpy, M molecular weight, qs, ql densities for solid and liquid
phase respectively, rs particle radius, rsg, rlg surface tension between solid-gas and
liquid-gas interface respectively. [1–9].

The actual situation in most melting processes is that, the solid particle melting
happens within a liquid thin layer.

h ¼ 1� 2M
qsDHm

rsg
rl � d

� rlg
rl

1� qs
ql

� �� �
ð3Þ

where d represents the thickness of the liquid layer outside the solid corn. The other
symbols are the same as above. Of course the Eq. (3) is more accurate than the
Eq. (1), since it is closer to the practical situation [2, 5–7, 10–12].

Nevertheless, the above treatments are still having some problems, for instance,
(i) this treatment has ignored the influence of outside pressure that sometimes
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cannot be neglected, especially when the density of liquid state is different from
solid one; (ii) more important is that, this formula is not easy to be examined from
experiments since the liquid layer outside from solid core is very difficult to
measure; (iii) in this treatment it has ignored the “δ” thickness in some middle
step. In this report let us to do some research to overcome all of these defects [8,
12–15]. Recently in our group, we have developed some new formulae from which
all of above defects can be overcome. Our calculation formula for the particle size
impression is [16]

h ¼ 1� M
DHm

1
qs

� 1
ql

� �
DPþ 2

R0
s

rsl

qs 1� uð Þ13
þ

rlg 1
qs
� 1

ql

� �

1� 1� qs
ql

� �
u

� �1
3

0
B@

1
CA

0
B@

1
CA ð4Þ

where

u ¼ 1� rs
R0
s

� �3

ð5Þ

R0
s means the original radius of particle at beginning of melting, u the ratio of

reacted portion to total portion that should start from zero to unit.
From Eq. (4), it can be seen that, there are totally three portions within the

right-hand side parenthesis. In the most cases, the effect of the second portion
should be bigger than that of the third one. Therefore one can conclude that, (i) if
the qs [ ql (that should be the most normal situations in the nature world), larger
DP should cause the melting point drop; when qs ¼ ql the pressure effect could be
negligible; (ii) when the react portion u is going bigger and bigger the melting point
should become lower and lower. The advantages and more applications of Eq. (4)
will be discussed.

A New Technique for Measuring the Melting
Rang of Glass Materials

A large number of metallurgical reactions are occurring in the liquid state, for
which one needs to know the melting points, reaction heat, heat capacity,…and so
forth, and in which the melting point is a very important parameter when one wants
to control the reaction processes. It is also well known that, there are two kinds of
materials in metallurgical processes, one has typical melting point such as pure
compounds, pure alloys, while another of them are only with a temperature change
range instead of a fixed temperature when the temperature rising. The later one is
also with a smaller heat effect. Most glass materials belong to the later one. Some
slags, mixed raw materials, scraps might also show the glass characteristics that will
prevent us from obtaining these melting point data. Therefore, it will be a
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meaningful subject for us to design new experimental methods or develop calcu-
lation theory for obtaining these data.

Figure 1a shows a typical heating curve (or cooling curve) that can be used as an
experimental method to decide the melting point of a pure compound, in which, the
curve is with a “horizontal segment” that means a process of melting is set in
motion, the length of this segment represents the quantity of heat absorbed or
released, the longer the segment the more the heat absorbed. One can even deter-
mine a melting point only relying on a “turning point” that should be a case with
less heat effect. Nevertheless, for some glass materials one cannot find a horizontal
segment, instead, only a piece of curve with a variable tangent. If this change is so
“evident” that one can still judge that there should be a phase change point.
Unfortunately some glass materials such as certain slag, molten salt, the heat
released are so small that will be very difficult to find this “turning point”, instead
an approximate straight line appear in the plot (Fig. 1 curve b). The reader might
ask what we can do under this case.

In our laboratory we have established a theory to solve this problem. The basic
idea comes from the following analysis. For a pure material, the heating curve or
cooling curve has a horizontal segment due to the heat of phase transformation.
According to Gibbs phase rule, the freedom degree, f = c − φ + 2, when a phase
transformation happens, f = 0, that means a horizon line should appear (Fig. 1a).
However, when glasses are melted without two phase region, the degree of free-
dom, f ≠ 0, no horizontal line appears. If there is still a small heating effect; a
“turning point” should be expected. Nevertheless, if this heat effect is so small that
one cannot find this “turning point”, under this situation a smooth curve with a
small changing of tangent should be expected (Fig. 1b). Under this situation one
will be difficult to find the “glass softening point”.

In order to solve this problem, we have derived a formula of tangent for heating
curve in the melting process of glass, that is [17]

b ca

T 
(T

em
pe

ra
tu

re
)

Fig. 1 A typical heating
curve with different size
sample. a Normal size crystal
materials. b Normal size glass
materials. c Fine powder glass
materials
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dT
dt

¼
dQp1

dt þ 3r
rqw0n

w0ðCl
p � ðCl

p � Cs
pÞnÞ

ð6Þ

where T is temperature of the system, t time, dQp1

dt the intensity of heat supplied from
surrounding, Cs

p , C
l
p heat capacity of solid and liquid sample per gram, r the radius

of particle, r surface tension, ρ and w0 density and weight of glass, n a parameter
indicating how many percentage of solid particle has been melted, that is related to

the outside heat supplied (i.e.dQp1

dt Þ. From Eq. (6) it is easy to see that, for a big
pieces of glass, “r” goes to infinitive, the tangent of heating curve should be
simplified to

dT
dt

¼ dQp1

w0ðCl
p � ðCl

p � Cs
pÞnÞdt

ð7Þ

and one couldn’t find tangent varying as the system heated from low temperature to
high temperature. However, if one uses a bunch of small balls instead of a big piece
of glass, the situation will be changed at the glass softening point. Under this
situation one has to use Eq. (6) instead of Eq. (7). As a result, dT

dt becomes larger
and larger as “r” getting smaller and smaller due to 3r

rqw0n can’t be neglect at this
time. It is also easy to find from Eq. (6) that, the factors density and surface tension
do have their influence either. The more the surface tension “σ” and the less the
density weight “ρ”, the larger the tangent dT

dt value.
The analysis describing above will give us an opportunity to measure the “glass

softening point”. If some glass materials are difficulty to find the softening point due
to smaller heat effect that could be solved with the following treatments. Before
glass melting, let us grind the solid molten slag or glass materials into a small
powder as tiny as possible”. Thus a miracle appears, when this powder is heated, a
turning point appears around the softening point.

Discussion and Conclusion

The surface effect is a very important factor in physicochemical processes. Though
it has been studied over a century, there are still not matured enough to be studied
and applied to practical systems especially in the field of metallurgical processes.
With the progresses of science and technology, especially with the coming era of
Nanotechnology, the theoretical and application studies in this topic are become
more and more important.
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In this report, we have discussed some new progresses in our laboratory relating
the applications of surface effects on both theoretical and experimental applications
for metallurgical process: (i) though the melting point depression is an old topic in
physicochemical process, there are still some defects both in theoretical analysis
and practical measurement. Our new progresses in this topic might be useful for
their further progresses. (ii) In order to control the metallurgical process, it is
significant to know the slag or molten salt data such as melting point. For a glass
material, the softening point is not easy to be measured. In this report a new
technical method has been introduced to measure this data based on a theory of
surface effect. We sincerely hope this idea would be able to stimulate more new
techniques in our metallurgical process and other scientific and technical fields.
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Metal Silicides for High-Temperature
Thermoelectric Application

M.R. Bogala and Ramana G. Reddy

Abstract Transition metal silicides have good potential for converting waste heat
into electrical energy at higher temperatures. Transition metal silicides are used as
thermoelectric alloys at higher temperatures because of their low toxicity, high
natural abundance, good transport properties, and better thermal stabilities. In this
article, thermodynamic, and thermoelectric properties of promising metal silicides
are reviewed, calculated, and compared for waste heat recovery application. Higher
manganese silicide (Mn4Si7) was produced from easy one-step self-propagating
high-temperature synthesis (SHS) procedure of arc-melting technique.
Characterization of the alloy phases were done using X-ray diffraction (XRD). In
this study, lattice constants, Vickers microindentation hardness, and thermoelectric
(TE) properties (Seebeck coefficient, electrical conductivity, thermal conductivity,
and figure of merit) of Mn4Si7 alloy were experimentally determined, and compared
with the reported literature values.

Keywords Metal silicides � HMS (Mn4Si7) � SHS synthesis � Arc-melting � Gibbs
energy � Thermoelectric properties

Introduction

Thermoelectric (TE) alloys are used for inter-conversion of energy i.e., thermal
energy to electrical energy (Seebeck effect) [1] or electrical energy to thermal
energy (Peltier effect) [2]. Thus, the TE devices operate not only in the power
generation mode, but also in the refrigeration mode. Figure 1a depicts the sche-
matic of a typical TE device, and respective components. The temperature gradient
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is introduced between the hot, and cold sides of a TE device. The two substrate
plates are made-up of ceramic material such as AlN. An array consisting of p-type,
and n-type semiconducting segments are sandwiched between the ceramic sub-
strates of TE device. These segments are inter-connected electrically in series, and
thermally in parallel by conducting foil/strips that are made-up of metals like Cu or
Ni. Each connected pair of the p-type, and n-type semiconducting segments serves
as a ‘thermocouple’. Thus, both the Seebeck effect, and the Peltier effect can be
realized with such configuration. The temperature difference between the hot and
cold sides of a TE device establishes the Seebeck voltage. The p-type and n-type
semiconducting segments have positive, and negative Seebeck coefficients
respectively. As a result, the type, the concentration, and the mobility of charge
carriers also differ for each element. Holes (h+) are the main carriers in p-type
semiconductors, while electrons (e−) are the predominant charge carriers in n-type
semiconductors. As shown in Fig. 1b, p-type and n-type segments are joined
together to form a TE couple. Both holes and electrons flow from the hot side to the
cold side of a TE device, thus establishing electric voltage in the circuit [3].

The performance of a TE device is given by dimensionless figure-of-merit (ZT),
which is obtained by using Eq. 1 as follows:

ZT ¼ S2r
j

T ð1Þ

where S, r and j are Seebeck coefficient (µVK−1), electrical conductivity
(Ohm−1m−1) and total thermal conductivity (Wm−1K−1) respectively, and T is the
absolute temperature (K) [3–6]. Although Pb- and Te-based TE materials have good
ZT (1–1.5), they are toxic, costly, low abundance, and have lower melting point. In
order to reduce the manufacturing cost of the TE devices, a good direction for TE
research is to start with the low-cost, and high-abundant raw materials [3, 6].
The TE materials constituting the rock forming elements (Si, Mg, Al, Na, K, Ca, Ti,
Mn, Fe, C, O, S and P) are preferred over the rare metals such as Te and Sb.
Therefore, a paradigm-shift in bulk TE material research include: (a) consideration

Fig. 1 A schematic of a TE device with components, and b its working principle

422 M.R. Bogala and R.G. Reddy



of low-cost materials like metal silicides, and (b) engineering the TE properties
(increasing S/r, and decreasing j) for waste-heat recovery applications.

Several semiconducting metal silicides have been examined as high temperature
TE alloys, and some of them are listed in the Table 1 [6–9]. In 1958, Nikitin
conducted first thermoelectric property study on silicides by measuring the elec-
trical conductivity, and thermal power at different temperatures [10]. The author
revealed that CrSi2, MnSi, MnSi2, and CoSi are promising materials for the TE
application at mid/high temperatures. Then, several other researchers have shown
interest in developing metal silicides as TE materials. Metal silicides are attractive
due to (a) low-cost, (b) high abundance in earth’s crust, (c) eco-friendly, (d) high
mechanical strength, and (e) good chemical stability [6, 7, 9].

Extensive research has been conducted on alkaline earth metal silicide (Mg2Si),
and transition metal silicides (MnSi1.73, ReSi1.75, b-FeSi2, Ru2Si3, CrSi2, and CoSi)
because of good ZT at mid/high temperatures [6, 7, 11, 12]. Table 2 lists important
properties of selected metal silicides. Mg2Si exhibits relatively low melting point,
low density, low heat of formation, and high ZT in comparison to the transition
metal silicides. MnSi1.7 and ReSi1.75 are other high performing TE materials
with ZTmax comparable to that of Mg2Si. Figure 2 shows the crystal structure of
unit cell of (a) Mg2Si, (b) MnSi1.7 and (c) b-FeSi2, and multiple unit cell of

Table 1 A list of metal silicides studied as thermoelectric alloys

TE alloy Type Constituent metal (M)

Metal
silicides

MSi Na, Ca, Sr, Co and Ba

M2Si Mg, Ca and Sr

MSi2 Ca, Ti, Cr, Mn, Fe, Co, Sr, Zr, Mo, Ru, Ba, W, Re and Os

Other Ca3Si4, Ca5Si3, Mg2-xCaxSi, MnSi2-x, RuSi2-x, Ru2Si3, Os2Si3,
ReSi1.75, Rh3Si4, Rh4Si5, IrSi3, Ir3Si5, Mg127Si64, Mg127Al1Si64,
Mg129Si63, Mg128Al1Si63, Mg127Si64, Co1-xPtxSi, Co1-xNixSi,
Co1-xPdxSi, Fe1-xOsxSi2 and Ru2-xOsxSi3

Table 2 Properties of selected thermoelectric metal silicides at 300 K

Metal
Silicides

M.Pa

(K)
qb

(g/cm3)
−DfH

oc

(kJ/mol)
Type jl

d

(W/mK)
li
e (cm2/

Vs)
Eg
f

(eV)
ZTmax

Mg2Si 1358 1.98 26 n *8 65 0.7 0.9

CrSi2 1763 4.98 108 p 6.8 0.15–15 0.7 0.25

MnSi1.7 1430 5.18 33 p 2.9 40 0.66 0.9

b-FeSi2 1490 4.93 74 n, p 4.0 2–4 0.87 g0.4,
h0.2

CoSi 1700 6.56 100 n *1.5 *43 0.01 0.2

Ru2Si3 1970 6.96 134 n, p 4.0 10–29 1.1 g0.4,
h0.2

ReSi1.75 2213 10.44 70 p *5.5 *105 0.15 0.8
aM.P melting point, bq density, cDfH

o heat of formation, djl thermal conductivity, eli carrier
mobility, fEg band gap, g(n-type), h(p-type)

Metal Silicides for High-Temperature Thermoelectric Application 423



ReSi1.75 and (e) CoSi [13]. From the polyhedron structures, the proportion of
metallic component (green-shaded region) in Mg2Si structure is relatively high,
while compared to the corresponding region (other than sand-colored portion) in the
structures of transition metal silicides. Therefore, the area ratio of metallic shaded
region to silicon region is proportional to the molar ratio of metal to silicon in the
metal silicides.

The structural framework also influences the thermoelectric properties of the
metal silicides. As shown in the Fig. 3a, the Seebeck coefficients of six selected
metal silicides (Mg2Si, CrSi2, MnSi1.73, b-FeSi2, CoSi, and Ru2Si3) are plotted
from 300 to 1030 K. Mg2Si, b-FeSi2, Ru2Si3, and CoSi have negative S-values (n-
type), while MnSi1.7, CrSi2, and Ru2Si3 have positive S-values (p-type) [6, 7, 11,
12]. Ru2Si3 contain high S-values and therefore, it can be used as both n-type
(T <*550 K), and p-type (T >*550 K) TE material. Other alloys with better S-
values are Mg2Si, and MnSi1.7. Figure 3b displays the effect of temperature on the
r-values of the metal silicides [6, 7, 11, 12]. CoSi and CrSi2 have very high r-
values, and Ru2Si3 have the least r-value. With the increase in temperature, an
increase in r-value for Ru2Si3 and b-FeSi2, while decrease in the r-value of CoSi
and MnSi1.7 was observed. The r-value of Mg2Si and CrSi2 decreases up to 700 K,
and then, a further increase in the temperature results in an increase in their elec-
trical conductivities. Metal silicides are characterized by low thermal conductivities.
As shown in Fig. 3c, the effect of temperature on the j-values of Mg2Si, CrSi2,
MnSi1.7, b-FeSi2, CoSi, and Ru2Si3. MnSi1.7 exhibited the lowest j-values, fol-
lowed by Ru2Si3, FeSi2, and Mg2Si at all temperatures [6, 7, 11, 12]. CoSi and
CrSi2 have relatively higher thermal conductivities. The selected metal silicides

Fig. 2 Crystal structures of
unit cell: a Mg2Si, b MnSi1.7,
c b-FeSi2, multiple unit cell:
d ReSi1.75, and e CoSi
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have good ZT from 500 to 800 K. As shown in the Fig. 3d, the ZT vs. temperature
plot of Mg2Si, CrSi2, MnSi1.7, b-FeSi2, CoSi, and Ru2Si3 [6, 7, 11, 12]. Mg2Si and
MnSi1.7 have high ZT values, while other metal silicides exhibited relatively low ZT
values. Although Ru2Si3, FeSi2, and CrSi2 have low ZT at T < 600 K, the TE
performance of these silicides increases with further increase in the temperature. No
appreciable change in the ZT-value of CoSi was observed with the increase in
temperature.

As shown in the Fig. 4, both the calculated band structure (a and b), and density
of states (c and d) of Mg2Si and Mn4Si7 respectively, reveal the existence of narrow
indirect energy band gaps for both the alloys. The energy band gap for Mg2Si is
0.218 eV. Also, the formation energy of Mg2Si is −0.160 eV per atom [14].
Similarly, the energy band gap of Mn4Si7 is 0.779 eV with the Fermi energy level
located next to the peak (DE = E − Ef = *0). Unlike the band structure of Mg2Si,
the band structure of Mn4Si7 is much more complicated with larger number of
energy levels in both valance and conduction bands. The evaluation also predicts
that the energy required for the formation of Mn4Si7 is −0.433 eV per atom [14].

Higher manganese silicide (HMS or MnSi2-x) assume Nowotny chimney ladder
structure, in which Mn atoms form the chimney, and Si atoms spiral around them as
the ladder [15]. As shown in the Fig. 2b earlier, the crystal structure of Mn4Si7, and
the structures of other higher order HMS, namely Mn11Si19, Mn15Si26, and
Mn27Si47 are obtained by varying the length of Mn4Si7 along the c-axis.

Fig. 3 Effect of temperature on a Seebeck coefficient, b electrical conductivity, c thermal
conductivity and d figure of merit of Mg2Si, CrSi2, MnSi1.73, b-FeSi2, CoSi, and Ru2Si3
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Besides having complicated crystal structure, HMS shows distinct anisotropy of TE
properties. HMS alloys have good potential for TE heat recovery from 573–873 K.
Zaitsev et al. have shown that the doping of HMS alloys with the metals (Al, Mo,
and Ge) can further improve the TE performance of the HMS alloys [16].

In the current study, HMS phase (Mn4Si7) was chosen for further experimental
studies based on Gibbs energy calculations, and available literature data on ther-
moelectric properties of selected binary metal silicides. Synthesis, characterization,
testing, and thermoelectric properties of Mn4Si7 were measured using arc-melting,
X-ray diffraction, Vickers microhardness, and ZT-Scanner instrumental techniques
respectively.

Materials and Methods

All the raw materials and instruments needed for the preparation, and characteri-
zation of the TE alloys were purchased from various vendors. Elemental powders of
manganese (−325 mesh, 99.3%), and silicon (−325 mesh, 99.5%) were purchased
from Alfa Aesar, MA, U.S.A. Weighing and mixing of stoichiometric amounts of
as-received elemental powders of Mn, and Si were carried out in a Labconco glove
box (Kansas City, MO, U.S.A) under ultra-high pure argon gas atmosphere.
Appropriate amounts of the raw materials were weighted using the microbalance,
and the powders were mixed uniformly in Pyrex glass vials using Fischer Scientific
Vortex tool. After the mixing step, about 1–3 g of the powder mixture (4Mn + 7Si)

Fig. 4 Calculated energy band structures (a, c), and density of states (b, d) of Mg2Si and Mn4Si7
respectively
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was placed in a cylindrical stainless steel dye of 1.3 cm inner diameter and then, the
mixture was subjected to a uni-axial force of 5.8 ksi using Carver press at room
temperature for 2 min.

Arc-Melting and SHS Method

Manganese silicide (Mn4Si7) samples were synthesized by placing the cold-pressed
pellets (4Mn + 7Si) in small bell jar arc-melt furnace (ABJ338, Materials Research
Furnaces Inc.), and heating up of the pellets under ultra-high pure argon atmo-
sphere. Figure 5 shows the images of (a) the electric arc furnace, and (b) its open
bell jar chamber that was used for the synthesis of Mn4Si7 samples. Figure 5c
shows the schematic of electric arc furnace with important parts labeled. The
arc-furnace consists of Cu stringer or handle with its inside end attached to a
pointed thorium-doped tungsten rod electrode. The Mn4Si7 sample was placed onto
custom-made cavities of water-cooled copper hearth plate (8.5 cm diameter). The
304L stainless steel bell jar chamber was closed with the metal clamps and then, it
was water-cooled to maintain the temperature of the chamber below 50 °C
throughout the experiment. An evacuation pump (56 LPM) was used to create the
vacuum inside the chamber. Prior to the start of the experiments, the furnace
pressure was reduced to 30 mm Hg to remove any ambient air present inside the
chamber. The compartment was refilled with inert argon gas for at least three times.
The thorium-doped tungsten rod tip of the water-cooled stringer was placed over

Fig. 5 Images of a electric arc furnace, b bell jar chamber, and c a schematic of the furnace
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the oxygen getter (titanium sponge), and an electric-arc was struck to melt the
titanium metal. This process removes any residual oxygen from the chamber. Later,
under a standard positive argon pressure of 2 psig and by passing a current of
200 A, an electric-plasma arc was struck on one-edge of the pellet (4Mn + 7Si).
When the temperature of the pellet reached the formation temperature of Mn4Si7,
self-propagating high-temperature synthesis (SHS) of Mn4Si7 took place, and the
pellet was completely converted to a button-shaped ingot (product alloy). After the
initial melting of the pellet, the ingot button was flipped up-side down, and
re-melted for at least 2–3 times in order to obtain homogeneous composition of
Mn4Si7 alloy.

X-Ray Diffraction and Lattice Constants

The arc-melted samples were analyzed for the presence of different alloy phases
using XRD (model Philips X’Pert MPD) instrument. The instrument uses
monochromatic radiation from Cu-Ka source with a wavelength of 1.540 Å.
The MPD instrument was operated at a voltage of 45 kV and a current of 40 mA.
The samples were spread uniformly on a glass mounting slide holder, and the XRD
data was acquired at different diffraction angles (2h°= 20°–120°) using the scan rate
of 0.01° per sec. High-Score plus software was used to adjust the baseline threshold
of the XRD spectra. The spectral analysis was made manually by comparing with
the standard PCPDF#04-010-6000 card of Mn4Si7. Using the XRD data of two
major reflections, the crystal lattice constants (a = b and c) of Mn4Si7 was calcu-
lated from Bragg’s law of diffraction. Furthermore, the experimental lattice con-
stants were compared with the corresponding values available in the literature.

Hardness and Thermoelectric Properties

The synthesized Mn4Si7 alloys were subjected to mechanical testing. Buhler high
quality hardness tester was used to perform the Vickers microindentation hardness
test on three samples of Mn4Si7 alloys. A load of 1000 gf was applied on the
samples for the test duration of 15 s. The Vickers microhardness (Hv) was measured
by averaging the indentation dimension of the sample micrograph in both x- and y-
directions, and from the unit conversion (length to force) table of the instrument
manual. The arc-melted sample (3–6 mm height and 10–30 mm2 area) of Mn4Si7
was examined for the transport properties (S, r, and j), and ZT measurements from
300 to 700 K using ZT-Scanner (TMTE Inc.).
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Gibbs Energy Minimization

In a multicomponent system, the phase equilibrium is calculated by minimizing the
total Gibbs energy ‘G’ of all individual components that participates in the equi-
librium. The total Gibbs energy is given by Eq. 2 as:

G ¼
Xp

i¼1
niG

o
i ¼ minimum ð2Þ

where ni and Go
i are the number of moles, and Gibbs energy of individual phase ‘i’

[17]. Thermodynamic tools were used to model the Gibbs energy of binary tran-
sition metal silicides. Change in Gibbs energy of twelve binary silicides (NbSi2,
Nb5Si3, CoSi2, CoSi, Co2Si, Ti5Si3, TiSi, TiSi2, MnSi, Mn5Si3, Mn3Si, and
MnSi1.73) were evaluated using ‘Reaction Equations’ module of HSC 7.1 software
tool [18]. The change in Gibbs energy of the selected silicides were calculated from
25 to 1500 °C at 1 bar pressure. Using ‘Compound’ module of Factsage 6.3 tool
[19], the temperature-dependent Gibbs energy function, G(T), is given by Eq. 3.
The parameters (A, B, C, D, and E) of the temperature polynomial function, G(T),
was estimated for nine selected metal silicides (CoSi, Ti5Si3, TiSi, TiSi2, MnSi,
Mn5Si3, Mn3Si, NbSi2, and Nb5Si3).

GðTÞ; kJ
mol

¼ AþB� T þC � T2 þD� T�1 þE � T ln T ð3Þ

Results and Discussion

Change in Gibbs Energy of Metal Silicides

Thermodynamic modeling tools [18, 19] were used to model the thermodynamic
properties of the metal silicides. In particular, Gibbs energy minimization was
performed on twelve binary silicides (NbSi2, Nb5Si3, CoSi2, CoSi, Co2Si, Ti5Si3,
TiSi, TiSi2, MnSi, Mn5Si3, Mn3Si, and MnSi1.73) using HSC tool over a wide
temperature range of 0–1500 °C [18]. Thermodynamic calculations were conducted
to estimate the change in Gibbs energy of selected metal silicides and also to
determine their relative thermal stabilities.

Figure 6 shows the change in Gibbs energy of selected silicides from 0 to 1500 °C.
The negative value of change in Gibbs energy suggests that the metal silicides are
stable at higher temperatures. Among all the metal silicides studied, Ti5Si3 and
Nb5Si3 shows more negative change in Gibbs energy value and thus, they are
relatively more thermally stable transition metal silicides. Furthermore, FactSage
tool was used to determine the Gibbs energy as a temperature polynomial function
for nine silicides (CoSi, Ti5Si3, TiSi, TiSi2, MnSi, Mn5Si3, Mn3Si, NbSi2, and
Nb5Si3). The Gibbs energy function is obtained from Eq. 3, and the parameters
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(A, B, C, D, and E) of the polynomial were estimated for each silicide in Table 3.
Based on thermal stability and energy band gap calculations (Figs. 6 and 4c), and
available literature on TE properties (Fig. 3) of metal silicides, the HMS phase
(Mn4Si7) was selected for the experimental studies.

Synthesis of Mn4Si7

Pellet (4Mn + 7Si) was arc-melted, at an applied current of 200 A under partial Ar
gas pressure of 2 psi, to synthesize Mn4Si7 alloy using facile single-step
self-propagating high-temperature synthesis (SHS) method. The reaction of Eq. 4
is exothermic, and the formation of the Mn4Si7 product is very favorable with the
initiation of an electric arc or heat at the edge of the pellet (4Mn + 7Si), enough to
start the self-propagating reaction.

4Mnþ 7Si ¼ Mn4Si7 DH298:15K ¼ �227:57 kJ ð4Þ

The synthesized Mn4Si7 alloys were characterized using XRD technique.
Figure 7 shows the XRD spectrum, and an inset image of Mn4Si7 alloy synthesized
using the arc-melting technique. No other binary Mn–Si alloy phases were iden-
tified from the XRD spectra. Therefore, formation of pure single-phase of

Fig. 6 Change in Gibbs energy of selected metal silicides at different temperatures
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simple/primitive tetragonal Mn4Si7, with the space group of P-4c2 (116), was
confirmed by comparing with the standard data (PCPDF#04-010-6000).

Lattice Constants of Mn4Si7

The lattice constants, a (=b) and c, for the tetragonal crystal lattice of Mn4Si7 were
obtained from Eq. 5 as:

Table 3 Gibbs energy function parameters of selected silicides

Silicides A (J/mol) B (J/mol.K) C (J/mol.K2) D (J K/mol) E (J/mol.K)

CoSi −90,238 311.080 −0.00414 200,333 −53.520

Ti5Si3 −646,360 1122.32 −0.02238 1,004,160 −196.43

TiSi −146,382 279.770 −0.00571 271,960 −48.110

TiSi2 −193,045 406.080 −0.00815 −1,477,660 −69.330

MnSi −92,278 276.720 −0.00926 246,494 −46.290

Mn5Si3 −269,849 1136.90 −0.02708 980,102 −201.35

Mn3Si −144,109 534.880 −0.02396 386,148 −93.200

NbSi2 −158,529 359.420 −0.00768 139,745 −63.170

Nb5Si3 −514,695 1033.52 −0.01539 753,956 −189.15

Fig. 7 XRD spectrum and an image of Mn4Si7 obtained from arc-melting method
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1
d2

¼ h2 þ k2

a2
þ l2

c2
ð5Þ

where ‘d’ is the spacing between the adjacent miller indices (hkl) planes. The lattice
constants (a, b, and c) for Mn4Si7 was calculated from the Eq. 5, by using the two
strong XRD reflections corresponding to (100) and (220) reflections of three
arc-melted samples. The values of a (=b) and c for Mn4Si7 lattice obtained were
0.5525 ± 0.0003 nm, and 1.7489 ± 0.0055 nm respectively. These values are in
very good agreement with the corresponding reported lattice constants of
PCPDF#04-010-6000 for Mn4Si7, a = b = 0.5526 nm, and c = 1.7516 nm.

Hardness Testing of Mn4Si7

The arc-melted sample of Mn4Si7 was further tested for the mechanical properties.
The Vickers microindentation hardness of Mn4Si7 was tested using Buhler high
quality hardness tester with an applied load of 1000 gf and for time interval of 15 s.
The average microhardness (Hv) measured using three samples of Mn4Si7 was
10.8 ± 0.7 GPa.

Thermoelectric Properties of Mn4Si7

The arc-melted samples of Mn4Si7 was further tested for measurement of ther-
moelectric properties. Specimen (*3–6 mm height, 10–30 mm2 cross-section area)
were chosen to measure Seebeck coefficient (S), electrical conductivity (r), thermal
conductivity (j), and figure of merit (ZT) of Mn4Si7 using ZT-Scanner instrument
[20] at 300–700 K. As shown in Fig. 8, the thermoelectric properties of arc-melted
Mn4Si7 sample was plotted at different temperatures, and compared with the cor-
responding values reported in the literature [6, 7, 11, 12]. Higher manganese silicide
(Mn4Si7) alloy phase exhibited good positive Seebeck coefficient (Fig. 8a), which
suggests that the arc-melted Mn4Si7 alloy is a p-type semiconductor. From Fig. 8c,
the low thermal conductivity values of Mn4Si7 also indicates the possibility of more
phonon-phonon scattering taking place within the sample. However, the arc-melted
Mn4Si7 sample displayed poor electrical conductivity (Fig. 8b), while compared to
the corresponding reported r-values [6, 7, 11, 12] for the alloy. Therefore, as shown
in Fig. 8d, the reduced electrical conductivities may have resulted in lowering of
figure of merit values (maximum ZT = 0.05) for the p-type Mn4Si7 alloy, in
comparison to the literature ZT values. Another reason for the low TE performance
of the arc-melted Mn4Si7 may be due to the high porosity or low density of the
samples. Further improvements in the synthesis, and processing methods may
enhance the ZT of p-type Mn4Si7 alloy to much higher values.
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Conclusions

In the current study, efforts were made to investigate binary metal silicides as
potential thermoelectric alloys through initial screening of the alloys via thermo-
dynamic modelling studies, and available thermoelectric property data from the
literature. Gibbs energy minimization method was used to study the thermal sta-
bilities of selected metal silicides from 0 to 1500 °C. Higher manganese silicide
(Mn4Si7) was chosen for the experimental studies. A simple and one-step
self-propagating high-temperature synthesis (SHS) method was used to produce
ingots of Mn4Si7 from the electric arc-melter furnace. Characterization of the alloy
phases was done using the XRD spectrum, and the mechanical property was
measured from Vickers microindentation hardness tests. Furthermore, thermo-
electric properties (S, r, j and ZT) of Mn4Si7 samples were determined using the
ZT-Scanner instrument. Mn4Si7 exhibited low thermal conductivity values. Good
positive Seebeck coefficients were obtained for Mn4Si7 sample. A maximum ZT of
0.05 was achieved for the p-type Mn4Si7 alloy synthesized from the arc-melting
technique.

Acknowledgements The authors are thankful to the financial support from the National Science
Foundation (NSF) agency, Grant No. DMR-1310072 and American Cast Iron Pipe Company
(ACIPCO) during the course of the project.

Fig. 8 Experimental and reported thermoelectric properties a Seebeck coefficient, b electrical
conductivity, c thermal conductivity, and d figure of merit of Mn4Si7
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CFD Modeling of Slag-Metal Reactions
and Sulfur Refining Evolution in an Argon
Gas-Stirred Ladle Furnace

Q. Cao, L. Nastac and A. Pitts

Abstract Accurate prediction of the desulfurization behavior of steel is of great
importance for process control during ladle metallurgical furnace (LMF) steel
refining. A CFD model capable of simulating multiphase flow with bulk and free
surface turbulence phenomena and desulfurization behavior in the gas-stirred ladle
has been developed. The fluid flow behavior shows that slag and metal try to entrap
each other, forming a two-phase mixing zone. The resulting substantial contact area
between the two phases will provide very favorable kinetic conditions for chemical
reactions. For reaction kinetics model, the reactions at the metal/slag bath interface
as well as the entrapped droplet surface are included. Predicted results show that the
sulfur content changing with time in the ladle agrees well with the industrial-scale
experimental measurements.

Keywords 3D CFD modeling � Ladle metallurgical furnace � Fluid flow charac-
teristics � Desulfurization kinetics

Introduction

The high levels of desulfurization of molten steel can effectively decrease the
amount of surface defects [1, 2], hydrogen induced cracking [3] and sulfides [4, 5]
of the ultimate steel products. With the higher requirements of steel quality, there is
an increasing demand for low-sulfur steel [6]. Therefore, the improvement of
desulfurization efficiency becomes one of the most important objectives in ladle
metallurgical furnace (LMF) refining operations.
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The argon gas-stirring is of enormous importance during LMF operations in
steelmaking [7–9]. The bubbly plume flow is produced by flowing inert gas through
the ladle bottom plug, which is used to promote flotation of inclusions, and to
enhance slag-metal reactions [10–13]. There are many factors that influence the
efficiency of sulfur removal such as the compositions of the liquid steel and slag,
slag layer thickness, gas flow rate, the arrangement of bottom porous plugs, etc.
[14]. Therefore, in addition to sampling, it is necessary to be able to predict the
status of the refining process to adjust the operations in practical LMF process [15].

A considerable amount of mathematical investigations was carried out to study
the fluid flow in argon gas-stirred LMF using different CFD models [16–19]. The
desulfurization behavior can be simulated by incorporating the thermodynamic
reactions into CFD model in ANSYS Fluent [13, 20]. The first model describing
desulfurization behavior was developed by El-Kaddah et al. [21] in 1981. The most
significant limitation of their model is that the effect of the slag phase on desul-
furization was neglected. Later, Jonsson et al. [14] developed a three-phase model
of desulphurization in the LMF by combining 2-D fluid-flow with the thermody-
namics of desulfurization. Their simulation results showed that desulfurization rate
mainly depends on the transfer rate of sulfur from the metal to the slag/steel
interface. Recently, Lou et al. [13] proposed a three-dimensional CFD-simultaneous
reaction coupled model to describe the desulfurization behavior in a gas-stirred
ladle. The simultaneous slag/metal reaction rates at the interface were calculated
using the kinetics parameter based on film theory and the interfacial reaction kinetic
equilibrium. However, their model only included the steel and gas phases without
considering the effects of slag layer, which plays a significant role in steel refining
in ladle metallurgy [22].

The objective of the present work is to develop and refine a fully transient
three-dimensional three-phase mathematical model in the argon gas-stirred ladle
using Ansys’s Fluent commercial CFD package. This model can predict the three
phase flow characteristics and desulfurization kinetics considering the effect of
liquid flow on the desulfurization.

Model Description

CFD Model

The CFD model consists of a multiphase VOF model in conjunction with
momentum, energy, and species transfer models as well as the k-epsilon realizable
turbulence model in ANSYS Fluent [23, 24].
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Reaction Model

The user-defined function (UDF) is used to specify reaction rates for slag-metal
phase heterogeneous reactions in every fluid cell that contains slag and steel
interface. The reactions at the metal/slag bath interface as well as the entrapped
droplet surface are included. The slag system (CaO–Al2O3–SiO2–MgO) is used in
refining process. Based on the slag-metal reaction, the desulfurization process in the
ladle can be expressed by the following reaction:

O2�� �þ S½ � ¼ O½ � þ S2�
� � ð1Þ

where ( ) indicates the species in the slag, and [ ] represents species in the liquid
steel bath [25].

The overall desulfurization reaction rate VS (the change in the concentration of
sulfur in steel) can be written as:

VS ¼ qmkeff ;S
A
V

wt%S½ � � wt%Sð Þ
LS

� �
ð2Þ

where the (wt%S) indicates the mass fraction of sulfur in slag phase, [wt%S] is the
local mass fraction of S in liquid steel, ρm is the density of liquid steel. keff,S
characterizes the overall mass transfer coefficient of element S. LS is the distribution
ratio of element S between slag and metal phases at equilibrium. A and V are the
interface area between slag and metal and the steel volume in the fluid cell at the
slag/steel interface, respectively.

The sulfur distribution ratio LS can be calculated by considering the chemical
composition of liquid steel and slag, as follows [20]:

lgLS ¼ lg
wt%Sð Þ�
wt%S½ �� ¼ � 935

T
þ 1:375þ lg CS2�ð Þþ lgfS � lga�O ð3Þ

where the superscript symbol * represents a value of reaction equilibrium at the
slag–metal interface. T is the temperature at slag–metal interface. a�O and fS are the
activity of oxygen and activity coefficient of sulfur in liquid metal, respectively.
CS2� is the sulfide capacity, which describes the potential ability of an arbitrary
homogeneous molten slag to remove sulfur [20].

The oxygen activity in the steel can be solved through the equilibrium reactions
between slag and metal [26]. To simplify the model we assume that the equilibrium
between dissolved aluminium and oxygen in the liquid steel and alumina in the top
slag controls the oxygen activity, since the oxygen affinity of aluminium is very
high compared to other alloying elements [14, 27]. The reaction is
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2Alþ 3O ¼ Al2O3ðsÞ ð4Þ

DG0 ¼ �1205115þ 386:714 T ð5Þ

The equilibrium constant K for Eq. (4) is

K ¼ exp
�DG0

RT

� �
¼ aAl2O3

a2Ala
3
O

ð6Þ

logaAl2O3 ¼
�0:275 %CaOð Þþ 0:167 %MgOð Þf g

%SiO2ð Þ þ 0:033 %Al2O3ð Þ � 1:560 ð7Þ

ai ¼ fi wt%Yi½ � ð8Þ

The aluminum activity is the product of fAl and the aluminum content in the
liquid steel. The activity coefficient fi of a dissolved element i in steel can be
calculated by Wagner’s equation written as [21]

logfi ¼
X
j

e ji wt%Yj
� 	 ð9Þ

where i, j are S, C, Si, Al, Mn and O; e ji is the interaction parameters between these
elements in liquid steel. The aluminum activity aAl is the product of fAl and the
aluminum content in the liquid steel.

The sulfide capacity CS2� is determined by using Young’s model [13, 28]. The
overall mass transfer coefficient of element i is calculated as

keff ;i ¼ km;iks;iLiqs
ks;iLiqs þ qmkm;i

ð10Þ

where km,i, ks,i are the mass transfer coefficient of species i in liquid steel and slag,
respectively. The mass transfer coefficient could be calculated through the
Kolmogorov theory of isotropic turbulence as follows:

km;i ¼ cD0:5
m;i

el
m


 �0:25
ð11Þ

ks;i ¼ cD0:5
s;i

el
m


 �0:25
ð12Þ

where c is a constant and is 0.4 for this work [13]. Dm,i and Ds,i are diffusion
coefficients of species i in liquid steel and slag, respectively. The diffusivity of
species in slag are generally two orders of magnitude lower than that of steel
species. Diffusion coefficient of species in steel is assigned to 7.0 × 10−9 m2/s [13].
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Numerical Procedure

In this work, the fluid flow–desulfurization coupled model was solved using the
commercial CFD software ANSYS Fluent combined with UDF. The geometry of
the LMF is shown in Fig. 1. It has two off-centered plugs (diameter 0.092 m). The
height of the ladle is 3.5 m and the initial thickness of the slag layer is 0.150 m. The
argon flow rate was 0.051 m3/s. All the computations were done at 1885 K. To
validate and correct the model, typical industrial tests were carried out in LMF at
Nucor Steel Tuscaloosa, United States. The chemical composition of the initial steel
and slag are shown in Table 1.

Results and Discussion

Figure 2 illustrates the velocity vector for the steel and slag phases. The flow
buoyancy from the injected gas causes high upward-directed steel velocities in the
ladle. Then at the steel surface, downward convection forces the steel to return from
the open eye back to the steel bath. When the steel flow reaches the ladle wall, it is
directed downward along the ladle wall toward the bottom, causing circulation
loops in the ladle. It is obvious that steel movement can result in radial velocities
and fluctuation in the slag. And the slag and metal try to entrap each other, which
forms a two-phase mixing zone.

Fig. 1 Meshed geometry of
the LMF system

Table 1 Chemical composition of slag and liquid steel at the initial time

Steel [wt%] Slag (wt%)

(S) (Al) (Si) (Mn) (C) (Al2O3) (SiO2) (CaO) (MgO) (FeO)

0.0246 0.0604 0.004 0.661 0.085 36 3.7 53.3 5.5 1.5

CFD Modeling of Slag-Metal Reactions and Sulfur Refining … 439



Figure 3a–c show the slag eye formation process under argon gas flow. As the
argon gas flow impinges the slag intermittently, the upwelling argon gas forces the
steel upward and overcomes the slag tension, forming open slag eyes. The

Fig. 2 The velocity vector of steel/slag phases a of the two-plug cross section, b of the one-plug
cross section

Fig. 3 a–c The contour of argon/steel/slag/air phases during the slag eye formation of the
two-plug cross section: 2.3, 2.4, 2.5 s. d The phase contour of the steel/slag phase in the ladle with
the two-plug cross section
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fluctuation pattern of liquid surface at the slag/air free surface is displayed in
Fig. 3d. Figure 4a shows the predicted open slag eyes. The predicted diameter of
the slag eyes varies in the range of 0.5–1 m. Their size is in reasonable agreement
with experimental observations at Nucor (see Fig. 4b).

Figure 5 shows the desulfurization reaction rate in the ladle. It can be observed
that reaction occurs in the slag/steel interaction region. Figure 6 compares the
calculated average sulfur content in the steel phase with the measured data at Nucor
Steel as a function of time. It can be seen that the predicted sulfur contents agree
well with the measured data, which indicates that the current model can accurately
predict the desulfurization kinetics in gas stirred ladle.

Fig. 4 a Volume fraction profile for the slag phase, b open slag eye observation in the real ladle

Fig. 5 Predicted
desulfurization reaction rate
[unit: kmol/(m3s)] at 50 s in
the ladle
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Conclusions

A thermodynamic and kinetic model of sulfur refining in the argon gas-stirred ladle
has been developed by combining a three-dimensional fluid-flow model with
equations expressing the thermodynamics of desulfurization. Using the CFD model,
the bubbly plume turbulent, the slag eyes and the circulation loops of the liquid
flow in gas-stirred ladle are described. The fluid flow behavior shows that the slag
and metal try to entrap each other, forming a two-phase mixing zone. The resulting
substantial interface area between the two phases provides very favorable kinetic
conditions for the chemical reactions. For the desulfurization kinetics model, the
reactions at the metal/slag bath interface as well as the entrapped droplet surface are
included. The predicted sulfur content changing with time in the ladle agrees rea-
sonably well with the measured data.
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Numerical Study of the Fluid Flow
and Temperature Distribution
in a Non-transferred DC ARC Thermal
Plasma Reactor

Yudong Li and Ramana G. Reddy

Abstract Numerical modeling of the thermal plasma process was carried out based
on the thermal plasma reactor in our lab and confirmed using experimental data.
The inlet boundary conditions of a non-transferred DC arc thermal plasma reactor
were used in modeling the temperature and fluid flow distribution in the reactor.
Different mesh grid sizes were used to confirm the model is independent of grid
size. Temperature profile and gas flow distribution in the thermal plasma reactor
were developed by the computational fluid dynamics (CFD) with ANSYS Fluent.
The predicted temperatures are in good agreement with the experimentally mea-
sured temperatures in the reactor. The influence of plasma torch input power as well
as the plasma gas flux on the temperature distribution was investigated using this
model. The influence of power input and gas flow rate on temperature and velocity
distributions are not independent. Generally, higher power input and lower gas flow
rate will give rise to the temperature increase in the reactor.

Keywords Thermal plasma � Material plasma synthesis � Computational fluid
dynamics � Arc jet flow � Plasma model

Introduction

Thermal plasma processing (TPP) techniques [1] are widely used for spraying,
coating, synthesis, sintering, extractive metallurgy and waste treatment. Due to its
high energy content and high energy density, TPP brings large opportunities for
materials processing. It has a lot of advantages in synthesizing materials, such as,
enhanced kinetics because of plasma and gaseous state reactions, lower activation
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energy in the plasma state and high purity synthesizing because of its clean
atmosphere. Moreover, the thermal plasma reactor (TPR) in our lab integrated a
quench tube for shock quenching which will quench the product in a short amount
of time forming nanoscale products. There are numerous reports on the production
of high temperature ceramics [2, 3] and composites by TPP such as TiC
nano-powders [4], TiC/TiN-Al(Ti) ultrafine composite powders [5], and SiC
nano-powders [6]. Due to the high temperature and the set up of TPR in our lab, it
is not possible to measure the gas flow and temperature distribution. However, the
computational fluid dynamics (CFD) can be used as a powerful tool to investigate
the flow pattern and heat transfer inside the TPR and to gain a better understanding
of the physical phenomena of TPP.

Plasma jet flow is highly complex due to high temperature and high velocity.
There are numerous investigations that have been done in modeling of the plasma
spray process using CFD. Mashayak et al. has done CFD modeling of the thermal
plasma process for waste treatment [7]. They used steady state incompressible
Navier-Stokes equations with a standard k-ε turbulence model to account for the
fluid flow. Lorcet et al. has done the kinetics modeling with CFD of biomass
gasification process using TPR [8]. Matveev et al. has done TPP modeling using
CFD for coal gasification process using a hybrid plasma torch [9]. Fan et al. has
investigated the effect of operation parameters [10], including current and flow rates
of primary and secondary gas, on coating quality in plasma spray process.
Mankelevich et al. did modeling of the dc arc jet process in CVD reactors [11],
which is basically very similar to TPP, using a two-dimensional model. Williamson
et al. has done modeling of the high-velocity and high-temperature plasma jet [12].
Agon et al. has developed a three-dimensional CFD model to investigate the
thermophysical properties of gas mixture effect on fluid flow in a hybrid H2O/Ar
plasma jet flow process [13].

In this work, we developed a three-dimensional CFD model based on the DC arc
TPR in our lab which described the fluid flow and gas-solid-liquid coupled heat
transfer phenomenon in the TPP. The plasma inlet boundary conditions are
approximated using the known DC arc torch input power and the torch gas flow
rate. Experimental data of the temperature measured at different thermocouple
places were used to justify the model. Using the velocity profile as well as the
temperature distribution inside TPR, we are able to have better understanding of the
material synthesis process.

Experimental Method

The model used in this study was developed to study the thermal plasma synthesis
system in our lab, which contains a water cooling system, plasma generating system
(with a non-transferred PT-50C plasma torch in DC arc mode), particle feeding
system, reactor chamber and temperature measurement system. Figure 1 shows the
photo and schematic diagram of the TPR. The TPR mainly consists of three zones.
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They are the reaction zone (x = 0–450 mm), Zone I; the quenching zone (x = 450–
900 mm), Zone II; the filter zone (x = 900–1350 mm), Zone III. Outer shell of the
whole reactor is made of 316L stainless steel. Zone I consists of five parts: a plasma
gun port for connecting a plasma gun, a powder feeding port, a water-cooling jack
(r = ±87–115 mm) with cooling water inlet port and outlet port, an insulation layer
(r = ±52–87 mm) and a graphite tube (r = ±45–52 mm). Zone II and Zone III are
basically two stainless steel chambers with two cone-shape water-cooled copper
quench coils and a cloth filter, respectively.

Geometry and Computational Mesh

The three-dimensional geometry and a representative computational mesh used in
this work are shown in Fig. 2, which used same dimension parameters as the TPR
to ensure geometrical similarity for modeling [14]. All features, including three
layers as we mentioned above, at Zone I are included in the model. The cooling coil
at the downstream of Zone I have large effect on fluid flow as well as heat transfer.
So we considered the design of coils including a cap of the first coil which is in
contrast to the previous study [15]. Connections of these two cone-shape cooling
coils will not have a large influence and thus be reasonably neglected.

x

a)

b) r

c)

d)

Fig. 1 Photograph (a) and schematic diagram (b) of the TPR (c) and (d) are Geometry and one
computational mesh used in this study, respectively

Fig. 2 Temperature and
velocity distribution at nozzle
exit
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Fluid Flow and Heat Transfer Model

The fluid flow model in this work is assumed to be steady state turbulent flow.
A standard k-ε turbulence model was used to account for the turbulent flow [16, 17].
This model is capable of reproducing the overall flow field characteristics, including
temperature, velocity and so on, with fair accuracy [17, 18]. Even though this
model may not be suitable for all plasma jet flow conditions, it offers a practical
compromise between simplicity and much more complicated models. Thus, con-
sidering our study is mainly focused on reproducing temperature and velocity
profile, the standard k-ε turbulence model is feasible for this study. Governing
equations are summarized in Table 1 [19].

Boundary Conditions

In this study, the flow of plasma from nozzle exit was defined by means of tem-
perature and velocity. The profiles of temperature and velocity can be expressed by
the following functions [12, 13, 20, 21]:

T ¼ T0 � Twð Þ 1� r
R

� �nTh i
þ Tw ð4Þ

v ¼ v0 1� r
R

� �nvh i
ð5Þ

where T0 and v0 are temperature and velocity at the center of nozzle exit respec-
tively. Tw is the temperature at the nozzle outlet wall. Considering the nozzle is
made of copper, 1300 K is a reasonable approximation of Tw [13]. Variables in
Eqs. (4) and (5) are illustrated in Fig. 3.

Since we can only measure the plasma gun input power and the gas flow rate, we
need to calculate for four variables, i.e. T0, nT , v0 and nv,based on Eqs. (4) and (5)
respectively. We chose nv value of 1.688 and nT of 2.5 to solve for the value of v0
and T0 at different conditions in order to have a similar velocity distribution based
on both experimental and numerical velocity distributions [13, 21, 22]. Calculated
velocity distributions and temperature distribution are used as boundary conditions
for the nozzle inlet by the User Defined Function (UDF). The UDF in this work also
contains the customization of gas density considering materials properties used in
this work are the same as those described in our previous work [5, 15, 23].

Table 1 A summary of governing equations

Continuity r � q~vð Þ ¼ 0 (1)

Momentum r � q~v~vð Þ ¼ �rpþr � l½ r~vþr~vTð Þ � 2
3r �~vI�� �þ q~g (2)

Energy r � ~v qEþ pð Þð Þ ¼ r � ðkrTÞ (3)
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Grid Independence Study

In the grid independence study, we constructed three different computational
meshes. They consist of 977,084 (coarse), 1,417,707 (fine) and 2,156,051 (finest)
hexahedral cells respectively. In the grid independence study, the plasma power
input was set to be 25 kW. Plasma gas flow rate was 6SCFM. Feeding gas flow rate
was set to be 7.5 LPM. Temperature profiles along the axis of Zone I and Zone II
downstream the nozzle exit of three different grid sizes are compared (at r = 0 mm,
x = 0–900 mm, denoted as axis, also see Fig. 1). Results are shown in Fig. 3A. We
can see that, using coarse grid will produce huge difference in the temperature
distribution along x-axis. But, the fine grid agreed with the finest grid reasonably
well. Due to the computational cost consideration, in this study we will use the fine
mesh grid to achieve reasonable results reliability.

Model Verification

Simulations were done using a plasma torch input power described previously
[5, 24], i.e. 25.2 kW, for verification of the model. The radical temperature dis-
tributions at different thermocouple positions were calculated. The thermocouple
positions are listed in Table 1.

The calculated temperature was compared with experimental data as shown in
Fig. 3B and Table 2. There’s not much difference between the calculated and
experimentally measured temperature in previous works at different thermocouple
points. So we can conclude that the model we developed in this work has a good
agreement with experiment data and thus can be used for prediction of the tem-
perature and velocity profile.

Fig. 3 A is temperature profile on x-axis using different mesh and B is the validation of the model
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Results and Discussion

Temperature and Velocity Distribution

Figure 4a, b shows the temperature distribution and velocity distribution of a power
input of 25.2 kW and plasma gas flow rate of 6 SCFM along a center slice of the
TPR. We can see that from the first quenching coil to the outlet at Zone III, the fluid
flow and temperature distribution is almost uniform and do not vary much from
those before the first cooling coil.

Table 2 Thermocouple positions and comparison of calculated temperature with experimental
measurements in previous work [5, 24]

Thermocouple position Radius (r/mm) Length (x/mm) TExp TCalc References

1 52.4 165.1 1273 1319.70 [5]

2 57.4 254.9 1023 1078.03

3 62.4 342.9 773 771.22

2′ 70.0 255.0 698 725.05 [24]

3′ 70.0 343.0 625 586.78

Fig. 4 Temperature profile a and velocity vector distribution b of 25.2 kW and 6SCFM; c is the
temperature distribution in the model without cap at the first coil [15]
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In comparing with previous work [15], this model includes a cap at the first coil
which was omitted by previous work, shown in Fig. 4c. Comparing Fig. 4a, c, we
can see that with a cap the temperature is lowered at Zone I. And the temperature
calculated in this work is closer to what is measured experimentally than
previous tests.

Plasma Input Power Effect

Plasma input power (P) has a great effect on the synthesis process in TPR. With all
other boundary conditions fixed as stated in the boundary condition section, at
plasma gas flow rate of 6SCFM, the input power of 18.2, 22.4 and 25.2 kW were
used in the calculation which is the same as the experimental operation parameters
in previous work [5, 25]. The input power effect on temperature distribution was
investigated as shown in Fig. 5A, B. As shown in Fig. 5, plasma power input has a
large effect on the temperature distribution inside Zone I. The temperature will
generally increase with the increasing power input. Zone I can be divided into three
different sections, R2 (T > 1500 K), R3 (1500 K > T > 1000 K) and R4
(T < 1000 K). As seen that with the power input increase, section R2 and R3
enlarged, which is good for high temperature favorable chemical reactions in
material synthesizing.

Fig. 5 Temperature and velocity distribution on axis at different plasma power (A, B) and
different plasma gas flow rates (C, D)
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Plasma Gas Flow Rate Effect

Plasma gas flow rate (or the plasma gun input gas flow rate, denoted as Q) turned
out to be a very important factor influencing the material synthesis process in this
study. However, to our knowledge, people have rarely studied the effect of plasma
gas (argon gas in this study) flow rate. No work has been done considering the
plasma gas flow rate effect both experimentally and numerically.

In this study, three different cases were calculated using different Q, 3SCFM,
6SCFM and 9SCFM. The power input in this study is fixed at 22.4 kW. After
calculations were done of these three cases, temperature distributions on x-axis at
different input power are plotted for comparison as shown in Fig. 5C, D.

Considering both axial temperature distributions, we can see that as the plasma
gas flow rate decreased from 9SCFM to 3SCFM, section R2 is increasing while
section R4 remains the same. Lower velocity may increase the residence time of
particle inside the reactor which is good for vaporization of particles as well as
reaction kinetics. Thus, we can conclude that, lower the plasma gas flow rate will
increase the residence time and enhance the reaction kinetics due to the increasing
of temperature.

Conclusions

In this study, a numerical model was developed for thermal plasma reactor (TPR).
The geometry used in this model was simplified based on the TPR from our lab.
Different mesh grid sizes were used to confirm the model is independent of grid
size. Data predicted by the model were compared with experimental data. The
influence of plasma torch input power and plasma gas flow rate on the TPR was
investigated using this model. The numerical results suggested that higher input
power will result in higher temperature which is an advantage in producing
materials which are high temperature favorable. The model also implied that plasma
gas flow rate is a crucial factor that can influence the material synthesis process.
Lower plasma gas flow rate is preferred considering both its temperature profile and
velocity distribution. Though the modeling, we can see that the influence of power
input and gas flow rate on temperature and velocity distribution is not independent
but rather coupled. So in modeling the material synthesis in TPR, we should
simultaneously consider the effects of both plasma power input as well as gas flow
rate on temperature and velocity distributions.
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Thermodynamics and Kinetics



Thermodynamic Studies
on the Mg-B System Using
Solid State Electrochemical Cells

Muhammad A. Imam and Ramana G. Reddy

Abstract This study provides a reasonable evaluation of the Mg-B binary system.
Magnesium and Boron (Mg-B) alloys were investigated to determine their thermo-
dynamic properties employing solid state electrochemical cells based on
CaF2 electrolyte represented as ð�ÞPt;Ar= MgþCaMgF4f g CaF2k kf½Mg� B�alloy þ
CaMgF4g=Ar; Ptðþ Þ Investigations were performed over the temperature range of
773–873 K to measure the electromotive force (EMF), which was used to derive
the partial Gibbs Free energies of the alloys in the composition range of XB = 0.07
to 0.95. The activities of Mg were also calculated from partial Gibbs Free energies.
The activities of Mg in MgB2, MgB4, and MgB7 were expressed as a function
of temperature respectively, ln aMg = 4.27–9.32 × 103/T, ln aMg = −7.54 +
6.67×103/T, and ln aMg = 4.93–19.57 × 103/T, where T is the temperature in K.
From this expression, the activity of Mg for these intermediate phases can be
extrapolated at a higher temperature to get the accurate phase boundaries for the
Mg-B system.

Keywords EMF � CaF2 electrolyte � MgB2 � MgB4 � MgB7 � Activity of Mg

Introduction

The binary Mg-B system drew attention due to the MgB2 superconducting phase at
39 K [1]. This binary system contains other intermediate compounds such as MgB4

and MgB7. Some other intermediate compounds were reported in the literature such
as Mg3B2 [2], MgB6 [3], and MgB12 [3]. However, they have not been confirmed
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yet in any further study. In addition, it is reported that these phases are the result of
using low purity materials in the early experiments or the mixture of stable borides
and/or boron [4]. The phase diagram of the Mg-B system was reported by
Massalski [5], which was extensively based on Spear’s [6] assessment, confirming
the three intermediate phases MgB2, MgB4, and MgB7. Recently, Liu et al. [7] and
Kim et al. [8] re-assessed the Mg-B binary phase diagram using CALPHAD and
ab initio calculations. Their study reproduced the intermediate phases reported by
Massalski. Moreover, their study did not include the Mg3B2, MgB6, and MgB12

phases. The recent thermodynamic CALPHAD based calculation (Thermo-Calc
and PANDAT) also corroborate the literature [9, 10]. All boride phases are reported
as a line compound with no significant deviation from the stoichiometry [11]. The
phase diagram of Mg-B system has been obtained from Thermo-Calc is shown in
Fig. 1 [9]. Different phases, crystallographic structures, and decomposition tem-
perature are summarized in Tables 1 and 2.

Thermodynamic data has been limited due to very few experimental phase
equilibria studies performed on the Mg-B binary system. This is due to the
experimental difficulties in working with Mg, which is highly reactive and pos-
sesses a high vapor pressure at high temperatures [12]. Cook et al. have carried out
vapor pressure measurements using Knudsen effusion vacuum thermogravimetry
over the temperature range of 873–1123 K and enthalpy measurements using a
calorimetry method [13]. Brutti et al. have performed vapor pressure measurements

Fig. 1 Binary Mg-B phase diagram [9]
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using a Knudsen spectrometry technique over the range of 883 to 1154 K [14]. It is
interesting to mention that the essential difference in phase decomposition values
reported in Table 2 might be due to the use of a different thermodynamic database
employed in a CALPHAD method and limited availability of experimental data.
Using the high-temperature range data reported by Cook et al. and Brutti et al. and
avoiding the high vapor pressure of Mg; we resolve to execute our thermodynamic
measurement in the temperature range 773–873 K (Fig. 1) in a pure solid state
electrochemical cell using CaF2 as the solid electrolyte.

After obtaining an equilibrium state in a galvanic cell, the thermodynamic data
would be more reliable and accurate. This equilibrium thermodynamic data
obtained from the solid state electrochemical cell can be used in the optimization of
the phase boundary calculations for the Mg-B system.

Experimental

Materials Preparation

Elemental magnesium powder and boron powder (both 99.99% pure, metal basis,
purchased from Alfa Aesar, USA) were mixed thoroughly using different molar
ratios of boron (XB = 0.07, 0.4, 0.73, 0.84, and 0.95) to produce five different
alloys. The mixing process was performed in an inert atmosphere glove box and
then transferred into a sealed jar. After that, jar milling was conducted for 24 h to
obtain a homogenous mixture of boron and magnesium. These mixtures were made
into 13 mm diameter pellets under a uniaxial load of 5000 psi for 5 min using a

Table 1 Different phases and their crystallographic structures in the Mg-B system [15]

Phase Approximate
composition (XB)

Pearson
symbol

Prototype/crystal
structure

Hermann
mauguin

(Mg) 0–0.66 hP2 Mg/HCP P63/mmc

MgB2 0.67 hP3 AlB2 P6/mmm

MgB4 0.8 oP20 MgB4 Pnma

MgB7 0.87 oI64 MgB7 Imma

(B) >0.88 hR12 ZrCl R-3m

Table 2 Comparison of phase decomposition temperature from different literature sources for
Mg-B system

Phase Massalski et al. [5]
(Calc.) °C

Liu et al. [7]
(Calc.) °C

Kim et al. [8]
(Calc.) °C

Cook et al. [13]
(Exp.) °C

MgB2 1550 1545 1174 1268

MgB4 1830 1735 1273

MgB7 2150 2150 2509
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Carver cold pressing unit. The pellets were wrapped in Ta foil and transferred into a
vacuum-sealed quartz tube with Cu getter to avoid oxidation. The pellets were then
placed in a Fischer Scientific box furnace for sintering at 600 °C for 168 h. After
that, a electrochemical cell electrode was made with a mixture of an equimolar ratio
of CaF2 and MgF2 (both 99.99% pure, metal basis, purchased from Alfa Aesar,
USA) with elemental Mg and previously prepared alloys for reference and working
electrode respectively.

These mixtures were also made into a 13 mm diameter pellet under a uniaxial
load of 5000 psi for 5 min using a Carver cold pressing unit. The pellets were
wrapped in Ta foil and transferred into a vacuum-sealed quartz tube with Cu getter
to avoid oxidation. The pellets were then placed in a Fischer Scientific box furnace
for sintering at 600 °C for 336 h. It needs to be mentioned that equimolar ratio of
CaF2 and MgF2 was used to prepare CaMgF4.

Solid State Electrochemical Cell

A schematic diagram of the solid-state galvanic cell used in this study is shown in
Fig. 2. Reddy et al. have described the detailed experimental procedure for the
determination of phase stability of Ti-Al and Nb-Al binary system [16–19]. As
shown in Fig. 2, the solid-state galvanic cell was in a single compartment alumina
tube which was purged with ultra-high purity argon. Anhydrous calcium sulfate
(dierite) was used in the argon purged line to remove the trace amount of moisture.
A Cu gettering furnace temperature was maintained at 958 K before the galvanic
cell compartment to remove the residual oxygen from the argon gas. Cu getters
were also used in the bottom of the alumina tube to ensure no further oxidation. In
addition, the chamber was evacuated using a vacuum pump. The assembly of the
electrodes and the electrolyte (inset of Fig. 2) was placed in the isothermal zone of
the vertical resistance furnace to maintain a constant temperature. A type K ther-
mocouple was used to measure the cell temperature accurately. The reference
electrode, single crystal CaF2 electrolyte, and working electrodes were sandwiched
between the Pt discs. This setup was pressed by alumina discs with the spring
tightened alumina pressing tube. One end of the Pt/Rh wire was connected to the Pt
discs while the other end was attached to the Keithly 2700 to obtain the EMF from
the cell. When the cell voltage variation was within ±0.1 mv over the period of
7–9 h, it was characterized as a steady voltage. That steady/stable voltage indicated
that the system was in an equilibrium state.

Results and Discussion

The solid state electrochemical cells based on single crystal CaF2 electrolyte is
represented as
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ð�ÞPt;Ar= MgþCaMgF4f g CaF2k kf½Mg� B�alloy þCaMgF4g=Ar; Ptðþ Þ ð1Þ

The half-cell reactions for the galvanic cell are explicitly,

ð�Þelectrode:MgðSolidÞþCaF2 þ 2F� ¼ CaMgF4 þ 2e� ð2Þ

þð Þelectrode:CaMgF4 þ 2e� ¼ ½Mg� B�alloy þCaF2 þ 2F� ð3Þ

The Eqs. (2) and (3) gives the net cell reaction simply,

Mg Solidð Þ ¼ ½Mg� B�alloy ð4Þ

Fig. 2 Schematic diagram of solid state electrochemical galvanic cell: 1 Pt/Rh wires with alumina
sleeve, 2 sample thermocouple (type k), 3 gas outlet, 4 gas inlet, 5 water cooled brass flange, 6
vertical tubular furnace, 7 spring, 8 fire brick, 9 heating coil, 10 alumina pressing tube, 11 galvanic
cell assembly, 12 Cu-gutter, 13 alumina tube, 14 alumina support disc, 15 Pt disc, 16 working
electrode, 17 CaF2 electrolyte, and 18 reference electrode
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The EMF of the proceeding galvanic cell reaction is written as

DGMg ¼ RT ln aMg ¼ �nFE ð5Þ

where n is the number of electrons participating in the half cell reactions, F is the
Faraday’s constant (F = 96,500 C/mol), and E is the EMF of the cell in volts (V).
The natural logarithm of activity of magnesium (ln aMg) is calculated for the
selected alloy compositions over the temperature range of 773–873 K. As we know
that activity remains constant in two-phase regions. Therefore, the terminal activity
values of the two-phase regions can be determined/estimated. The terminal activity
of Mg reflects the single line compound of MgB2, MgB4, and MgB7. The variations
of ln aMg with inverse temperature for different phases are shown in Fig. 3. As seen
from the Fig. 3, it can be inferred that the higher the boron content, the lower the
activity of Mg in the system. This figure can be used to obtain the equation (linear
fit, R-Square >94) for ln aMg for different phases, which are tabulated in Table 3.
These equations for the activity can be used for the entire temperature range up to
the decomposition temperature of any particular phase tabulated in Table 2.

Fig. 3 Variation of ln aMg versus 10
4/T measured by solid state electrochemical galvanic cell
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Conclusions

In summary, the Mg-B binary system was evaluated using a solid-state galvanic cell
over the temperature range of 773–873 K. The activity of Mg for different alloys
was derived from the measured EMF data. The activity values for Mg in inter-
metallic phases, such as MgB2, MgB4, and MgB7, were determined as a function of
temperature. From this expression, we can extrapolate the activity of Mg for these
intermediate phases at a higher temperature to get the accurate phase boundary for
Mg-B system, which will be useful in constructing a more reliable Mg-B binary
diagram.

Acknowledgements Authors gratefully acknowledge the financial support, Grant
No. DMR-1310072, of the National Science Foundation (NSF).
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An Investigation on the Kinetics
and Mechanism of Alkali Reduction
of Mine Waste Containing Titaniferous
Minerals for the Recovery of Metals

S. Parirenyatwa, L. Escudero-Castejon, S. Sanchez-Segado,
Y. Hara and A. Jha

Abstract In a world where declining ore grades are increasingly common, it has
become necessary to process low-grade feedstock. Carbothermic reduction in the
presence of alkali (Na2CO3) has been adapted to beneficiate waste that contains
titaniferous minerals (TiO2 ca. 12 wt%), in order to recover valuable constituents
such as TiO2, Fe and V2O5. The waste from vanadium metal processing has
environmental legacy as it leaves nearly 1 wt% V2O5 process waste, which is
environmentally problematic due to V5+ ions in contact with water and soil. This
investigation focuses on the kinetics and mechanism for alkali reduction of mineral
waste bearing 10–12 wt% TiO2, which we studied in the 1073–1323 K range. The
thermogravimetric analysis (TGA) technique was used to record weight loss data.
Two distinct regimes demonstrated mixed-control kinetics: (1) at low temperatures
the activation energy was found to be 199 kJ mol−1, which corresponds to the
outward diffusion of O2− ions; and (2) at high temperatures the calculated value was
130 kJ mol−1, which is consistent with the activation energy for the outward dif-
fusion of Fe2+ ions. The metallic iron, sodium titanate and sodium aluminosilicate
phases that formed were characterised using X-ray powder diffraction (XPRD) and
scanning electron microscopy (SEM) techniques, and their significance for metal
recovery is explained.

Keywords Mine waste � Titaniferous minerals � Alkali reduction � Activation
energy � Sodium titanate
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Introduction

Titanium is an abundant metal in the Earth’s crust and the minerals of industrial
significance are ilmenite (FeTiO3), leucoxene (Fe2O3.TiO2) and rutile (TiO2) [1].
Most titanium production, approximately 90%, is directed towards making TiO2

pigment and the rest is focused on Ti metal [2]. The chloride and sulphate processes
are the two methods utilised for the production of pigment-grade TiO2. The chloride
route is increasingly favoured due to its economic advantages and the fact that it
produces less waste [3]. However, in order to minimise waste this process requires
high-grade feedstock such as natural rutile, with more than 95 wt% TiO2. The
limited amounts of this mineral has led to the development of processes to bene-
ficiate titaniferous minerals, via the Becher route [4] and smelting in electric arc
furnace [5], both of which are now used on a commercial scale.

The Becher process proceeds according to the following steps: (i) oxidation in
air/O2 (Eq. 1), (ii) reduction in the rotary kiln at 1473 K (Eq. 2), (iii) catalytic
aeration for iron precipitation (Eq. 3) and (iv) acid leaching to remove any residual
iron, to obtain synthetic rutile with 92% wt. of TiO2. However, this method requires
feedstocks with more than 50 wt% TiO2 content and iron is treated as a waste
product [6].

4FeTiO3 þO2ðg) ! 2Fe2O3 � TiO2 þ 2TiO2 ð1Þ

Fe2O3 � TiO2 þ 3CO(g) ! 2FeþTiO2 þ 3CO2ðg) ð2Þ

4Feþ 3O2ðgÞ ! 2Fe2O3 ð3Þ

Smelting of ilmenite in the presence of carbon and a fluxing agent (Eq. 4) at
1923 K minimises the amount of process waste in which iron oxide is reduced to
pig iron and the Ti oxide reports to a complex molten slag [2]. However, this
method is energy-intensive and the high operating temperature means that furnace
linings must be replaced regularly. It is only possible to run this process where the
energy cost is quite favourable The Ti-slag must be further processed in order to
obtain a marketable high-titania product that can be used as a feedstock in the
chloride process. In order to make the smelting process economically viable, the
ilmenite starting material must contain at least 35 wt% TiO2 and a sufficiently high
iron content [7].

FeTiO3 þC ! FeþTiO2 þCO(g) ð4Þ

Studies have shown that the alkali roast-leach process can be used to upgrade
titaniferous minerals [8]. The ilmenite mineral is mixed with alkali salts and roasted
in an oxidizing atmosphere, as shown in Eq. 5. The roast calcine is water leached to
selectively solubilise iron ferrite. The water leach residue containing sodium
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titanate is leached in acid media to produce high-grade TiO2 (97 wt%). Although
lower temperatures are required during the alkaline roasting, iron is still considered
as a processing waste.

FeTiO3 þ 1:5Na2CO3 þ 0:25O2ðgÞ ! Na2TiO3 þ 0:5Na2Fe2O4 þ 1:5CO2ðg) ð5Þ

Alkali Reduction of Ilmenite

The Na-Fe-Ti-O-C system at 1323 K, shown in Fig. 1, points out that metallic iron
can co-exist with sodium titanate under reducing conditions. However, the presence
of molten sodium titanates would inhibit the diffusion of CO gas, decreasing the
reduction rate [9]. The major benefit of the process is that the reaction (Eq. 6) is
thermodynamically feasible from temperatures as low as 1073 K [10]. Magnetic
separation would enable the separation of magnetic iron from the non-magnetic
sodium titanate phases. The alkaline reduction of ilmenite (42 wt% TiO2 and
53.6 wt% Fe-O) was studied by El-Tawil et al. [11] but they only manged to
achieve 85% metallisation of Fe at 1473 K. This low metallisation is a result of
experiments carried out under oxidizing atmosphere and not the required reducing
atmosphere, as depicted in Fig. 1. The un-reduced Fe was lost in the non-magnetic
fraction as Na-Fe-Ti-O ternary compounds and hence the overall magnetic sepa-
ration was poor.

FeTiO3 þNa2CO3 þ 2C ! Na2TiO3 þ Feþ 3CO(g) ð6Þ

Fe2TiO4 + Na4TiO4(l) + Na2TiO3

Fe 2TiO4 + Fe + Na2TiO3Fe2TiO4 + Fe + Na8Ti5O14(l)

Fe + Na8Ti5O14(l) +Na2Ti3O7

Fe-Na-Ti-O-C, 1323 K
Na/(Fe+Na+Ti) = 0.3,  Ti/(Fe+Na+Ti) = 0.3
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Fig. 1 Predominance area diagram of Fe-Na-Ti-O-C system at 1323 K, computed using
FACTSage software [12]
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This study focuses on the thermogravimetric analysis of carbothermic reduction
of mine waste in the presence of alkali. The phases formed are characterised and the
kinetics and mechanism of the reaction are investigated.

Experimental

A mine waste containing titaniferous minerals with the composition given in
Table 1, has been used for this investigation. The mine waste was ground and
thoroughly mixed with Na2CO3 and activated charcoal, before being placed in an
alumina crucible that was suspended on the thermogravimetric balance using a
stainless steel wire. The reactions were carried out isothermally at temperatures
between 1073 and 1323 K. The TGA reaction tube was purged with argon gas at
0.5 l/min in order to maintain a reducing atmosphere. The reduced samples were
analyzed using Scanning electron microscopy—energy dispersive X-ray spec-
troscopy (SEM-EDX) and X-ray powder diffraction techniques (XRPD). XRPD
analysis (Fig. 2) of the as-received mine waste demonstrates that the dominant
phases are ilmenite, hematite (Fe2O3), and magnetite (Fe3O4).

Results and Discussion

Phase Analysis

The XRPD patterns of the mine waste reduced in the presence of alkali in the
temperature range of 1073–1323 K are presented in Fig. 3a–f. The main phase

Table 1 Chemical composition of the mine waste used for reduction experiments, as analyzed by
X-ray fluorescence

Fe2O3 TiO2 SO3 Na2O Al2O3 SiO2 MnO CaO MgO V2O5

wt% 66.5 11.7 2.1 5.6 5.0 5.8 0.3 1.6 0.4 0.3
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Fig. 2 XRPD pattern of
as-received mine waste.
1 FeTiO3 (04-012-1150),
2 Fe2O3 (04-002-7501),
3 Fe3O4 (04-013-9807)
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present at all temperatures is α-Fe. Below 1173 K, there is a minor peak for
ulvöspinel (Fe2TiO4) and above this temperature there are peaks representing
sodium aluminosilicate (NaAlSiO4). There are minor peaks representing sodium
titanate in Fig. 3a–c. This shows that the reaction allows for the significant
reduction of iron oxide present at low temperatures. These XRPD patterns broadly
agree with the predominance diagram (Fig. 1), which predicted the co-existence of
metallic Fe and sodium titanate. Figure 1 also demonstrated that the ulvöspinel
phase is present when the reduction is incomplete.

Microstructure Analysis

Figure 4 is the backscattered SEM image from the alkali reduction of the mine waste
at 1323 K. The atomic number contrast shows three different phases formed during
the reaction. Elemental mapping indicates segregation between metallic Fe and
sodium titanate phases. The large iron particles observed at the periphery of the
particle, illustrate that the reaction proceeds via the shrinking core model [13].
However, the mapping also demonstrates the formation of a complex Na-Ti-Al-Si-O
phase, formed as a consequence of the reaction between sodium aluminosilicates
with Ti-rich phases [9]. The V and Na elemental maps overlap, implying that the
majority of vanadium pentoxide (V2O5) reacts with alkali to form sodium vanadate.
The distinct separation of Fe from Ti and V oxides means that magnetic separation of
the reduced sample would allow for selective recovery of these metals. The Fe would
report to the magnetic fraction, whereas Ti and V oxides would be present in the
non-magnetic fraction.
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Fig. 3 XRPD patterns of mine waste reduced with alkali in the TGA at a 1073 K, b 1123 K,
c 1173 K, d 1223 K, e 1273 K, f 1323 K. 1 Fe2TiO4 (04-006-0224), 2 Na2TiO3 (00-047-0130),
3 α-Fe (04-007-9753), 4 NaAlSiO4 (00-011-0221)
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Thermogravimetric Analysis

Solid state reactions may be controlled by the reaction at the interface or diffusion
of the product and reactant species through the product layer. When the diffusion of
species is faster than the chemical reaction, the process is controlled by the
chemical reaction at the interface [14] and can be described by Eq. 7. Ginstling and
Brounstein (GB) derived a model for reactions under diffusion control given by
Eq. 8 [15], where X is the fraction reacted, t is the time in hours and k is the rate
constant.

1� ð1� XÞ13 ¼ kt ð7Þ

1� 2
3
X� ð1� XÞ23 ¼ kt ð8Þ
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Ti
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Fe
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O
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Al
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V
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Fig. 4 Backscattered SEM image and elemental mapping of mine waste reduced with Na2CO3 at
1323 K in the TGA
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The plot of percent reduction (%R) against time for isothermal reduction in the
temperature range of 1073–1323 K is presented in Fig. 5a. The %R was calculated
as a percentage of the experimental weight loss over theoretical weight loss, as
given in Eq. 9.

%Reduction =
Experimental weight loss
Theoretical weight loss

� 100 ð9Þ

The effect of temperature can be seen on the reaction; the %R achieved increases
as the temperature rises and a maximum value of 97% reduction is attained at
1323 K. The rate of reaction is slowest at 1073 K, where the rate of weight change
increases gradually and the %R achieved is below 90%. As the temperature
increases the curves change from growing exponentially to increasing linearly. For
isotherms 1173–1323 K, it can be noted that initially the reactions proceed rapidly
before reaching a plateau where the reaction virtually stops.

The interface and G.B models were fitted to the isothermal weigh loss data
obtained from the TGA experiments. Figure 5b, c are plots for the interface and G.
B models, respectively. It can be observed that the experimental data fits well for
both models, meaning that the reaction is under mixed-control. The fitting for the
combined interface + G.B model is shown in Fig. 5d. During the carbothermic
reduction of the mine waste in the presence of Na2CO3, Na

+ ions from Na2CO3
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enter the ilmenite lattice structure. Since the ionic sizes of Na+ and Fe2+ are
0.97 and 0.74 Å, respectively, ionic substitution of Fe2+ by Na+ is possible to form
sodium titanate [16]. The derived rate constants are detailed in Table 2.

Arrhenius Plot and Activation Energy

The plot of the natural logarithm versus reciprocal temperature for the alkali
reduction is presented in Fig. 6. The slope of ln k versus 1/T line changes at 1173 K,
suggesting that there are two reaction regimes which are dependent on temperature
during the reaction. At lower temperatures the activation energy was seen to be
199 ± 11 kJ mol−1, which is consistent with the outward diffusion of O2− ions, and
this value is comparable with the reported activation energy of 190 kJ mol−1 [17].
The activation energy at higher temperatures is 130 ± 5 kJ mol−1, as corresponds to
the outward diffusion of Fe2+ ions, which has an activation energy within the range
of 117–140 kJ mol−1 [18]. This is confirmed by the presence of Fe at the periphery
of the particles as it is shown in Fig. 4.

Table 2 Linear regression analysis of rate of constants at different temperatures using Interface,
Ginstling and Brounstein (GB) and combined Interface + G.B models

Temp
(K)

Interface model G.B model Combined
Interface + G.B

k Standard
error

k Standard
error

k Standard
error

1073 0.3616 0.0015 0.1316 2.4694E−4 0.4784 0.0011

1123 1.0573 0.0080 0.4127 8.8008E−4 1.4170 0.0068

1173 2.3322 0.0282 0.9300 0.0039 3.2003 0.0267

1223 4.2246 0.0344 1.7919 0.015 5.8790 0.0175

1273 6.8793 0.0753 2.7610 0.0353 9.5606 0.0737

1323 10.0867 0.2249 5.0427 0.0786 14.5188 0.3542

0.00076 0.00080 0.00084 0.00088 0.00092
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Fig. 6 Arrhenius plot of ln k
versus 1/T for calculation of
activation energy. The k
values used were calculated
using the mixed
(Interface + G.B) model
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Conclusions

1. The XRPD patterns and the microstructure of the reduced samples indicate that
elemental iron and sodium titanate co-exist at the process conditions, as pre-
dicted in Fig. 1.

2. The microstructure shows that the reaction proceeded via the shrinking-core
model with distinct segragation of Fe from Ti and V, allowing for their sepa-
ration in subsequent process steps.

3. The kinetic analysis demonstrated that a maximum of 97% of reduction was
achieved at 1323 K. The reaction models fitting revealed that the overral reaction
was under mixed-control.

4. The ln k versus 1/T plot displayed that the overall reaction is governed by two
regimes during the alkali reduction. Up to 1173 K, the activation energy was
found to be 199 ± 11 kJ mol−1, which correlates to the outward diffusion of O2−

ions. From 1173 to 1323 K, the calculated value was 130 kJ mol−1 which
compares with the activation energy for the outward diffusion of Fe2+ ions.
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Empirical Activation Energies of MnO
and SiO2 Reduction in SiMn Slags
Between 1500 and 1650 °C

P. Kim, T. Larssen, M. Tangstad and R. Kawamoto

Abstract The reduction rates of MnO and SiO2 were investigated for various
charge compositions. The empirical activation energies of MnO and SiO2 reduction
from SiMn slags were calculated between 1500 and 1650 °C under CO atmospheric
pressure. The amounts of metal produced at different temperatures were compared,
and the Arrhenius plots were described for each slag A, slag B and synthetic slag,
which shows that the raw material have significant influence on the reduction rate.
The rate of Mn-produced in slag A was faster than slag B despite of the relatively
lower driving force. The lower rate constant in slag B implies that other kinetic
factors, such as viscosity, affects the reduction rate. The estimated activation
energies of MnO were 920, 304 and 975 kJ/mol MnO for slag A, slag B and
synthetic slag, respectively. The rates of Si-produced were similar and slow for all
slag types. However, the different activation energies of SiO2 between industrial
ores and synthetic materials implied that the trace elements can have catalytic
effects toward SiO2 reduction in SiMn slags. The estimated activation energies of
SiO2 reduction were around 800 kJ/mol for slag A and slag B.
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Introduction

Silicomanganese (SiMn) represents as an essential ingredient for steel producing
industries due to its many contributions. Numerous studies have shown that Mn as
an alloying unit enhances the strength, toughness and hardness of steel products,
and both Mn and Si serves as an excellent deoxidizer to prevent porous structures
[1–8].

While manganese thermodynamics have been investigated intensively [2],
kinetic information in the SiMn process is however rather scarce. The lack of
empirical kinetic information increases the ambiguousness of reduction mecha-
nisms, and it is not clear how the different raw materials affect the reduction of
MnO and SiO2 in the SiMn process. The metal producing reactions in the SiMn
process are described by the following reactions:

MnOðlÞ þC ¼ MnðlÞ þCOðgÞ ð1Þ

SiO2ðlÞ þ 2C ¼ SiðlÞ þ 2COðgÞ ð2Þ

A recent study have shown that both MnO and SiO2 reduction becomes sig-
nificant above 1500 °C [9]. The mass loss observed from a TGA-type furnace,
which indicates MnO and SiO2 reduction, was insignificant until 1500 °C but
increased drastically at higher temperatures. It was also tentatively perceived that
the difference in Mn-source influences the reduction behaviors of SiMn charges.
Therefore, the present study focuses on estimating the empirical activation energies
of MnO and SiO2 reduction in SiMn slags (MnO-SiO2-CaO-MgO-Al2O3) between
1500 and 1650 °C using different Mn-sources.

Theoretical Considerations

Previous studies have shown that the reduction rate of MnO can be described by
Eq. (3) [2, 10]. Assuming that the SiO2 reduction in the SiMn slag system is also
controlled by chemical reaction, a similar kinetic model for SiO2 reduction can be
considered by Eq. (4), which was presumed and used for estimating the activation
energies in this work:

rMnO ¼ kMn � A � aMnO � aMn � pCO
KT

� �

¼ ko;Mn � A � e�EMnO=RT � aMnO � aMn � pCO
KT ;Mn

� �
ð3Þ
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rSiO2 ¼ kSi � A � aSiO2 �
aSi � p2CO

KT

� �
¼ ko;Si � A � e�ESiO2=RT � aSiO2 �

aSi � p2CO
KT ;Si

� �

ð4Þ

Where r is the reduction rate (g/min), k is the rate constant (g/min cm2), ko is the
frequency factor, A is the interfacial area (cm2), E is the activation energy (kJ/mol),
R is the gas constant, T is the temperature, aMnO, aSiO2 are the activity of MnO and
SiO2 in the slag phase, aMn, aSi are the activity of Mn and Si, pCO is the partial
pressure of CO(g) and KT is the equilibrium constant at temperature T.

The presumed models for MnO and SiO2 reduction also imply that the driving
force for reduction, which is the difference between actual and equilibrium activ-
ities, contribute to the reduction rates as seen in Eq. (4). Simplified models for
activities of slag (MnO, SiO2) and metal (Mn, Si) components in their respective
melts have been recently studied and were expressed as Eqs. (5–8) [11]. These
activities and thermodynamic equilibrium data from HSC Chemistry 7 [12] were
used to estimate the driving forces of MnO and SiO2 reduction at different tem-
peratures of each slag composition.

aMnO ¼ CMnO � expð0:0007576T � 123:7CMnO þ 30:14CSiO2 þ 47:84CMgO þ 49:54CCaO � 47:96CAl2O3

þ 122:8C2
MnO � 67:78C2

SiO2
� 46:32C2

MgO � 47:68C2
CaO þ 22:51C2

Al2O3
þ 78:35CMnOCCaO

þ 77:56CMnOCMgO þ 176:6CMnOCAl2O3 þ 101:2CMnOCSiO2 � 71:52CSiO2CCaO � 70:58CSiO2CMgO

þ 27:35CSiO2CAl2O3 þ 46C3
SiO2

� 92:97CCaOCMgO þ 2:44C3
CaOÞ

ð5Þ
aSiO2 ¼ CSiO2 � expð�0:0003408T þ 113:8CMnO � 22:79CSiO2 � 51:63CMgO � 52:44CCaO þ 36:3CAl2O3

� 119:3C2
MnO þ 42:56C2

SiO2
þ 32:25C2

MgO þ 30:12C2
CaO � 26:26C2

Al2O3
� 82:725CMnOCCaO

� 82:9CMnOCMgO � 155:2CMnOCAl2O3 � 86:98CMnOCSiO2 þ 86:21CSiO2CCaO þ 86:19CSiO2CMgO

� 23:06CSiO2CAl2O3 � 31:26C3
SiO2

þ 69:45CCaOCMgO þ 11:29C3
CaOÞ

ð6Þ
aMn ¼ CMn � expð0:0005382T � 37:41CMn � 2:966CSi � 0:6835CFe þ 39:52C2

Mn � 1:453C2
Si

� 0:5561C2
Fe þ 27:48CMnCSi þ 38:69CMnCFe þ 0:214CSiCFeÞ ð7Þ

aSi ¼ CSi � expð0:002464T þ 10:3CMn � 1:081CSi þ 27:52CFe � 15:49C2
Mn � 3:713C2

Si � 34:66C2
Fe

þ 1:324CMnCSi � 47:01CMnCFe � 9:127CSiCFeÞ
ð8Þ

where CMnO;CSiO2 ;CCaO;CMgO;CAl2O3 are the mass fraction of MnO, SiO2, CaO,
MgO, Al2O3 in the slag phase, and CMn;CSi;CFe;CC are the mass fraction of Mn,
Si, Fe, C in the metal phase, respectively.
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Experimental Procedures

The focus of this work was to study the reaction rates and estimate the empirical
activation energies of MnO and SiO2 reduction in the SiMn slags. The character-
ization and preparation of SiMn charges, the TGA-type furnace and the experi-
mental conditions are described in this section.

Three different SiMn charges based on different Mn-sources, such as ore A, ore
B and fine synthetic powders, were used in this work and their charge profiles are
described in Table 1. The synthetic charge was aimed to have the similar compo-
sition of the charge based on ore A. The sizes of raw materials were 0.6–1.6 mm.
Each charge was thermodynamically considered to aim at approximately 40 mass
pct SiO2 in slag and 18 mass percent Si in metal phase [2].

The experiments were conducted by using a TGA-type furnace, which is
schematically shown in Figure 1. The furnace can endure temperatures up to 1700 °C
and the maximum heating rate is up to 25 °C/min. A mass balance is installed at the
top and a Molybdenum (Mo)-wire was used to suspend the graphite crucible inside
the furnace. Graphite crucibles (36 mm outer diameter, 30 mm inner diameter,
70 mm height and 61 mm deep) were used to contain each charge sample in this
experiment.

Initially, the furnace was heated up to 1200 °C (+25 °C/min) and held
for 30 minutes to secure complete pre-reduction [2]. Then, further heating
(+4.5 °C/min) was done and stopped at targeted temperatures between 1500 and
1650 °C. The continuous temperature increase was used to simulate an industrial
furnace operation. All experiments were conducted in CO atmosphere.

The weight loss (% mass loss) of each charge sample was recorded and data
were logged every 5 s during the experiment. Lastly, each charge sample was
prepared by mounting it in epoxy to be further analyzed. EDS analyses were done
by using Zeiss-Supra 55VP to analyze slag compositions. The average slag com-
position from more than 3 points were used to calculate the metal compositions.

Results and Discussions

The chemical compositions of slag and metal with their respective activities (slag:
aMnO and aSiO2 , metal: aMn and aSi) at different temperatures are shown in Table 2,
and the amount of produced metals, Mn and Si, are described in Fig. 2. Also, the
driving forces of MnO and SiO2 reduction are shown in Fig. 3. The amount of Mn
and Si increased, as expected, with temperature.

It is shown in Fig. 2 that Mn was reduced faster from slag A, compared to slag B
and the synthetic slag. The reduction rates are determined by two factors according
to Eqs. (3) and (4), which are the driving force given by the activities in the slag and
the rate constant (k) expressing all other kinetic parameters. At 1500 °C where
hardly any reduction of Mn has occurred, the activity of MnO is higher for slag B,
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Fig. 1 Experimental setup: Schematic of TGA-type furnace

Table 2 Slag and metal compositions and their respective activities at different temperatures
between 1500 and 1650 °C

Charge Slag (wt%) Metal (wt%)

MnO SiO2 CaO MgO Al2O3 aMnO aSiO2 Mn Si aMn/KT aSi/KT

A.1500 42.5 35.0 13.0 3.7 5.8 0.21 – 34.6 2.9 0.002 –

A.1510 43.0 33.9 12.7 3.9 6.5 0.24 – 34.1 11.0 0.002 –

A.1520 42.1 35.2 12.6 3.9 6.3 0.21 – 39.4 3.2 0.003 –

A.1530 41.5 35.4 13.4 3.2 6.4 0.21 0.12 42.7 4.1 0.002 0.049

A.1540 46.3 34.1 10.9 4.7 4.0 0.18 0.14 55.5 4.0 0.003 0.043

A.1550 36.0 39.2 14.0 3.7 7.3 0.15 0.19 62.7 0.1 0.003 0.001

A.1560 33.1 40.9 15.0 3.8 7.1 0.12 0.22 67.3 0.2 0.003 0.001

A.1570 26.0 43.0 17.9 4.5 8.6 0.09 0.24 71.3 6.6 0.003 0.047

A.1580 21.0 43.9 19.5 5.5 10.2 0.07 0.23 71.9 9.7 0.002 0.075

A.1590 15.8 47.4 21.2 5.0 10.6 0.04 0.30 74.1 7.9 0.002 0.040

A.1600 11.8 45.7 23.5 6.9 12.2 0.03 0.22 72.4 12.4 0.002 0.082

B.1500 48.0 30.8 14.9 0.4 5.9 0.33 0.06 49.1 20.7 0.002 –

B.1550 47.3 31.5 14.2 0.8 6.2 0.32 0.07 51.8 18.5 0.001 0.905

B.1600 44.7 31.1 17.6 0.4 6.1 0.34 0.06 59.2 20.2 0.001 0.369

B.1650 40.4 34.9 17.7 0.4 6.6 0.24 0.10 66.5 13.9 0.001 0.046

Syn.1585 38.4 33.8 14.1 9.1 4.5 0.24 0.08 55.7 17.9 0.001 0.358

Syn.1615 25.6 40.6 18.0 10.4 5.5 0.10 0.16 69.1 12.0 0.002 0.060

Syn.1630 11.6 43.9 24.0 12.9 7.7 0.04 0.17 71.0 14.1 0.001 0.067

Syn.1650 5.3 42.0 28.2 15.8 8.7 0.02 0.10 70.0 16.8 0.001 0.073

Charge type. Temperature [°C]: ex, A. 1540
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and one would expect a higher reduction rate. Slag B should have been more
favorable towards MnO reduction due to the higher driving force than slag A and
synthetic slag. It was however, shown the opposite in Fig. 2. This implies that slag
A has a higher rate constant than slag B. The rate constant is the factor which
depends on the other kinetic factors, such as diffusion, viscosity and influence of
trace elements and is affecting the reduction rate. The higher basicity of slag A
would indicate a lower viscosity. The ratios of non-reducing oxides (CaO + MgO/
Al2O3) are 2.6 and 2.0 for slag A (synthetic slag) and slag B, respectively. The
difference of those ratios is not significant but further examination regarding vis-
cosity change seems necessary.

The higher iron content in slag A charge should give a higher reduction rate due
to the lower aMn/KT value. This number is, however, so small that it will not affect
the total driving force significantly. It has been previously observed that the for-
mation of initial iron can lead to reduction of MnO [13]. Ore A had more iron than
ore B. However, the activity of Mn (aMn/KT) was higher in slag A than slag B. The
reason for this seems to be from the very low reduction rate and hence small amount
of reduced Mn in slag B. Also, the activities of Mn (aMn/KT) were relatively low
compared to the activities of MnO regardless of slag type. This implies that other
kinetic factors should be considered.

No significant difference can be seen in the reduction rate of SiO2 from the
different slags. The temperature where Si starts to increase in Fig. 2 corresponds to

Fig. 2 Amount of Mn (left) and Si (right) of three different slags with process time and
temperature

Fig. 3 Driving forces (DF) of MnO (left) and SiO2 (right) of three different slags between 1500
and 1650 °C
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the higher driving force in Fig. 3. The rapid increase of driving force seems to be
from the change of slag composition due to the reduction of MnO.

The corresponding Arrhenius plots of different charges including the estimated
activation energies of MnO and SiO2 reduction are described in Fig. 4. While the
rate constant is about the same for the SiO2 reduction, it is seen that the rate
constant for Mn is varying more. Slag A have a higher value, where synthetic slag
was lower and slag B showed the lowest. This has been observed previously where
the slags from industrial raw materials have higher reduction rate compared to
synthetic materials, until the catalytic sulphur was added into the slag [14]. It was
believed that a slow reduction rate may be beneficial in SiMn production, as the
temperature then will be higher in the furnace, helping the silicon content.

The estimated activation energies of MnO for slag A and synthetic slag were
approximately 920 and 975 kJ/mol, respectively. This was relatively higher than
the activation energies previously reported in FeMn slags, which were between 350
and 370 kJ/ mol [2]. Both estimations showed that the MnO reduction is highly
dependent on temperature in SiMn slags. The activation energy for slag B was
however, lower than the first two slags. This gives implication that the transfer of
Mn in slag B may be hindered by diffusion.

The difference between slag A and synthetic slag implies the influence of trace
elements can have some impact on the MnO reduction rate. For example, sulphur
can enhance the reduction rate despite of the unknown mechanism [14]. Using
controlled amount of trace elements into synthetic slag will be studied further.

Estimated activation energies of SiO2 for slags A and B were approximately 870
and 796 kJ/mol, respectively, which are quite in the same range.

Conclusions

The empirical activation energies of MnO and SiO2 in SiMn slags between 1500 and
1650 °C were estimated in this study. Charge type based on different Mn-source
have shown different results. The slag A have showed higher temperature

Fig. 4 Arrhenius plots of different slags and the estimated activation energies of MnO and SiO2

reduction
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dependency while slag B showed more diffusion controlled for MnO reduction. This
can give implications to the different reduction rates of MnO in SiMn slags from
using different Mn-source. For SiO2 reduction, the difference between slags A and B
compared to synthetic slag implies the influence of trace elements.
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Experimental Evaluation
of Thermodynamic Interactions
Between Tellurium and Various
Elements in Molten Iron

S. Ueda, Y. Matsuki and K. Morita

Abstract Tellurium has mainly been used as an alloying element for resulfurized
free-machining steel. It globularizes MnS inclusions and improves both machin-
ability and mechanical properties of such steel. This effect is quite sensitive to
tellurium concentration. Therefore, its incorporation should be controlled accurately
during the secondary refining process, using the thermodynamic properties of tel-
lurium in molten iron. In the present study, Wagner’s interaction parameters of
various elements on tellurium were experimentally evaluated by vapor-liquid
equilibration, and the vapor pressure of tellurium was controlled using the tran-
spiration method. The values obtained were compared with those of oxygen and
sulfur, and they were found to be correlated with the standard Gibbs energy of
formation of the corresponding oxides, sulfides, and tellurides. The results indicate
that the relations described here could provide estimates of interaction parameters
that have not been experimentally determined thus far by using available thermo-
dynamic quantities.

Keywords Steelmaking � Thermodynamics � Molten iron � Tellurium �
Interaction parameters

Introduction

In the steelmaking field, tellurium has mainly been used as an alloying element for
resulfurized free-machining steel since it can globularize MnS inclusions and
improve both machinability and mechanical properties of such steel [1, 2]. As the
effect of tellurium addition is reported to be sensitive to its concentration in molten
steel [2], it is important to control this concentration precisely during the steel-
making processes, taking into consideration the loss of tellurium either by
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evaporation to the atmosphere or by elution into slags. In order to analyze or
estimate such behavior, information about the thermodynamic stability of tellurium
in molten steel is necessary. However, there has been little investigation into this
field, possibly due to the difficulty in handling of tellurium at high temperatures.
Furthermore, resulfurized free-machining steel has a variety of alloying elements
and their concentrations vary depending on the application. Therefore, effects such
additional elements have on the stability of tellurium in molten iron, often referred
to as “interactions,” must also be taken into consideration. In this study, we used a
vapor-liquid equilibration technique in which the chemical potential, or partial
pressure, of tellurium in the ambient atmosphere was fixed using the transpiration
method in order to investigate the dependence of the solubility of tellurium on the
concentrations of other alloying elements. These effects were quantitatively eval-
uated as Wagner’s interaction parameters.

Experimental

Figure 1 is a schematic diagram of the experimental apparatus. In the upper
hot-zone, granular tellurium (99.99%, 30 μm pass, 4 g) was heated to a constant
temperature (683 K) within a graphite container (20 mm OD, 11 mm ID, and
50 mm H). A carrier gas (Ar + 3% H2) was passed over it at a constant rate
(200 mL/min) so that the tellurium vapor is generated at a constant partial pressure
ð� 10�4 atmÞ. This procedure is called the transpiration method, and is widely used
as an experimental method for the measurement of vapor pressures of condensed
matter [3]. The above carrier gas containing the tellurium vapor was then carried
through a thin alumina tube (6 mm OD, 4 mm ID) to molten iron surfaces

Molten iron with an 
alloying element

Hot zone 2
(1873 K) 

Hot zone 1
(683 K) 

Thermocouple

Gas outlet

Gas inlet

Granular tellurium

Alumina crucible

Fig. 1 Experimental
apparatus for the vapor-liquid
equilibration experiments
using transpiration method to
control the partial pressure of
tellurium within ambient
atmosphere of the instrument
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(99.9%, 2.0 g) with known contents (up to 6 mass%) of alloying elements, heated
within an alumina crucible (99.7%, 15 mm OD, 12 mm ID and 30 mm H) kept at a
constant temperature (1873 K). After 1 h of equilibration, the whole gas lance was
pulled up to the highest position inside the reaction tube so that the sample could be
solidified quickly without any leakage of tellurium vapor to the outside.

The samples obtained from these experiments were dissolved in acid solutions
and their chemical composition was analyzed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) for tellurium, aluminum, chromium,
copper, and molybdenum. For the analysis of tellurium, iron ions were removed
from the aqueous solutions by a palladium co-precipitation method [4] beforehand,
in order to avoid serious spectral interference. Sulfur contents in the samples were
determined using the infrared absorption method after combustion.

Principle

In the limit of dilute solution, the relation between the partial pressure of tellurium
and the solubility of tellurium in molten iron may be expressed by the following
equation:

aTe ¼ cTe � XTe ¼ K � PTe ð1Þ

Here, aTe and cTe are the activity and Henrian activity coefficient of tellurium in
molten iron, based on XTe ¼ 1 standard, respectively. Term K is the equilibrium
constant for the following reaction:

TeðgÞ ¼ TeðX; in Fe) ð2Þ

Furthermore, the effect of another alloying element j may be expressed as:

ln cTe ¼ � jTe � Xj ð3Þ

Here, � jTe is Wagner’s first-order interaction parameter of element j on tellurium.
From Eqs. (1) and (3), the following relation can be obtained:

ln XTe ¼ ln aTe � � jTe � Xj ð4Þ

Therefore, as long as the activity of tellurium, or the partial pressure of tellurium,
is kept constant in a series of experiments, a linear relation between ln XTe and Xj

with a slope of �� jTe is expected. Beyond the limit of dilute solution, a second-order
parameter may be necessary:
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ln cTe ¼ � jTe � Xj þ q j
Te � X2

j ð5Þ

ln XTe ¼ ln aTe � � jTe � Xj � q j
Te � X2

j ð6Þ

Results

The experimental results corresponding to the above relations for aluminum, sulfur,
chromium, copper, and molybdenum are given in Fig. 2. The error bars in the
graphs are calculated based only on the experimental errors of ICP-AES. Except for
copper, almost all of the points can be fit with linear regression within error,
suggesting that Eq. (4) is satisfied. A second-order term based on Eq. (6) is required
to fit the data obtained for copper. Sulfur and copper are found to increase the
solubility of tellurium, while aluminum, chromium, and molybdenum show
opposite effects. From a microscopic point of view, the former case and the latter
case correspond to attractive and repulsive interaction between tellurium and an
alloying element, respectively. We shall discuss it in detail in the following section.
From the coefficients obtained based on these fits, the following Wagner’s inter-
action parameters can be obtained:

�AlTe ¼ 5:1� 0:5 �STe ¼ �17:2� 2:2 �CrTe ¼ 1:5� 0:7

�CuTe ¼ �9:9� 0:5 qCuTe ¼ 50� 20 �Mo
Te ¼ 18:5� 1:6

A positive sign and a negative sign correspond to attractive and repulsive
interaction, respectively. It is notable that sulfur has a relatively large effect, since
resulfurized free-machining steel always has sulfur as an alloying element.

Discussion

Previously, we have proposed an empirical equation for the interaction parameters
of various elements on oxygen and sulfur based on the standard Gibbs energy of
formation of the corresponding oxide and sulfide [5]. The interaction parameters on
tellurium obtained in the present study can also be explained in a similar fashion.
Let us assume the following empirical equation, which is a modification of the
modified quasichemical model proposed by Jacob and Alcock [6]:

RT ln 1� �YX
Z

� �
¼ A � DGo

Fe�X � DGo
Y�X

� �þB � RT ln coY in Fe ð7Þ
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Fig. 2 Relations between the concentration of tellurium and those of a aluminum, b sulfur,
c chromium, d copper, and e molybdenum in molten iron
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Here, X is O, S, or Te; Y is Al, Cr, Mn, Ni, Cu, or Mo; R is the gas constant; T is
the temperature (1873 K); and Z is the coordination number of molten iron, which
is here assumed to be 10 based on an X-ray spectroscopic study [7]. The Raoultian
activity coefficient of element Y in molten iron is represented by coY in Fe. Finally,
DGo

Fe�X and DGo
Y�X are the standard Gibbs energies of reactions represented by

Eqs. (8) and (9) at 1873 K, respectively:

FeðlÞþXðgÞ ¼ FeXðsÞ ð8Þ

aYðlÞþXðgÞ ¼ bYcXdðsÞ ð9Þ

The values for coY in Fe are taken from [8], and those for DGo
Fe�X and DGo

Y�X are
taken from the FactSage thermochemical software [9–11]. The experimental values
for �YX are taken from [12, 13], and this work. The dimensionless free parameters
A and B (must not be less than zero) are optimized for each case of X, as shown in
Table 1.

The left and right sides of the equation (corresponding to the experimental and
predicted values, respectively) are compared for each case of X in Fig. 3.
Considering the crudeness of the model, the agreement is satisfactory. Although the
predictions are not quantitative, the results indicate that the above equation may be
useful for a rough estimation of interaction parameters that have not yet been
determined experimentally.

For the case of X ¼ Te, �Mo
Te ¼ 19 cannot be explained by this model unless an

unphysically large coordination number ðZ[ 19Þ is assumed, and therefore, it is
excluded from the optimization process. One possible explanation for such a large
interaction parameter is the size effect. According to the theoretical study by Ueno
and Waseda based on the hard-sphere model [14], when the atomic sizes of X and
Y are both larger than that of Fe, as may be the case for tellurium and molybdenum,
�YX can be extremely large. Since the atomic size (the effective hard-sphere diameter)
of tellurium in molten iron is currently unknown, it is difficult to confirm this
hypothesis. Furthermore, �SX is also excluded because the corresponding reaction
expressed by Eq. (9) does not take place.

One may notice that the optimized parameters for oxygen are quite different
from those for sulfur and tellurium. This might be explained by the differences in
bonding mechanisms or solution types between these species. Taking into con-
sideration the concepts behind the quasichemical model, parameter A can be con-
sidered as a measure of how X is affected when an Fe atom next to X is replaced
by Y. Therefore, the larger value of A for oxygen may be because of ionic-
or covalent-like interactions between oxygen and the surrounding atoms.

Table 1 Optimized
parameters for each case

X A B

O 0.124 0.000

S 0.028 0.199

Te 0.033 0.255
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Such interactions are strongly affected by the types of atoms present at the
nearest-neighbor sites. On the other hand, the smaller values of A for sulfur and
tellurium may be attributed to the more metallic-like interactions that they take part
in, which are less affected by the nearest-neighbors because of the screening effect
of the conduction electrons between atoms.

Parameter B corresponds to how the interactions between Y and the surrounding
Fe atoms are weakened when X is placed next to Y. The B ¼ 0 value for oxygen
may thus be explained by assuming that oxygen is an interstitial solute. In such a
case, the number of Fe atoms around Y is virtually unchanged, even when X comes
in contact with Y. Sulfur and tellurium are more likely to be substitutional, since
their atomic sizes are larger than oxygen. In this scenario, the number of Fe atoms

Fig. 3 Comparison between the left hand side of Eq. (7), calculated using experimental data, with
the theoretical prediction from the expression on the right hand side for each case of a X = O,
b X = S and c X = Te. Dotted lines represent the situation where the left hand side equals the hand
right side
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around Y decreases when X is placed in contact with the latter, resulting in a
weakening of the interactions between Y and the Fe atoms. This results in non-zero
values of B for sulfur and tellurium.

Conclusions

The Wagner’s interaction parameters for aluminum, sulfur, chromium, copper, and
molybdenum on tellurium in molten iron were determined experimentally via a
vapor-liquid equilibration technique using the transpiration method to control the
chemical potential of tellurium in the ambient atmosphere.

�AlTe ¼ 5:1� 0:5 �STe ¼ �17:2� 2:2 �CrTe ¼ 1:5� 0:7

�CuTe ¼ �9:9� 0:5 qCuTe ¼ 50� 20 �Mo
Te ¼ 18:5� 1:6

The values obtained here, together with the values reported from previous
studies for oxygen and sulfur, were qualitatively explained by an empirical equation
based on the standard Gibbs energy for the formation of the corresponding tel-
lurides, oxides, and sulfides. A hypothesis is presented for explaining the differ-
ences in the interaction parameters on oxygen, sulfur, and tellurium by taking into
account their bonding mechanisms and solution types.
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Thermodynamics of Simultaneous
Desulfurization and Dephosphorization
of Silicomanganese Alloy

Jongmin Jeong, Jaehong Shin, Joo Hyun Park, Chul-Woo Nam
and Kyung-Ho Park

Abstract Because sulfur and phosphorus are very harmful in steel products, there
are increasing requirements for refining these elements from ferroalloys industries.
Hence, in the present study, simultaneous desulfurization (de-S) and reducing
dephosphorization (Rde-P) from silicomanganese (SiMn) alloy were investigated
using metal-slag equilibration method under highly reducing condition at 1773 K.
Experiments were carried out by equilibration between SiMn alloy and MnO-based
slag in graphite crucible under p(O2) = 10−18 atm. Slag composition was designed
by changing basicity (CaO/SiO2) and MnO content at fixed Al2O3 (=20%) and
MgO (=5%) contents. De-S ratio increased with increasing basicity until C/S = 1.5
whereas Rde-P ratio was not significantly affected by slag basicity. This was
because thermodynamic driving force of de-S reaction was greater than that of
Rde-P reaction under present experimental conditions. The de-S and Rde-P ratios
commonly increased with decreasing oxygen partial pressure.

Keywords Silicomanganese (SiMn) alloy � Reducing dephosphorization �
Desulfurization � MnO-slags

Introduction

High manganese steels (HMnS) get attention because of their good mechanical
properties such as high strength and good ductility [1]. However, one of the
problems for producing HMnS is the low quality of Mn ferroalloy, i.e., high
impurity levels. Sulfur and phosphorus in Mn ferroalloys have a significant effect
on a deteriorating the quality of steel products. Nevertheless, a conventional oxi-
dizing dephosphorization technique is not easily applicable to Mn ferroalloys
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because Si or Mn is preferentially oxidized compared to phosphorus under oxi-
dizing conditions. Therefore, reducing dephosphorization (Rde-P) process is con-
sidered to produce high purity Mn ferroalloys.

The mechanism of Rde-P has been reported by several researchers [2]. Tabuchi
and Sano investigated the thermodynamic behavior of phosphate and phosphide
ions in the BaO–BaF2 and the CaO–CaF2 fluxes and concluded that the phosphide
capacity of the latter was higher than that of the former system [3, 4]. Eric et al. [5]
measured the phosphide capacity of the CaO–SiO2–MgO–Al2O3(–MnO) slags used
for the FeMn smelting process at 1773 K and found that the phosphide capacity
increased with increasing basicity.

Although several studies concerning the phosphide capacity of the lime-based
flux systems have been investigated, there are few reports of the simultaneous
removal of sulfur and phosphorus from SiMn alloy melts under strongly reducing
atmosphere. Consequently, the aim of present study is to optimize the slag com-
position and other conditions for producing high purity SiMn alloy with lower
contents of P and S.

Experimental Procedure

The SiMn alloys and the slags of various compositions were equilibrated using a
super-kanthal electric furnace with a MoSi2 heating element. The temperature was
controlled within ±2 K using a B-type thermocouple and a PID controller, and was
maintained at 1773 K throughout the experiments. Experimental apparatus is
shown in Fig. 1. A SiMn alloy containing 0.1% P and 0.06% S was prepared using
an induction furnace under an Ar-3%H2 atmosphere, and the slags were prepared
by mixing regent grade chemicals.

Fig. 1 Schematic diagram of
the experimental apparatus
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SiMn alloy (3 g) and slag (4 g) were placed in the graphite crucible. The oxygen
partial pressure was controlled p(O2) = 10−19–10−18 atm at 1773 K by C–CO
equilibrium reaction. Equilibrium was maintained for 12 h. After equilibration, the
samples were quenched by Ar flushing and separated carefully from the crucible for
chemical analysis. The alloy was analyzed by ICP-AES for Mn, Fe, Si, and P. The
contents of oxides in the slag was analyzed with an XRF spectroscopy. The content
of sulfur in the alloy and slag samples was determined using LECO combustion
analyzer. Moreover, the XRD was used for the identification of slag phase.

Results and Discussion

After the equilibrating, the desulfurization (de-S) and reducing dephosphorization
(Rde-P) ratio was evaluated as a function of slag basicity, viz. CaO/SiO2 ratio. The
influences of basicity and MnO content on the removal efficiency of sulfur and
phosphorus are shown in Figs. 2 and 3, respectively. According to the results of
current study, de-S ratio increases with increasing slag basicity until C/S = 1.5,
whereas the influence of slag basicity on the Rde-P ratio is negligible. A difference
between these two refining reactions are originated from the fact that the thermo-
dynamic driving force of de-S reaction, Eq. (1), is more predominant than that of
Rde-P reaction, Eq. (2), at 1773 K [6, 7].

½Ca]þ 1
2 S2ðgÞ ¼ ðCaSÞ; DG0 ¼ �131000þ 24:82 T(cal/mol) ð1Þ

3
2 ½Ca]þ P2ðgÞ ¼ ðCa1:5P2Þ; DG0 ¼ �78520þ 26:77 T(cal/mol) ð2Þ

Because CaS was more stable than Ca3P2, Ca
2+ ion preferentially participated in

the de-S reaction, resulting in a lack of adequate Ca2+ for Rde-P reaction. Therefore,
the Rde-P ratio had no relationship with slag basicity and thus the Rde-P ratio was
not more than approx. 10%. A decrease in a de-S ratio at C/S > 1.5 was due to an

Fig. 2 Effect of slag basicity
and MnO content on the
desulfurization ratio at
1773 K
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increase in solid fraction in the slag. The solid dicalcium silicate (Ca2SiO4) was
precipitated, which was confirmed from an XRD analysis of the quenched slag
samples as shown in Fig. 4.

Conclusions

The equilibrium reaction between SiMn alloy and CaO–SiO2–Al2O3–MgO–MnO
slag was carried out at 1773 K. The de-S ratio was strongly affected by slag
basicity, whereas Rde-P ratio was not affected by slag basicity under the present
experimental conditions. The de-S ratio decreased at C/S > 1.5 because the effec-
tive liquid slag was reduced due to a precipitation of dicalcium silicate. For the
Rde-P ratio, the more systematic experiments should be carried out regarding the
operating parameters including oxygen partial pressure, temperature, etc.

Fig. 3 Effect of basicity and
MnO content on the
dephosphorization ratio at
1773 K

Fig. 4 X-Ray Diffraction
analysis of the highly basic
(C/S = 2.4) slag system
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Reduction Behavior of CaO–Fe2O3–8 wt%
SiO2 System at 1123, 1173 and 1223 K
with CO–N2 Gas Mixtures

Chengyi Ding, Xuewei Lv, Kai Tang, Senwei Xuan, Yun Chen
and Jie Qiu

Abstract The influence of SiO2 on the reducibility of the CaO–Fe2O3–SiO2 sys-
tem was fully examined in this study. The isothermal reduction kinetics of CF and
CF8S (CaO/Fe2O3 = 1:1, wt% (SiO2) = 8) were investigated through thermo-
gravimetric analysis at 1123, 1173, and 1223 K with 30% CO and 70% N2 gas
mixtures. The reduction of the samples with 8% SiO2 was not only highly accel-
erated but also proceeded easily. Rate analysis revealed that CF and CF8S reduction
occurs in two stages, the Fe3O4-to-FeO stage overlaps with the previous Fe2O3-
to-Fe3O4 stage and tends to approach the following FeO-to-Fe stage with the
addition of SiO2. The apparent activation energy values of CF and CF8S reduction
are 46.89 and 8.71 kJ mol−1. Sharp analysis indicated that CF and CF8S reduction
was expressed by the Avrami–Erofeev equation presenting a 2D shrinking layer
reaction.

Keywords CF � SiO2 � Reduction kinetics � Apparent activation energy � Model
function

Introduction

In sintering production, the effect of SiO2 on sinter quality and on the determination
of blast furnace slag has been examined by various studies. The SiO2–Fe2O3–CaO–
Al2O3 (SFCA) phase is regarded as a desirable bonding phase for fluxed sinter, and
SiO2 content influences the phase composition and bonding phase mass of SFCA.
Edstrom [1] in 1986 showed that low-SiO2 sinter exhibits good metallurgical
performance and reduces blast furnace slag in the iron-making process. SiO2–

Fe2O3–CaO (SFC) is believed to be the transition phase in the SFCA formation
process and has been widely investigated [2, 3]. Hyunsik [4, 5] explored the effect
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of SiO2 on the reduction kinetics of carbon composite pellets and found that SiO2

decreases the reduction rate by lowering the surface area of samples. Taguchi et al.
[6] analyzed phase transition in the CaO–2Fe2O3 system with SiO2 addition. The
reduction of samples in previous studies was chemically regarded as the solid–gas
reduction of iron oxide [7–10]. The reduction route of iron oxide has been explored
by many studies, but explanations with the model function derived by thermal
kinetics are lacking. The current study attempts to improve the understanding of
these aspects.

Experimental

Materials

Samples were prepared from CaCO3 (� 99.99%) and Fe2O3 (a-Fe2O3, � 99.99%)
at a molar ratio of 1:1 with the addition of 0 and 8 wt% SiO2, as shown in Table 1.
The powdery raw materials were uniformly mixed and then pressed into
cylinder-shaped samples with 10 MPa pressure. The samples were roasted in a
MoSi2 furnace at 1173 K for 1 h to decompose CaCO3 to CaO. Then, the tem-
perature was increased to 1473 K for 10 h to allow the complete reaction of CF and
CF8S generation. The samples were crushed and sieved into powder (<74 lm) for
subsequent tests.

X-ray diffraction (XRD) analysis with Rigaku D/max2500/PC (Cu Ka) was
conducted to confirm the phase composition of the roasted samples. Scanning was
carried out at an angular range of 10°–90° and scan rate of 4°/min. MDI Jade 5.0
was utilized to analyze the intensity data obtained by XRD analysis. Figure 1 shows
the XRD patterns of samples CF and CF8S.

The reaction of the CaO–Fe2O3–SiO2 system in the roasting process can be
described as follows:

Fe2O3 þCaOþ SiO2 ¼ CaO � Fe2O3 þ 2CaO � SiO2

þ 3 CaO � SiO2ð Þ � Fe2O3 þ Fe2O3;
ð1Þ

where 3(CaO�SiO2)�Fe2O3 is equal to the phase SFC indicated in the XRD pattern
shown in Fig. 1. As the SiO2 content added to the CaO–Fe2O3–SiO2 system
increases, the peak corresponding to CF weakens gradually, whereas that of C2S
and Fe2O3 strengthens. This result indicates that the CF content in the roasted phase
decreases and C2S and Fe2O3 increase. The increase in SFC content is not obvious.

Table 1 Chemical
composition of samples CF
and CF8S (wt%)

Samples CaCO3 Fe2O3 SiO2

CF 38.46 61.54 0

CF8S 35.38 56.61 8
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TGA

Isothermal analysis was carried out via thermogravimetric (TG) measurement in a
Setaram analyzer (Model Setsys Evo TG-DTA 1750), as shown in Fig. 2. The
samples (20 mg) in an alumina crucible were heated to 1123, 1173, and 1223 K in
N2 (� 99.999%) atmosphere at 15 K/min from room temperature. Gas mixtures of
30% CO (� 99.999%) and 70% N2 were blown into the furnace at 20 ml/min for
150 min to enable complete reaction with the samples at the isothermal stage. To
exclude the influence of the system error from the thermal analyzer and the
buoyance force from the gas mixtures, a blank test was conducted under the same
elimination conditions with no samples in alumina crucibles. Weight loss data were
obtained during the isothermal reduction stage, from which the TG data of the blank
test were deduced.

Thermal Analysis Kinetics

Reduction degree is defined as the ratio of removed oxygen mass at a fixed time t to
the theoretically removed oxygen mass from iron oxide; it can be expressed as

a ¼ Dmt

Dm0
; ð2Þ

where a is the reduction degree and Δmt and Δm0 refer to the removed oxygen mass
at fixed time t and the theoretically removed oxygen mass from iron oxide,
respectively. In the reduction of the CaO–Fe2O3–SiO2 system, the removed oxygen
is only from phases containing iron oxides.

The basic kinetic equation [11] that describes the relationship between reduction
rate and time can be expressed as

Fig. 1 XRD patterns of
samples CF and CF8S
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da
dt

¼ kðTÞf ðaÞ; ð3Þ

where da/dt is the reduction rate and k(T) and f(a) are the rate constant and model
function of the reduction reaction, respectively. f(a) is influenced by the reaction
mechanism. k(T) is determined by the Arrhenius equation as follows:

kðTÞ ¼ A exp
�E
RT

� �
; ð4Þ

where A is the pre-exponential factor, E is the apparent activation energy, and R is
the gas constant [8.314 J/(mol K)]. Equation (3) can be further expressed as

da
dt

¼ A exp
�E
RT

� �
f ðaÞ: ð5Þ

Given that reduction degree a is a constant, ln f(a) remains unchanged.
Therefore, activation energy can be calculated as

E¼� R
d ln dadt

� �
d 1

T

� � : ð6Þ

The method to calculate activation energy can eliminate the limit from the model
function and is called the model-free method [12]. f(a) is usually not easily
obtained. G(a), which is the integral function of f(a), can be described as

Fig. 2 Schematic of the TG
analyzer
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GðaÞ ¼
Z a

0

da
f ðaÞ ¼

Z t

0
A exp

�E
RT

� �
dt ¼ kðTÞt: ð7Þ

Results and Discussion

Reduction Degree and Reduction Rate

The reduction degree of samples CF and CF8S with the change in time during
the isothermal reaction stage is shown in Fig. 3. The reduction process com-
pletes early as temperature increases. The maximum reduction degree and its
corresponding time for samples CF and CF8S at 1123, 1173, and 1223 K are
shown in Table 2, where am and tm are the maximum reduction degree and its
reduction time, respectively. The results indicated that the reduction time for
samples CF8S decreases than CF, and maximum reduction degree increases for
CF8S than CF.

As shown in Fig. 2, the phases in the roasted samples mainly comprise SiO2, CF,
C2S, CFS, and Fe2O3. Removed oxygen originates only from the iron oxides in CF,
CFS, and Fe2O3. The reducibility of Fe2O3 is better than that of CF, and that of CFS is
the worst among the three phases [13]. The presence of Fe2O3 significantly improves
sample reducibility. The reduction rates of CF and CF8S at three temperatures are
shown in Fig. 4. The reduction routes of iron oxides can be expressed as

Fe2O3 CF; SFCð Þ ! Fe3O4 ! FeO ! Fe: ð8Þ

The theoretical reduction degree is fixed at 0.11 and 0.33 when Fe2O3 reduces to
Fe3O4 and Fe3O4 reduces to FeO, respectively. The Fe3O4-to-FeO stage overlaps
with the previous Fe2O3-to-Fe3O4 stage and tends to approach the following
FeO-to-Fe stage with the addition of SiO2.

Fig. 3 Reduction degree of samples CF (a) and CF8S at 1123, 1173, and 1223 K (b)
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Apparent Activation Energy for Samples Reduction

Apparent activation energy was calculated by the slope of the plots of ln(da/dt)
against 1/T shown in Fig. 5, and the results are presented in Table 3. Given that
sample reduction was combined with several reaction stages and gas diffusion,
activation energy was regarded as the apparent value reflecting the comprehensive
influence on the reduction process. Gas switching from pure N2 to N2 and CO
mixtures led to the samples not being reduced by the target CO content during the

Table 2 Maximum reduction degree of samples CF and CF8S at 1123, 1173, and 1223 K and the
corresponding time

Samples am tm/min

1123 K 1173 K 1223 K 1123 K 1173 K 1223 K

CF 0.92 0.93 0.94 137 100 84

CF8S 0.94 0.94 0.97 69 68 62

Fig. 4 Reduction rate of samples CF (a) and CF8S at 1123, 1173, and 1223 K (b)

Fig. 5 ln(da/dt) against 1/T of samples CF (a) and CF8S (b)
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initial stage. Consequently, the reduction stage before a = 0.3 was not considered
in this study for the calculation of apparent activation energy. Instead, the reduction
during a = 0.3–0.8 was considered for the activation energy calculation. The
apparent activation energy values of CF and CF8S reduction are 46.89 and 8.71 kJ
mol−1. Sample reduction tends to be easy with the addition of 8% SiO2 in the
Fe2O3–CaO system.

Model Function Results

Model function G(a) was obtained to describe the relationship of reaction degree
with time. Nine normal functions [14] expressing the solid-state reaction are listed
in Table 4. Functions A2 and A3 were obtained from the nucleation process
(crystallization) and can also be applied to the shrinking layer reaction. Considering
that the model function cannot be directly obtained, Sharp [15, 16] defined
non-dimensional parameter y(a) to target model function.

yðaÞ ¼ GðaÞ
Gð0:5Þ ¼

kt
kt0:5

¼ t
t0:5

; ð9Þ

where G(0.5) represents G(a) when a = 0.5 and t0.5 refers to the time when a = 0.5.
The curves of plots of a against t/t0.5 derived by the nine solid reactions are called
standard curves. Experimental data [ti/t0.5(i = 1, 2, … l), ai] were obtained from the
TG curves of sample reduction. Target G(a) is clear, given that the experimental
data match one of the corresponding standard curves. Sharp analysis was conducted
when the transition of the reaction rate peak approximately occurred at a = 0.5.
According to the rate change of CF and CF8S reduction, y(a) was set to t/t0.1 and t/
t0.3 for CF and CF8S, respectively.

Experimental data [ti/t0.1(i = 0.1, 0.2, … 0.8, 0.9), ai] and [ti/t0.3(i = 0.1, 0.2, …
0.8, 0.9), ai] of CF and CF8S reduction were obtained and are shown in Fig. 6. The
results indicate that the experimental data y(a) values for CF and CF8S reduction
mostly lie on the standard curve corresponding to function A2. The reduction of CF
and CF8S can only be described by the mechanism of 2D shrinking layer reaction.

Table 3 Apparent activation energy of samples CF and CF8S

E/(kJ mol−1)

a 0.3 0.4 0.5 0.6 0.7 0.8 Avg

CF 20.32 23.11 30.85 52.85 67.51 86.68 46.89

CF8S 8.58 6.24 5.18 3.78 7.46 21.01 8.71
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Conclusions

The isothermal reduction kinetics of CF and CF8S was investigated via TG mea-
surement with 30% CO and 70% N2 gas mixtures. The following conclusions were
obtained.

Table 4 Model function G(a) for normal solid-state reactions

Mechanism Functions G(a)

One-dimensional diffusion D1(a) a2 ¼ kt

Two-dimensional diffusion (bidimensional
particle shape)

D2(a) ð1� aÞ lnð1� aÞþ a ¼ kt

Three-dimensional diffusion (tridimensional
particle shape) Jander equation [17]

D3(a) 1� ð1� aÞ1=3
h i2

¼ kt

Three-dimensional diffusion (tridimensional
particle shape) Ginstling-Brounshtein equation
[18]

D4(a) ð1� 2=3aÞ � ð1� aÞ2=3 ¼ kt

Bimolecular decay law (instantaneous
nucleation and unidimensional growth)

F1(a) � lnð1� aÞ ¼ kt

Phase boundary controlled reaction
(contracting area, i.e., bidimensional shape)

R2(a) 1� ð1� aÞ1=2 ¼ kt

Phase boundary controlled reaction
(contracting volume, i.e., tridimensional shape)

R3(a) 1� ð1� aÞ1=3 ¼ kt

Random instant nucleation and
two-dimensional growth of nuclei
(Avrami-Erofeev equation [19–21])

A2(a) � lnð1� aÞ½ �1=2¼ kt

Random instant nucleation and
three-dimensional growth of nuclei
(Avrami-Erofeev equation)

A3(a) � lnð1� aÞ½ �1=3¼ kt

Fig. 6 Standard curves and experimental data based on Sharp analysis for CF (a) and CF8S (b)
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• CF and CF8S reduction occurs in two stages, the Fe3O4-to-FeO stage overlaps
with the previous Fe2O3-to-Fe3O4 stage and tends to approach the following
FeO-to-Fe stage with the addition of SiO2.

• The apparent activation energy values of CF and CF8S reduction are 46.89 and
8.71 kJ mol−1. Sample reduction tends to be easy with the addition of 8% SiO2

in the Fe2O3–CaO system.
• Sharp analysis implied that reduction of CF and CF8S can only be described by

the mechanism of 2D shrinking layer reaction.

Acknowledgements The authors are grateful for the financial support provided by the Natural
Science Foundation of China (51544203).

References

1. S. Santen, J.O. Edstrom, Method of Manufacturing Silicon from Powdered Material
Containing Silica. U.S. Patent, No. 4,439,410, 27 Mar 1984

2. X. Ding, X.M. Guo, The formation process of silico-ferrite of calcium (SFC) from binary
calcium ferrite. Metall. Mater. Trans. B 45(4), 1221–1231 (2014)

3. X. Ding, X.M. Guo, Study of SiO2 involved in the formation process of silico-ferrite of
calcium (SFC) by solid-state reactions. Int. J. Miner. Process. 149, 69–77 (2016)

4. H. Park, V. Sahajwalla, Effect of alumina and silica on the reaction kinetics of carbon
composite pellets at 1473 K. ISIJ Int. 54(1), 49–55 (2014)

5. H. Park, V. Sahajwalla, Reduction behavior of carbon composite pellets including alumina
and silica at 1273 K and 1373 K. ISIJ Int. 54(6), 1256–1265 (2014)

6. N. Taguchi, T. Otomo, K. Tasaka, Effect of SiO2 and Al2O3 additions on the reduction and
expansion of synthetic materials based on CaO2�Fe2O3. Tetsu-to-Hagane 73(15), 1885–1892
(1987)

7. S.K. Dutta, A. Ghosh, Kinetics of gaseous reduction of iron ore fines. ISIJ Int. 33(11), 1168–
1173 (1993)

8. H.W. Kang, W.S. Chung, T. Murayama, Effect of iron ore size on kinetics of gaseous
reduction. ISIJ Int. 38(2), 109–115 (1998)

9. A. Unal, A.V. Bradshaw, Rate processes and structural changes in gaseous reduction of
hematite particles to magnetite. Metall. Mater. Trans. B 14(4), 743–752 (1983)

10. N.A. Warner, Reduction kinetics of hematite and the influence of gaseous diffusion. Trans.
Metall. Soc. AIME 230, 1631–1676 (1964)

11. R.C. Mccune, P. Wynblatt, Calcium segregation to a magnesium oxide (100) surface. J. Am.
Ceram. Soc. 66(2), 111–117 (1983)

12. S. Vyazovkin, C.A. Wight, Model-free and model-fitting approaches to kinetic analysis of
isothermal and non-isothermal data. Thermochim. Acta 340, 53–68 (1999)

13. J.O. Edstrom, The mechanism of reduction of iron oxides. J. Iron Steel Inst. 175(3), 289
(1953)

14. J.D. Hancock, J.H. Sharp, Method of comparing solid–state kinetic data and its application to
the decomposition of kaolinite, brucite, and BaCO3. J. Am. Ceram. Soc. 55(55), 74–77 (1972)

15. M.E. Brown, D. Dollimore, A.K. Galwey, Reactions in the Solid State, vol 22 (Elsevier,
1980)

16. J.H. Sharp, G.W. Brindley, B.N. Narahari, Numerical data for some commonly used solid
state reaction equations. J. Am. Ceram. Soc. 49(7), 379–382 (1966)

Reduction Behavior of CaO–Fe2O3–8 wt%SiO2 System … 509



17. S.S. Tamhankar, L.K. Doraiswamy, Analysis of solid–solid reactions: a review. AIChE J. 25
(4), 561–582 (1979)

18. A.M. Ginstling, B.I. Brounshtein, On diffusion kinetics in chemical reactions taking place in
spherical powder grains. Zhur. Priklad. Khim. 23 (1950)

19. M. Avrami, Kinetics of phase change. I general theory. J. Chem. Phys. 7(12), 1103–1112
(1939)

20. M. Avrami, Kinetics of phase change. II transformation–time relations for random distribution
of nuclei. J. Chem. Phys. 8(2), 212–224 (1940)

21. M. Avrami, Granulation, phase change, and microstructure kinetics of phase change. III.
J. Chem. Phys. 9(2), 177–184 (1941)

510 C. Ding et al.



A Review of Some Studies on Impurity
Capacity Predictions in Molten Melts

Bora Derin

Abstract This study is a collection of both newly published and/or presented
works on impurity capacity predictions in molten melts which were carried out by
Derin et al. Some sulfide capacity prediction results of iron oxide containing ternary
silicate melts and industrial lead and copper slags using the Reddy-Blander model
and some impurity capacity predictions of multicomponent oxide and salt melts
obtained using a Artificial Neural Network Approach are discussed.

Keywords Impurity capacity � Molten melts � Reddy-Blander � Neural network

Introduction

Inclusions containing sulfur, phosphorus, nitrogen, carbon etc. have to be controlled
during many metal production processes due mainly to their undesirable effects on
the metal properties. Better quality metal is possible with better slag design, which
may influence the impurity content in the metal. Impurity capacity (Ci) models have
been developed for decades to predict the ability of slag to remove the impurities in
hot metal. These models are empirical, semi-empirical and/or theoretical and are
used to estimate the capacities of sulfide, phosphorus, nitrogen, and carbon in
molten melts [1–18]. For example, Sosinsky and Sommerville first proposed a
sulfide capacity (Cs) prediction model using an optical basicity concept defined by
Duffy and Ingram [1, 2]. Mori also used the optical basicity concept in phosphorus
capacity prediction for CaO–MgO–SiO2–FetO slags at 1873 K [3]. Moretti and
Ottonello developed a sulfide capacity prediction model for simple and complex
silicate melts using different polymeric solution theory [4]. KTH model was
designed for the optimization of experimentally determined Cs values of simple
systems in order to obtain those of multicomponent slags [5]. Selin et al. developed
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a phosphate capacity prediction model using temperature and basicity index for
CaO–SiO2–CaF2 slags [6]. Koyabashi et al. developed a simple linear formula for
phosphate capacity predictions as functions of temperature for the slag composition
for the MnO–SiO2–FetO–MgOsatd systems [7]. Yang et al. developed a thermo-
dynamic model for predicting the phosphate capacity of convertor slags based on
the ion and molecule coexistence theory (IMCT) [8]. Maramba and Eric created the
quadratic regression models to estimate phosphide capacity (CP

3−) of ferroman-
ganese smelting slags under highly reducing conditions [9]. Sasabe et al. developed
a simple regression model for prediction of nitride capacities (CN

3−) of molten CaO–
SiO2–Al2O3 slags containing TiO2 or ZrO2 [10]. Shin and Lee studied on the
nitrogen solubility of CaO–Al2O3–CaF2 melts and developed a formula based on
the optical basicity concept for 1773 K [11]. Park and Min investigated the carbide
capacities (CC2�

2
) of CaO–SiO2–CaF2 (–Na2O) slags at 1773 K and they presented a

linear regression formula. Derin et al. used neural network approach for the pre-
diction of impurity capacities in some molten melts [12, 13]. Reddy and Blander
(RB) developed a model, a priori, based on a simple solution model and on
knowledge of the chemical and solution properties of impurities and oxides
[14–16]. The RB model was then modified by Pelton et al. [17]. Later, Kang and
Pelton developed a thermodynamic model in the framework of the modified qua-
sichemical model in the quadruplet approximation to permit the calculation of
solubilities of various gaseous species (sulfide, sulfate, nitride, carbide, water, etc.)
in molten slags [18]. This paper is a review of research on the predications of
impurity capacities of some molten melts using the Reddy-Blander and a Neural
Network Approach methods which have been carried out by Derin et al.

Theoretical Consideration

Reddy-Blander (RB) Model

The sulfide capacity, CS, as an indicator of desulphurization power of molten slags,
was first described by Fincham Richardson as:

CS ¼ wt%Sð Þ PO2

PS2

� �1=2

ð1Þ

where, wt%S is weight percent of sulfur in the slag, PO2 and PS2 are the oxygen
and sulfur partial pressures in system, respectively [19] RB model was described
elsewhere in detail [14–16]. Shortly, it proposes the following definitions for the Cs
calculations. For a binary MO–SiO2 (M = Ca, Mg, Mn, Fe, etc.) system, the sulfide
equilibrium reaction can be written as:
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MOðlÞ þ 1=2S2ðgÞ ¼ MSðlÞ þ 1=2O2ðgÞ ð2Þ

The equilibrium constant, KM, for the above reaction is given by:

KM ¼ aMS

aMO

ffiffiffiffiffiffiffi
PO2

PS2

s !
ð3Þ

For a ternary system MO–NO–SiO2, such as the FeO–MgO–SiO2 system, the
Flood-Grjotheim approximation is applied. The CS value is then deduced from the
sub-binary systems at constant silica mole fractions using the following equation:

ln CS ¼ NM ln CS;M þNN ln CS;N ð4Þ

where NM and NN are electrical equivalent fractions, NM ¼ XMO
XMO þXNO

and

NN ¼ XNO
XMO þXNO

, CS,M and CS,N are sulfide capacities in the MO–SiO2 and NO–SiO2

binary systems at a fixed mole fraction of silica; and CS is the sulfide capacity of the
ternary MO–NO–SiO2 system. When the multi-component melts contain more than
one acid component such as MO–NO–SiO2–FeO1.5, then a subdivision is made i.e.
MO–SiO2–FeO1.5 and NO–SiO2–FeO1.5. When XSiO2 + XFeO1.5 ≤ 0.33

CS ¼ 100WSKMaMO
1� 2XSiO2 � 2XFeO1:5

W

� �
ð5Þ

When XSiO2 + XFeO1.5 ≥ 0.33

CS ¼ 100WSKMaMO
XSiO2 þXFeO1:5

W

� �
/S

aMS

� �
ð6Þ

Where, aMO is the activity value of the sub-system with one basic component i.e.
MO–SiO2–FeO1.5 at a fixed mole fractions of SiO2 and FeO1.5. In order to obtain
total Cs value of the multi-component system, Eq. (4) is applied.

Neural Network Model

Neural network (NN) computation was described elsewhere [12, 13]. NN is a
processing method and it imitates the features of the human brain that contains
approximately 10 billion nerve cells (neurons). A human neuron which is a func-
tioning unit of the nervous system consists of dendrite, soma, axon and synapse.
Neurons communicate via input signals. A neuron accepts inputs associated with
different weights from multiple neurons. The summation of the inputs (intensity) is
multiplied by their associated weight. When the intensity of the signal is high
enough to pass over a certain critical value (threshold), then an output signal is
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transmitted through axon and synapse to the next neuron. The state that the intensity
of signal exceeds the threshold is called “ignition” and it can be expressed in a
sigmoid function shown in Eq. (7) in the neural network concept.

y ¼ f ðxÞ ¼ 1=½1þ expð�g � xÞ� ð7Þ

Here, x is an input value and y is the output. η is a coefficient which determines
the shape of the sigmoid curve. In the back propagation method, three layers-type
neural network computation consists of an input layer, a middle (hidden) layer and
an output layer. The units in the middle layer are connected with the input and
output units. However, there are no connections within a layer. The final result “y”
in the output layer is expressed by using the above sigmoid function as follows

ak ¼ f ð
X

xi �Wki � hiÞ ð8Þ

y ¼ f ð
X

ak � Vk � hkÞ ð9Þ

where xi is an input value of unit i in the input layer, Wki is a connection weight
between unit i in the input layer and unit k in the middle layer, hi is a critical value
for unit i. y is the final output, Vk is a connection weight between unit k in the
middle layer and the final output, hk is a critical value for unit k. After values are
applied to the units in the input layer, signals propagate through the middle layer to
the output layer. Each link between neurons contains a unique weight value.
A comparison is made between output values and the teaching values. The errors
are calculated for each output unit and then propagated backwards through the
network to correct the connection weights and the critical values in each unit. This
“learning” process is repeated until the overall error value drops to acceptable
levels. In the impurity capacity estimation studies (Ci), the computation was carried
out by using SlagVis software designed by Research Center of Computational
Mechanics Inc., Osaka University, and Sumitomo Metal Industries Ltd. to estimate
some physical properties of multi-component slags using a neural network model.
In our studies, the program was found applicable for the Ci predictions. [12, 13].

Result and Discussions

In first study, Reddy-Blander model was applied to predict the sulfide capacity
(Cs) values of FeOx–CaO–SiO2, FeOx–MnOx–SiO2 and FeO–MgO–SiO2 ternary
slags which were experimentally studied in the literature within the temperatures
between 1673 and 1923 K [20]. The sulfide capacity values increased with
increasing temperature but, decreased with increasing acidic SiO2 content. The RB
model was found in agreement for all slag systems at the temperature range of
1773–1923 K. A small discrepancy occurred just when the basic content is
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relatively high at 1673 K for FeOx–CaO–SiO2 and FeO–MnOx–SiO2 slags. This
may be due to high amounts of Fe+3 and Mn+3 in the slags resulting in a decrease in
Cs values. Figure 1a–c shows some Cs comparisons of model and experimental
data from the study [20]. Also, the predictions of sulfide capacities in industrial lead
slags and interactions on sulfur content of lead bullions were the studied using the
RB model [21]. The sulfide capacities (Cs) of 19 lead smelter slags indicated in the
literature were calculated and effects of Cs values on sulfur content of lead bullions
were discussed. It was found that, the calculated sulfide capacities for industrial lead
slags changed with changing slag component and slag temperature. Lead smelting
slag had a remarkable effect on removing sulfur from lead bullion. When, sulfide
capacity of a slag increased, sulfur content in the lead bullion decreased. Sulfide
capacity of a lead smelting slag was found to be one of the important parameter for
removing sulfur from lead bullion. Figure 2 shows the relationship between Cs of
industrial furnace slags and sulfur content in lead bullions. To make the importance
of slag capacity clearly seen, both blast furnace and imperial smelting processes
were selected for this figure, since they have similar process conditions involving
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only reduction step compare to direct reduction furnaces having oxidizing and
reduction zone such as QSL or Kivcet reactors. The figure depicts that in industrial
smelters, as sulfide capacity of a slag increases, sulfur content in the lead bullion
decreases. Having different Cs values of slags, blast furnaces, for example, Mount
Isa Mines (MIM, Cs: 6.87 × 10−2), Noranda (N, Cs: 2.97 × 10−2) and Doe Run
(DRC, Cs: 1.73 × 10−2) smelters produce lead bullions having ≤0.05, 1.3 and <2%
sulfur [21].

In another study, the partial pressure ratios of sulfur and oxygen for several
copper flash smelting plants were derived using the Reddy-Blander (RB) model and
predicted dissolved sulfur contents available in the literature [22]. The sulfide
capacities (Cs) of six different flash smelting plants (FeO–CuO0.5–CaO–MgO–
FeO1.5–AlO1.5–SiO2) slags were calculated. The log (PO2/PS2) versus matte grades
of various industrial processes was determined and shown in Fig. 3. The PO2/PS2
ratio increased with an increase of copper grade. It can be concluded that calculated
partial pressure ratios of sulfur and oxygen, log (PO2/PS2), for the copper flash
smelting plants, changed between −5.39 and −4.67 with increasing Cu content in
matte. These values were especially comparable with Takeda’s experimental data.
Predicted pressure ratio values of Sridhar et al. were found to be much lower than
our prediction as well as other experimental data described in the literature [22].

The neural network approach was applied to the experimental Cs values of 20
different molten oxide and salt systems up to five component system for the tem-
peratures between 1273 and 1923 K [12]. It was also constructed iso-sulfide
counters on ternary phase diagrams establishing a link among experimental Cs
values of molten ternary and lower sub-systems. Figure 4a shows an NN con-
structed Cs contours for liquid region of CaO–FeO–SiO2 melt at 1773 K. For
this aim, experimentally obtained Cs values of molten state pure FeO, CaO–SiO2,
FeO–SiO2, CaO–FeO, and CaO–FeO–SiO2 melts were used. Another example
shown in Fig. 4b is an NN constructed Cs contours for liquid region of
CaO–CaCl2–CaF2 melt at 1273 K. For this aim, experimentally obtained Cs values
of CaO–CaCl2 and CaO–CaCl2–CaF2 melts were used [12].

Fig. 3 Comparison of
potential ratios for the matte
grades from different smelting
plants: 1 INCO 2 Rio-Tinto 3
Tamano 4 Norddeutsche 5
Phelps 6 Outokumpu [22]
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In the final study, the capacities of phosphate, phosphide, nitride and carbide in
binary and multi-component molten melts were estimated at different temperatures
using the artificial neural network approach [13]. The experimental data from liter-
ature were introduced to the artificial neural network, then the calculated results were
plotted against the experimental values for comparative purposes. The calculated
results obtained through neural network computation agreed well with the experi-
mental ones and were found to be more accurate than some model results. Figure 5
shows a plotted iso-phosphate capacity contours on the liquid region of CaO–CaF2–
Al2O3 ternary phase diagram at 1773 K generated by using NN results [13].

Fig. 4 Neural network
predicted iso-sulfide capacity
contours in liquid region of
a CaO–FeO–SiO2 melt
system at 1773 K, and
b CaO–CaCl2–CaF2 melt
system at 1273 K [12]

Fig. 5 Artificial neural
network predicted
iso-phosphate capacity
contours in liquid region of
CaO–CaF2–Al2O3 melts at
1773 K [13]
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Conclusions

This paper is a review of research on impurity capacity predictions in molten melts
which were carried out by Derin et al. It is concluded that, as a priori prediction
method for impurity capacities, the RB model is a very useful tool for the opti-
mization of impurity removal in the existing processes and for the development of
new processes. The computation results were found to be in good agreement with
the experimental values. It can be also concluded that neural network based com-
putation is a very useful technique for predicting Ci values in molten melts, but
attention needs to be paid to the quantity and accuracy of the experimental data.
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Application of Sharp Analysis
on Reduction Kinetics of Vanadium
Titanium Magnetite Sintering Ore

Jinsheng Wang, Pingsheng Lai, Wei Lv, Xuewei Lv and Jie Dang

Abstract The isothermal reduction kinetics of vanadium titanium magnetite sin-
tering ore was investigated by thermo-gravimetric analysis at a temperature range of
1123–1223 K under 30% CO + 70% N2 gas mixtures. The apparent activation
energy of reduction was calculated by iso-conversional method and its value is
36.7 kJ/mol. The model function describing the reduction mechanism was dis-
cussed by Sharp analysis and the results revealed that the reduction process is
controlled first by random nucleation and nucleus growth mechanism (RNNGM) as
reduction degree is lower than 0.5, followed by the mixed influence of RNNGM
and phase boundary reaction when reduction degree is higher than 0.5.

Keywords Kinetics � Vanadium titanium magnetite � Gaseous reduction

Introduction

The vanadium titanium magnetite (VTM) is a kind of complex iron ore which
contains a variety of valuable metals. On account of its enormous reserves and the
decrease of high-grade iron ore, the status of VTM in iron and steelmaking in China
and even in the world becomes more and more significant [1–6].

In the past few decades, many researches on the carbothermic reduction
mechanism and kinetics of VTM have been carried out. Chen [7] et al. investigated
the carbothermic reduction mechanism of VTM. They used the thermogravimetric-
differential scanning calorimetry-quadrupole mass spectrometer method to analyze
the kinetics of main reduction process of the VTM. The results indicated that the
kinetic mechanism followed the principle of random nucleation and growth.
However, in Liu’s research [8], they divided the reduction process of vanadium and
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titanium iron concentrate pellets containing carbon into two stages. Their results
showed that the first stage was controlled by chemical reaction between the metal
oxides and carbon, the later stage was controlled by the diffusion of reduced
products.

Meanwhile, some researches concerned with gaseous reduction of VTM have
been conducted as well. Qi [9] et al. used CO and H2 to reduce VTM respectively.
The results showed that gaseous reduction process of VTM was controlled pri-
marily by diffusion when temperature was below 1050 °C and mainly controlled by
interfacial reaction when temperature is more than 1050 °C. But, the research about
reduction mechanism of high-chromium vanadium–titanium magnetite under
H2–CO–CO2 gas mixtures by Tang et al. [10] showed different results. It turned
out that the reduction was controlled by the mixed internal diffusion and interfacial
reaction at the initial stage where the interfacial reaction is dominant. As the
reduction proceeds, the internal diffusion became the controlling step.

However, the information on gaseous reduction of VTM sintering ore is par-
ticularly sparse. In the current study, the kinetics of VTM sintering ore gaseous
reduction by CO at a temperature range of 1123–1223 K was presented.

Experimental

Materials

The experimental samples used in this study were derived from homemade VTM
sintering ore in laboratory. The main chemical composition is shown in Table 1.
The samples were grinded and sieved to a size less than 200 mesh before TG
experiments. High purity N2 was used as a protective gas.

Procedure

The experiments were carried out in a way of isothermal reduction in Setaram Evo
TG-DTA 1750 thermal analyzer. The sample was put into an alumina crucible and
placed in the reactor which was pumped to a state of vacuum and then filled by N2

to 1 atm so that there was no other residual air to influence experimental data. Then,
the reactor was heated to 1123, 1173 and 1223 K respectively at a heating rate of
20 °C/min in N2 atmosphere. When the temperature was stable, the N2 was

Table 1 Main chemical position of VTM sintering ore, wt%

CaO FeO MgO TFe SiO2 TiO2 V2O5 Cr2O3 R

6.26 19.68 2.43 50.62 4.06 12.49 0.524 0.177 1.5
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switched to reduction gas containing 30% CO and 70% N2, and then the weight loss
was monitored continuously. After reacting for a period of time until the weight loss
stay constant, the reduction gas was switched to N2 again, and the sample was
cooled to the room temperature along with the furnace.

In all experimental runs, the mass of sample was 20 mg and a constant flow rate
of all gas was kept as 20 ml/min, which was controlled by gas mass flowmeter.

Results and Discussion

TG Analysis

Figure 1 shows that the mass loss ratio and the reduction degree of VTM sintering
ore changed with time at different temperature. The reduction degree was calculated
by Eq. (1):

a ¼ DOP
O

¼ mO � mtP
O

ð1Þ

where, ΔO is the actual mass of removed oxygen; ΣO is the theoretical mass of
removable oxygen in the sample; m0 is the initial mass of the sample and mt is the
residual mass of the sample after reduced for time ‘t’.

It can be seen from Fig. 1 that the mass loss and reduction degree of samples
increase with the processing of reduction until it becomes stable, which means the
reduction comes to an end. Meanwhile, it is obvious to find that both the maximum
mass loss and reduction degree of samples increase with the rising of reduction
temperature, which indicates that it is favorable for reduction of VTM sintering ore
at higher reduction temperature.

Figure 2 shows that the reduction rate changed along with reduction degree of
samples at different temperature. It can be found that there are two peaks in all three
curves, which reveals that the reduction process of VTM sintering ore can be

Fig. 1 Mass loss ratio and reduction degree of VTM sintering ore
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divided into two stages. But, further XRD and SEM analysis of reduction products
at different stages are necessary to verify the specific reduction path.

Figure 3 shows that the relationship between ln(dα/dt) and 1/T, where dα/dt is
the reduction rate of the reaction and T is the reduction temperature. According to
model-free approach, dynamical equation of non-uniform reaction can be expressed
as Eq. (2):

da=dt ¼ kðTÞf ðaÞ ð2Þ

where, dα/dt is reduction rate; k(T) is reduction rate constant; f(α) is model of
reaction mechanism function. Equation (3) can be obtained by substitute k(T) by
Arrhenius formula [11]:

da=dt ¼ A exp
�E
RT

� �
f ðaÞ ð3Þ

Taking the logarithm of Eq. (3) can obtain Eq. (4):

ln da=dtð Þ ¼ lnA� E
RT

þ ln f ðaÞ ð4Þ

Equation (4) indicates that the reaction activation energy of different reduction
degree can be calculated by the slope(-E/R) of each fitting line in Fig. 3. The
average apparent activation energy of the reduction process is 36.64 kJ/mol. The
value is showed in Table 2.

Fig. 2 The trend of reduction
rate changing with reduction
degree

Fig. 3 The relationship
between ln(dα/dt) and 1/T by
iso-conversion method
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Kinetics Model of VTM Sintering Ore Reduction

Sharp [12] et al. proposed a method to conclude the reaction mechanism function:

G að Þ ¼ kt ¼ G að Þa¼0:5

G að Þa¼1:0

t
t0:5

� �
ð5Þ

where, G(α) is a mechanism function, t is time, t0.5 is the time when α is 0.5,
G(α)α = 0.5 is the value of G(α) when α = 0.5, G(α)α = 1.0 is the value of G(α)
when α = 1.0.

The experimental curve showing relationship between α and t/t0.5 is calculated
from experimental data. And, the theoretical curves of α versus t/t0.5 can be
acquired by commonly known G(α). The reaction mechanism function can be easily
obtained by comparing these two kind of curves. Table 3 shows commonly used
kinetic mechanism functions, and Fig. 4 shows the comparison of experimental
curve of VTM sintering ore reduction with theoretical curves. It is clear that the
reduction process is controlled first by random nucleation and nucleus growth
mechanism (RNNGM) as reduction degree is lower than 0.5, followed by the mixed
influence of RNNGM and phase boundary reaction when reduction degree is higher
than 0.5.

Table 2 The reaction activation energy at different conversion

α 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Average

E/(kJ/mol) 47.9 29.9 25.2 9.4 12.8 17.9 24.1 57.9 104.7 36.64

Table 3 Commonly used kinetic mechanism functions [11, 13]

Symbol Kinetic models G(α)

Diffusion
models

D1(α) One-dimensional diffusion α2 = kt

D2(α) Two-dimensional diffusion (1 − α)ln
(1 − α) + α = kt

D3(α) Three-dimensional diffusion [1 − (1 − α)1/3]2 = kt

D4(α) Three-dimensional diffusion (1 − 2/3α) − (1 − α)
2/3 = kt

Boundary
reaction

F1(α) Phase boundary reaction 1 − (1 − α)1/2 = kt

R2(α) Phase boundary reaction 1 − (1 − α)1/3 = kt

Nucleation
models

R3(α) Random nucleation and subsequent
growth

−ln(1 − α) = kt

A2(α) Random nucleation and subsequent
growth

[−ln(1 − α)]1/2 = kt

A3(α) Random nucleation and subsequent
growth

[−ln(1 − α)]1/3 = kt
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Conclusions

The reduction kinetics of VTM sintering ore is experimentally determined, and the
conclusions are acquired as follows:

1. The apparent activation energy of reduction was calculated by iso-conversional
method and its value is 36.7 kJ/mol.

2. The reduction process is controlled first by random nucleation and nucleus
growth mechanism (RNNGM) as reduction degree is lower than 0.5, followed
by the mixed influence of RNNGM and phase boundary reaction when reduc-
tion degree is higher than 0.5.
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High Temperature Properties of Molten
Nitrate Salt for Solar Thermal Energy
Storage Application

Mehedi Bin Mohammad, Geoffrey Brooks and M. Akbar Rhamdhani

Abstract Molten alkali nitrates are used commercially as thermal storage fluids
(HTF) for solar thermal electricity generation. Their range of operation is limited by
the thermal stability and this limits the energy (steam-Rankine cycle) efficiency of
these processes. In this study, the effect of atmosphere on the thermal stability of
nitrates was investigated using simultaneous thermal analysis techniques (STA).
The use of oxygen (O2) as a blanket gas was found to delay the decomposition
point of the ternary NaNO3–KNO3–LiNO3 (13.23–57.14–29.63 weight ratio)
mixture by 55 °C. By which operating range will increase 65 °C more compared to
the binary solar salt. Higher heating rates increased the decomposition point but had
less effect on premelting and melting properties. Nitrogen monoxide, and O2

evolution after melting indicates concurrent reversible reactions. Similar phenom-
ena were observed for single and binary nitrates. The eutectic melting point of
ternary nitrate obtained from the STA agreed well with FactSage eutectic compo-
sition prediction.

Keywords Concentrated solar power � Heat transfer fluids � Thermal analysis �
LiNO3 � NaNO3 � KNO3

M.B. Mohammad (&) � G. Brooks � M. Akbar Rhamdhani
Faculty of Science, Engineering and Technology, Swinburne University of Technology,
Hawthorn, VIC 3122, Australia
e-mail: mmohammad@swin.edu.au

G. Brooks
e-mail: gbrooks@swin.edu.au

M. Akbar Rhamdhani
e-mail: arhamdhani@swin.edu.au

© The Minerals, Metals & Materials Society 2017
S. Wang et al. (eds.), Applications of Process Engineering Principles
in Materials Processing, Energy and Environmental Technologies,
The Minerals, Metals & Materials Series, DOI 10.1007/978-3-319-51091-0_52

531



Background

Solar thermal power (STP) is a form of renewable energy that produces sustainable
power using concentrated solar thermal energy [1, 2]. Concentrated solar power
(CSP) plant’s electricity generation is similar to conventional power plant [3] using
conventional cycles [4], but instead of fossil fuel to supply heat to the boiler or
heat exchanger, it uses concentrated solar radiation from solar field which is stored
in thermal energy storage (TES) system [3, 5]. The various types of CSP systems,
central receiver solar tower, parabolic trough, dish engine, and Fresnel system, are
globally available technologies. Commercially the central receiver solar tower
system, and the parabolic trough system use TES with heat transfer fluid
(HTF) [6, 7]. A TES system consists of two tanks: a cold and hot storage tanks.
A cold tank dispatch HTF and hot tank collect HTF from the solar field via pipe and
pump accessories, as shown schematically in Fig. 1.

The use of molten alkali nitrate/nitrite and alkaline nitrate salts as a HTF and
heat storage fluid is promising in CSP plants because of their negligible vapor
pressure and optimum fluid velocity. The best-established HTF is a binary NaNO3–

KNO3 (60–40 weight ratio) solar salt [8] which has melting point 220 °C and
decomposition point at 565 °C [9]. The ternary NaNO3–KNO3–LiNO3 salt (13.23–
57.14–29.63 weight ratio) obtained from thermodynamic modeling has a melting
point of 120.8, 100 °C lower liquidus temperature compared to the binary (melting:
222 °C [10]). The purpose of this study is to investigate the increase of the
degradation limit of proposed ternary nitrate salt system by using oxygen as cover
gas to obtain broader operating temperature range to potentially increase the
steam-Rankine cycle efficiency solar thermal electricity plants.

Fig. 1 Schematic diagram of Gemasolar power tower (central receiver tower) plant [11]
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The main course of decomposition reactions are nitrate being dissociate to nitrite
and liberating oxygen in reversible manner [12], as shown in Eq. 1. Then nitrite
dissociates reversibly to oxides, and NOx gasses [13], as shown in Eq. 2. Recent
studies showed that, in alkali nitrate/nitrite (Hitec salt) system, pure oxygen as a
blanket gas (partial pressure of oxygen, PO2 ¼ 1) alters the nitrite back to nitrate at
higher temperatures by exothermic oxidation and delays the thermal degradation
point [14]. The decomposition limits of many alkali nitrate systems reported were
based on thermo gravimetric analysis (TGA) or TGA and differential thermal
analysis (DTA)/differential scanning calorimetry (DSC) only and the fundamental
decomposition reactions have not been reported in detail. To address these issues,
the proposed ternary nitrate salt were studied using simultaneous thermal analysis
techniques (STA) which includes simultaneous DTA/DSC-TGA and mass spec-
trometry (MS) under three gases (argon, air and O2) and scanning rates (2.5, 5 and
10 °C/min) to observe decomposition behavior and identify thermal events accu-
rately. To aid this evaluation the single LiNO3, NaNO3 and KNO3 and binary solar
salts were also subjected to STA.

MNO3 � MNO2 þ 1
2
O2 M ¼ Li;Na;Kð Þ ð1Þ

2MNO2 � M2OþNO2 þNO OR;

2MNO2 � M2Oþ 3
2
O2 þN2

ð2Þ

Experimental Methodology

A ternary nitrate mixture was prepared from reagent grade LiNO3 (anhydrous
99.99% purity), NaNO3 (anhydrous 99.995% purity) and KNO3 (anhydrous
99.997% purity) from Sigma Aldrich® according to the composition 29.63LiNO3:
13.23NaNO3:57.14KNO3 weight% (37.35LiNO3:13.53NaNO3:49.12KNO3 mol%)
obtained from the thermodynamic analysis [15]. The binary solar salt was prepared
as 60:40 weight ratio of NaNO3, KNO3. Salts were weighed using Mettler Toledo
digital balance (±0.001 g weighing accuracy) and mixed without further purifica-
tion. The 10 g binary and ternary salt mixtures were dehydrated in Pyrex crucible
for 2 h and heated up to 250 °C in an oven furnace in an air atmosphere. The salt
melts were kept in molten state at for 2 h to achieve sufficient homogenization.
After heat treatment, the salt were cooled slowly by keeping the salts insulated and
turning off the furnace. Then the quenched salt mixtures were crushed and ground
using mortar and pestle and stored in a master container and placed in a Duran
vacuum desiccator before subsequent STA testing.

A Setaram DSC/DTA-TGA Setsys Evolution 18 analyzer unit coupled with
a Pfeiffer Quadstar-422 MS was used for thermal and evolved gas analysis.
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The gaseous products were detected by MS simultaneously and were presented
with DTA and TGA curves [16, 17]. In case of stability test the salts were
heated from 50 to 800 °C using DTA in three atmospheres (argon, air and O2). And
in case of transition events detection the salts were heated at various heating-
cooling rates from 50 to 30 °C above the melting point of respective sample in
argon using DSC. A platinum-rhodium 6%/platinum-rhodium 30% protected
B-type DTA/TGA thermocouple (150–1700 °C) was used for thermal stability
measurements. A platinum/platinum-rhodium 10% S-type DSC/TGA transducer
(−50 to 1600 °C) was used for transition event detection. The DSC/TGA sensor
was calibrated against certified reference materials (CRM) following Standards
procedures [18–24] to obtain corrected temperature and heat flow (HF) sensitivity
coefficients. The CRMs, namely pure (purity of 4N or 99.99%) Indium, Lead,
Aluminium, and Aurum were heat treated to observe the melting events. A built-in
least square optimization routine [16] was used to calculate the temperature and HF
correction coefficients. Errors associate with temperature uncertainty was ±4.9 °C,
heat sensitivity variation was ±3.02 J/g and, noise level was ±6.7 mK. The method
used for the detailed error calculations are described by Olivares [14].

Results and Discussion

The STA study showed that, the oxygen blanket gas delayed the degradation
temperature of ternary molten nitrate by 55 °C at 10 °C/min heating rate compared
to an inert argon atmosphere [25, 26]. Similar effects of oxygen atmosphere are
seen in case of binary and single constituent nitrates [25, 26]. Figure 1 is showing
decomposition behavior of binary solar salt at three atmospheres. Rapid degradation
temperatures were observed at 575, 610 and 624 °C in argon, air and oxygen
blanket gas respectively. Only NO gas was plotted for comparison. O2 gas was
unable to detect in air and oxygen atmospheres because of same AMU (atomic mass
unit). N2, O2, NO, N2O and NO2 were the main evolved gases of nitrates
decomposition. NO and O2 was started to evolved at same temperature (490 °C)
in-between melting and boiling temperatures for each sample suggesting that, the
primary and secondary reversible reactions are concurrent and overlapping, as
shown in Fig. 2

The higher heating rate of 10 °C/min resulted in a delayed degradation point
compared to the lower heating rate of 2.5 °C/min as observed in argon for the
ternary nitrate system. The liquidus and solidus temperature gap was higher in
ternary and binary nitrates compared to single nitrates perhaps due to super cooling
and/or inadequate calibration of heat flow curves (during cooling of DTA/DSC
transducer). For similar reason, also the crystalline transition that was observed
prior to melting did not appear during cooling for the binary and ternary nitrates.
There was little effect of heating rates on pre-melting and melting (transition, fusion
and crystallization) temperatures compared to decomposition temperatures for all
samples.
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In order to avoid time consuming and costly experimentation, thermodynamic
modeling using thermochemical package FactSage 7.0 [15] was performed to
obtain eutectic composition (13.23–57.14–29.63 weight ratio) of ternary nitrate

Fig. 2 Binary solar salt heated from 50 to 800 °C in argon, air and oxygen atmosphere (sweep
velocity: 40 ml/min) at 10 °C/min heating rate. Blue curves are indicating sample heat flow; green
curves indicating sample weight loss; and NO and O2 gas evolution curves (ion current intensity)
are shown in pink and black color. The curves in three atmospheres are artificially lined up in
Y-axis for comparison
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system and verified experimentally by STA. The melting point obtained by DSC
was 121 °C and it has excellent agreement with fusion point obtained by ther-
modynamic modeling (120.8 °C). The mathematical models of three binary sys-
tems NaNO3–KNO3, NaNO3–LiNO3 and KNO3–LiNO3 were formulated using a
regular solution model and Gibbs energy minimization method [27, 28], as shown
in Table 1. Kleppa’s [29] empirical polynomial expression of binary alkali nitrate
was used to obtain molar enthalpy of mixing, then by utilizing the Gibbs-Duhem
equation the partial molar enthalpies of mixing of each component at both phases
(liquid and solid) were obtained. The Gibbs free energy of both components were
formulated, in Eqs. 3 and 4. The concentration of both components at liquid and
solid phase for NaNO3–KNO3 binary system is shown in Eqs. 5 and 6 respectively.
These four nonlinear coupled equations (Eqs. 3–6) were solved numerically using a
contour plot technique. An algorithm was developed to find the convergence of real
roots ðxlA; xlB and TÞ. The liquidus and solidus curves of mathematical modeling
were fitted well against values obtained from the quasi chemical model used in
FactSage and experimental value from literature, as shown in Table 1. Heat
capacities as a function of temperatures have less effect on liquidus and solidus
curves. This study showed that the regular solution model described alkali binary
nitrates system well and could be useful method for predicting the phase diagrams
for other alkali nitrates and alkali halide systems.

Table 1 Binary phase diagrams comparison

Salt systems Eutectic
composition
(mol%)

Eutectic
temperature (°C)

Method [reference]

NaNO3–KNO3 0.5 KNO3 224.85 DSC [27]

0.5 KNO3 220.85 DSC [30]

0.5KNO3 220.85 DSC and high temperature XRD [31]

0.51 KNO3 223 FactSage [15]

0.5 KNO3 220.85 This work calculated Cp as constant

0.52 KNO3 221.85 This work calculated varying Cp

LiNO3–

NaNO3

0.537 LiNO3 200.35 DSC [32]

0.537 LiNO3 195 FactSage [15]

0.524 LiNO3 192.8 This work calculated Cp as constant

0.524 LiNO3 190 This work calculated varying Cp

LiNO3–KNO3 0.45 LiNO3 137.05 DSC [32]

0.46 and 0.53
LiNO3

136.85 and 146.85 DSC [33]

0.424 LiNO3 125 FactSage [15]

0.44 LiNO3 137 This work calculated Cp as constant

0.424 LiNO3 135 This work calculated varying Cp
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Conclusions

In summary, at 10 °C/min scanning rate the salt started to degrade rapidly at 545 °C
in argon, 571 °C in air and 600 °C in oxygen, respectively. In argon at a higher
heating rate (10 °C/min), the salt degradation was delayed by 42 °C. Oxygen as a
blanket gas delayed the decomposition point of ternary nitrate by 55 °C. Higher
heating rates increased the decomposition point. O2, N2, NO, N2O, and NO2 were
the main evolved gasses of decomposition detected by MS in an argon atmosphere.
As observed in argon atmosphere, NO and O2 evolution after melting and onward
indicates concurrent overlapping reversible decomposition reactions. Similar phe-
nomena were observed for single and binary nitrates. The ternary nitrate offered
65 °C more operating temperature compared to binary solar salt. The eutectic
melting point of ternary nitrate obtained from STA agreed well with FactSage
eutectic composition formulation. A regular solution model predicted experimental
literature values well. The overall conclusion is that the use of oxygen as a blanket
gas for alkali molten nitrates is likely to increase the Rankine cycle efficiency of a
solar thermal power plant.
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Influence of Diluents Dosage
on the Performance of High Solid
Anti-corrosion Coating by Converter Dust

Jinglong Liang, Hui Li, Ramana G. Reddy and Yungang Li

Abstract High solid corrosion protective coatings were prepared by the dust of the
converter with an average particle size of 59.33 μm. The effect of different amount
of benzyl alcohol diluent on the performance of high solid anti-corrosion coatings
was studied. With the increase of the amount of diluent, the viscosity of high solid
anti-corrosion coatings reducing, the film apparent bubble content decreasing, and
film resistant to salt water corrosion ability decreased, while acid corrosion capacity
enhancement. When the dosage of diluents is 15%, the coating film is more resistant
to acid corrosion.

Keywords Converter dust � Anti-corrosive coatings � Diluents � Anti-corrosion
performance

There is about 4% of GDP losses annual caused by metal corrosion in China [1].
Therefore the research on the corrosion protection technology of metal materials is
great significance to the development of the whole national economy [2, 3]. As a
new type of metal anti-corrosion coating, high solid anti-corrosion coatings [4, 5]
with less organic volatile components is conducive to environmental protection. It
will become the development trend of anti-corrosion coatings technology because
of the curing speed, impact resistance and superior construction performance [6, 7].
Converter dust contains a large amount of metal oxide [8] can be used as high solid
anti-corrosive coating filler, and the smaller size reducing the pigment grinding
process costs [9]. The technology of preparing high solid corrosion coating by
converter dust is not only recycling the waste of converter steelmaking process,
reducing the pollution of the environment, but also reduces the cost of the
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anti-corrosion coating, and improves the process performance, although the use of
low viscosity epoxy resin, the high solid anti-corrosion epoxy coating viscosity is
still relatively large and cannot reach the effect of air spraying. It is necessary to add
a certain amount of diluent, so that epoxy resin coating to reach the required
viscosity [10]. Using Benzene methanol as a diluent mainly because of the
non-toxic, high boiling point, not volatile. And because of the strong polarity, after
curing benzyl alcohol can be very good compatibility with epoxy resin, will not
appear migration phenomenon. In the experiment, the influence of different amount
of diluent on the performance of the high solid anti-corrosion coatings was studied.

Experimental Method

Select the dust particle size of 59.33 μm for preparing the pigment and filler. The
pigments and fillers are 100 g, pigment to binder ratio, namely the pigment and
filler: epoxy resin = 1:1. The adding amount of diluent accounts for epoxy resin for
5, 10, 15, 20%, respectively. Pigments and fillers are made up with converter dust, a
certain amount of talc, quartz powder and mica powder (the amount of 4% of the
converter dust). Leveling agent, dispersant dosage generally account for the main
agent of 0.5–1% (take 0.75%); Thixotropic agent, silane coupling agent generally
account for main agent of 0.25–0.5% (take 0.3%). After the good coating equipped
with on the surface of the silicon steel sheet, the coating film need 6.5 h of the
surface dry and 19 h of the actual drying process.

NK-2 viscosity cup viscometer detector is used to conduct analysis and detection
of viscosity, Zeiss microscope and Axovert 200MAT metallographic microscope are
used to apparent detection of coating and study the influence of the amount of diluent
on the performance of the coatings, and salt spray experiment box is used to study
performance of the high solid anti-corrosive coating resistant to salt water corrosion.
Neutral salt spray test: 5% NaCl solution; pH value of 7.0–7.2 (35 ± 2 °C); salt
spray settlement amount is 1–2 mL/80 (cm2 h); sample placement angle of 30°;
continuous spray. Acid salt spray test: a 5% sodium chloride solution with adding
some of glacial acetic acid, so that PH value of the solution is reduced to about 3,
starting the salt spray test when the solution becomes acid.

Results and Discussion

Influence of Diluents Dosage on Coatings Viscosity

Figure 1 is the influence of diluents dosage on coatings viscosity. When the dosage
of benzene was 5%, the viscosity was 244.66 Pa s; the dosage of benzyl alcohol
increased to 20%, coating viscosity reduced to 243.50 Pa s. When the dosage of
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benzene methanol increased from 5 to 10%, the viscosity of the coating decreased
from 244.66 to 243.68 Pa s, and decreased by 0.98 Pa s, and coating viscosity
reduction is relatively obvious. Along with the amount of diluent benzyl alcohol
increased from 5% to 20%, the viscosity of the coating decreases, and when the
amount of the diluent is less than 10%, the viscosity decreased significantly with
increasing of diluent dosage, but when the amount of the diluent is more than 10%,
the viscosity changes little with increasing of diluent dosage. Because a certain
amount of benzene methanol can promote the reaction between epoxy resin and
amine, accelerate the reaction rate, so that the solid in the solid content decreased
significantly, thereby reducing the viscosity of high solid anti-corrosion coatings.
However, the addition of diluent can also reduce the mechanical properties and
chemical properties of the cured, so control the dosage is needed.

The Influence of Diluents Dosage on Coating Surface

Coating surface prepared at different concentrations of diluent was observed by
Zeiss microscope at a magnification of 500 times, as shown in Fig. 2. Figure 2a is
the film prepared by a reference coating sample, and as a reference sample.
Figure 2b–e is films for different experimental conditions, the black spots in the
picture as the hole. Figure 2a shows that the surface of film prepared by reference
coatings is not flat, more impurities and film have exposing the substrate white,
indicating its poor hiding; Fig. 2b shows that when the diluent amount is 5%, the
coating film pores small (<1 μm), and more stomata number per unit area; Fig. 2c,
d shows when the amount of diluent is 10 and 15%, the number of holes on per unit
area of the film decrease, but the porosity increased slightly (<5 μm); Fig. 2e the
film stomata have aggregation, appears nonporous region. It is indicated that with
the amount of diluent increased, the number of pores per unit area of the film
decreased, and the area occupied by the pores increased; When the diluents dosage
is 20%, the porosity on film decrease, and appears nonporous region. Comparative
Fig. 2a shows that there are no impurities, but there is a small hole on the film

Fig. 1 Influence of diluents
dosage on coatings viscosity
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obtained by experiment. With the increase of the amount of diluent benzyl alcohol,
the film surface is flat, the porosity of the film is reduced and becomes large. When
the dosage of benzyl alcohol increases to 20%, the porosity of the film is easy to be
gathered together, so that the corrosive substances can easily penetrate and damage
the film performance. The formation of shrinkage hole on the film is mainly
because of the existence of low surface tension material in the center of the
shrinkage hole, and the presence of different surface tension with the surrounding
material, so that coatings departing from the center to flow to form pores [11]. The
viscosity of the coating itself, drying rate and thickness of film will affect the
formation of shrinkage hole. And with the increase of the dosage of diluent, high
solid coating viscosity increases, curing time of the extension, and the flow of the
surrounding liquid is enhanced, so it is easier to form a larger shrinkage hole.

Influence of Diluents Dosage on Adhesion and Hardness
of Films

Firstly, the metal substrates are treated by surface treatment [12] of sanding and
solvent cleaning. The adhesion and hardness of the coating film prepared by dif-
ferent diluent dosage of benzene methanol were tested, and the results are shown in
Table 1. The adhesion and hardness of prepared films change little with the dosage

Fig. 2 Influence of diluents dosage on films appearance. a Reference sample, b 5%, c 10%,
d 15%, e 20%

Table 1 Influence of
diluents dosage on adhesion
and hardness of films

Experiment
number

Residual
lattice

Shedding
rate/%

Hardness

1 98 2 5H

2 99 1 4H

3 97 3 5H

4 98 2 6H
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of diluents increasing from 5 to 20%. Usually, to enhance the adhesion of film and
substrate, need to add the accelerator, to strengthen the interaction force between
the film and the substrate. Therefore, the dosage of diluent has almost no effect on
adhesion and hardness of film.

Influence of Diluents Dosage on the Anti-corrosion
Performance of the Film

Film Resistance of Salt Water

Figure 3 is the result of the NSS test of the film with different diluent dosage.
Figure 3a for the film prepared by coating of reference sample, Fig. 3b–e for the
films prepared by converter dust in experiment. In comparison, Figs. 2a and 3a can
be known, for the reference sample, dew point corrosion point increase, the matrix
is exposed and corrosion is serious; From Fig. 3b–e, the dosage of diluent is 5, 10
and 15%, the film is good, no obvious corrosion phenomenon, in which the dosage
of diluent is 10% with the individual corrosion points may be caused by uneven
coating. When the dosage of diluent is 20%, the film has obvious corrosion phe-
nomenon, corrosion area by salt water of film is larger, but the corrosion degree of
film is light, and the matrix is not damaged. The salt water resistance of the coating
film is decreased with the increase of the dosage of diluent. Comparison of
Fig. 3a–e, experiment preparation of film have good anti-corrosion performance
and salt water corrosion resistance performance. The thickness and uniformity of
the coating film has a great influence on the salt corrosion resistance of the film.
With the increase of the dosage of diluent, the viscosity of high solid anti-corrosion
coating is lower, which is not conducive to the formation of a layer of thick and
uniform coating on the substrate surface, so the performance of corrosion resistance
has a downward trend.

Fig. 3 NSS result of films made by different diluent dosage. a Reference sample, b 5%, c 10%,
d 15%, e 20%
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Film Corrosion Resistance to Acid

Figure 4 is the ASS test result of films prepared by different diluent dosage.
Figure 4a as reference sample by the corrosion of acid spray testing, Fig. 4b–e is
the result of acid spray corrosion of the film prepared by different diluent dosage.
From Fig. 4a, it is known that there is a lot of corrosion spots on the reference
coating film, the corrosion spots is large; and on the film appears obvious pits, the
film is seriously corrosion; From Fig. 4b–e, with the increase of the dosage of
diluent, the corrosion spots on the coating film is reduced, the film is more resistant
to acid; When the dosage of diluent is 5%, the film has more corrosion spots. When
the dosage is 10%, the unit area of the film is reduced, but the individual spots are
corroded seriously; when the dosage is 20%, the film has less corrosion spots; when
the dosage is 15%, the coating film is in good condition. Thus, the 15% is the most
appropriate diluent dosage.

Conclusion

(1) The anti-corrosive film apparent bubble content gradually reduce with the
increase of dosage of diluent, until disappear, thus the quality of the film is
improved,and the corrosion resistance ability is enhanced.

(2) The viscosity of the anti-corrosion coating gradually decline with the increase
of diluent concentration, thus the dosage more conducive to the air spraying
coating.

(3) The dosage of diluent had little effect on the adhesion and hardness of films.
(4) With the increase of dosage of diluent, lowering the performance of resistant to

salt water corrosion, and the ability of corrosion resistance to acid is enhanced,
When the dosage of diluent is 15%, the acid corrosion resistance of coating film
is the best.

Fig. 4 ASS result of films made by different diluent dosage. a Reference sample, b 5%, c 10%,
d 15%, e 20%
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Permselectivity Study of Ion-Exchange
Membranes in the Presence of Cu-HEDP
Complexes from a Copper Plating
Wastewater Treatment

J.M.S. Jesus, T. Scarazzato, J.A.S. Tenório and D.C.R. Espinosa

Abstract The development of separation process for the wastewater treatment in
distinct industrial process have been applied for recover water and inputs.
Electrodialysis is an example of separation process that have been studied for
electroplating wastewater treatment. The use of ion-exchange membranes and an
electric energy allows the selectivity separation of ions in a solution. The
1-hydroxyethane-1,1diphosphonic acid HEDP is an organic acid that is has been
applied for the cyanide substitution in electroplating baths, and in this condition the
electrodialysis has showed recover potential. The ion-exchange membrane used in
an electrodialysis process contain organic sample are exposed for extreme condi-
tions. These conditions can provide degradation structure and loss of permselec-
tivity, which causes unusual membrane properties. The aim of this study is evaluate
the influence of CuHEDP complexes in synthetic ion-exchange membranes using
electrochemical test.

Keywords Ion-exchange membranes � Electrodialysis � HEDP � Permselectivity

Introduction

Ion-exchange membranes are the main tool for some separation process such as
electrodialysis. However, the maintenance costs are high, because the development
of membrane separation processes brings to the process a concern about the
involved costs. The ion-exchange membranes are able to perform an ionic sepa-
ration, with a degree of selectivity that depends on the membrane’s properties.
There are many kinds of ion-exchange membranes, such as cationic, anionic,
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bipolar and monovalent membranes. All of them may be used, depending on the
aim of the process and on the solution composition to be treated. Cationic
ion-exchange membranes are permselective for cations, and anionic membrane is
permeselective for anions. The permeseletivity is related to the flux of ionic species
through the membrane [1–3].

Ion-exchange membranes are composed of fixed counter-ions, mobile
counter-ions, mobile co-ions and a polymeric matrix. These components are part of
the membrane structure, which characterizes the membrane morphology that can be
classified as heterogeneous or homogenous. This distinction occurs because of the
distribution of the ion exchange resin throughout the matrix. In separation process
that uses ion-exchange membranes, there are three transport mechanisms: con-
vection, diffusion and migration. All of them are responsible for the ionic transport
from the bulk solution to the membranes [1, 4, 5].

The permselectivity of an ion-exchange membrane can be determined from the
application of zero current and the measure of potential variation through the
membrane. In this case, its necessary to use the same solution but in different
concentrations for evaluating the flux of a specific ion based on potential variation
[1, 4, 5].

Materials and Methods

Ion-Exchange Membranes

In this work, two pairs of ion exchange membranes were used: a cationic
(HDX 100) and an anionic (HDX 200) membrane, both presenting a heterogeneous
morphology. The results were compared with the specifications provided by the
manufacturer for new membranes (Table 1).

Ageing

A solution simulating the wastewater from an alkaline electroplating bath composed
of copper and an organic acid called diphosphonic acid (Table 2) that was used as
ageing agent. This solution was diluted in a solution of 1% v/v from the strike bath.
The evaluated membranes were immersed in the copper-HEDP solutions during 13,
26, 60 and 90 days.

Table 1 Factory
specifications of HDX 100
and HDX 200 membranes [6]

Membrane Permselectivity (%)/(KCl 0.1 − 0.2 M)

HDX 100 � 89.0

HDX 200 � 90.0
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After these over time, the membranes were immersed in deionized water for
twenty-four hours in order to remove some superficial dross. After that, the
membranes were submitted to an electrochemical test to determinate their
permselectivity.

Permselectivity

The analysis of the apparent permselectivity of the aged membranes was performed
using the electromotive force method and in a reactor containing three compart-
ments (Fig. 1).

The membrane’s effective area was measure to be 4.90 cm2. In addition, two
graphite electrodes (working and counter electrode) and two Ag/AgCl reference
electrodes were used, which were responsible for measuring the voltage drop
through the membrane. A direct current was applied by using a potentiostat/
galvanostat, PGSTAT 302 N (Metrohm). In order to evaluate the permselectivity of
membranes, the solutions used in these experiments were NaCl 1.0 M and NaCl
0.5 M. An open circuit potential was applied during 180 s between the two graphite
electrodes. The average value of the membrane potential was used to calculate the
permselectivity, using Eqs. (1) and (2).

Table 2 Strike bath of
CuHEDP

Composition Concentration

Ions Cu2+ 4.5 g.L−1

HEDP 105.0 g.L−1

Potassium Chloride 7.0 g.L−1

pH *10.0

Fig. 1 Experimental setup for permselectivity test
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Em ¼ 1� 2tmj
� �RT

F
ln
a1
a2

ð1Þ

P ¼ tmj � tsj
1� tsj

ð2Þ

Equation (1) was used to calculate the counter-ion transport number in the
membranes ðtmj Þ. In Eq. (1) Em is the voltage drop, a1 and a2 are the molar con-
centrations of the electrolyte solutions, R is the gas constant, T the temperature in
Kelvin and F is Faraday constant. In Eq. (2), ðtsj Þ is the counter-ion transport
number in the solution phase and P is the permselectivity. The experiments were
conducted at 25.0 ± 0.4 °C (Fig. 2).

Results

Ageing

The HDX 100 and HDX 200 membranes showed color modifications in compar-
ison with the new ones after 13, 26, 60 and 90 days of immersion in the solutions of
CuHEDP 1% v/v.

Fig. 2 Aged membranes
HDX 100 and HDX 200 in
solution of CuHEDP 1%
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It was noted color modifications between the membranes aged in CuHEDP 1%
solution during all the ageing periods showed that the substances in the CuHEDP
1% had interacted with the membranes.

Permselectivity

HDX 100

By using the equations described, the permselectivity of the aged HDX 100
membrane was obtained (Table 3). All the results were considered such as modi-
fication when the variations between the parameters were higher than 5%.

It was observed that the permselectivity of the aged membrane in the CuHEDP
1% solution decreased in comparison with the new membrane in 13 and 26 days.
The results show the effect of ageing under the evaluated conditions, which caused
an increase in the permselectivity, therefor the flux of cations and anions increased
in the membrane.

HDX 200

The permselectivity of HDX 200 membrane decreased after the ageing tests in both
conditions (Table 4). This suggests that there was an interaction between the
membranes and the ageing solutions. The decrease of the permselectivity indicates
that modifications in the membrane transport properties may have occurred, beyond
the ionic flux had increased in anionic membrane. Its results showed that the
CuHEDP modified this property due to the ageing process.

Table 3 Permselectivity of
the new HDX 100 new and
aged membranes in solutions
of CuHEDP 1% v/v

HDX 100 Permselectivity (%)
(NaCl 1.0/0.5 M)

13 days 89.8

26 days 88.7

60 days 87.5

90 days 87.2

Table 4 Permselectivity of
the new HDX 200 and aged
membranes in solutions of
CuHEDP 1% v/v

HDX 200 Permselectivity (%)
(NaCl 0.1/0.5 M)

13 days 82.5

26 days 81.6

60 days 80.2

90 days 79.1
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It is important to highlight that the permeselectivities of both membranes were
obtained by means of an electrochemical test using NaCl solutions, since the ionic
transport numbers for Cl− and for Na+ are already established in literature [7].

It was showed different behavior in permselectivity of HDX 100 and HDX 200 it
is related by the fact that the HDX 200 (anionic membrane) had more influence and
interaction with the anions of CuHEDP than that of the cationic membrane
(HDX 100).

Conclusion

The interaction between the copper complexes and the evaluated membranes was
studied by analyzing the modifications on the membrane electrical properties and
color modifications. The obtained results of permselectivity and ageing suggests
that the ageing test caused modifications in the structural and transport membrane
properties. The HDX 200 membrane presented higher variation in its electrical
properties than the HDX 100, due to the affinity with the complexes and the anionic
species of HEDP.
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Treatment of Blast Furnace Gas Washing
Water by Utilization of Coagulation
Associated with Microwave

Junhong Zhang, Qinghai Pang, Zhijun He, Chen Tian
and Tingfeng Wu

Abstract Microwave technology as new aided tool has been applied on waste
water treatment and metallurgical fields. This paper explores the affected factors
such as microwave power, microwave irradiation time, polyaluminium chloride
(PAC) amount and addition of phosphoric acid on treatment of Blast Furnace gas
washing water by utilization of coagulation associated with microwave. Through
the orthogonal experiment, the optimum experimental parameters were obtained in
the course of treatment of 300 ml Blast Furnace gas washing wastewater: 396 W
microwave power, 2 min of microwave irradiation time, 0.12 ml Added PAC and
0.8 ml added phosphoric acid. It indicates the affected factors in descending order
on removal of SS in BF gas’s washing water: Added PAC level, added phosphoric
acid level, time of microwave irradiation, and microwave power while those
parameters that can affect suspended solids(SS)’s hardness reduction in descending
order are added phosphoric acid level, added PAC level, time of microwave irra-
diation, and microwave power. Also, it demonstrates those parameters that can
affect washing water’s turbidity in descending order: Added PAC level, time of
microwave irradiation, added phosphoric acid level, and microwave power. The
results showed that PAC coagulation associated with microwave on treatment of
Blast Furnace gas washing wastewater has several benefits: short treatment time,
strong sedimentation velocity and other excellent characteristics, it can effectively
remove suspended solids in wastewater, the SS hardness and turbidity can be
reduced.

Keywords Microwave � Coagulation and sedimentation
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Introduction

Washing water of Blast Furnace gas is main part of wastewater during the Blast
Furnace iron-making process, and it has main features: large consumed water, high
temperature, heavy pollution and high content of suspended solids, and a small
amount of inorganic salts and other toxic substances such as phenols, cyanide, and
heavy metals, etc. It should be cycled after treatment and it can achieve zero
discharge of wastewater in iron-making process. Currently, due to utilization of
advanced technologies, such as high-pressure blast furnace operations and pul-
verized coal injection, there is an increase in fine particles in washing water of Blast
Furnace gas and its composition is greatly changed. Because of the surface of the
fine particle suspension with a strong negative charge, it can relatively be easy to
obtain a stable colloidal form, so it becomes more difficult to economically treat
washing water of Blast Furnace gas.

Microwave is new kind of energy that can promote, catalyze and induce
chemical reaction, and it has been used in the field of wastewater treatment. It is
reported to have the good effect on water washing coal and coking wastewater
treatment by microwave [1–6].

This paper describes the processing of washing water of Blast Furnace gas by
PAC and phosphoric acid in the presence of microwave radiation, and it also
discussed microwave effect, PAC and phosphoric acid’s role and their mechanism
on this kind of treatment. It tried to find new way to economically and efficiently
treat and process washing water of Blast Furnace so that it is very vital to improve
recycling rate of washing wastewater of blast furnace gas, reduce emissions and
achieve efficient production on iron-making.

Experimental

Experimental Samples

The washing water of Blast Furnace gas from Anshan Iron and steel Company was
used as the specimens in current study and their chemical composition is shown in
Table 1.

Table 1 Main chemical composition of Blast Furnace gas washing wastewater

Index COD/mg L−1 Alk./
mg L−1

SS/mg L−1 NH3-N/mg L−1 t.d/NTU DKH/
mg L−1

pH

Measured value 492 2323.2 2179 92.6 588 627.1 8.5
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Experimental Device and Treatment Chemical Agent

Treatment chemical agent: PAC as a coagulant, phosphoric acid (0.845 g/mL) used
to reduce the hardness, and chloride, EDTA disodium, chrome black T etc. for
experimental effect with KH-6HMOA industrial microwave oven.

Experimental Procedure

Stirring of sample water with a glass rod was done to make even and weighing of
300 mL of the water as a specimen, and addition of the quantitative PAC and
phosphoric acid into it and stirring; then putting into a microwave by setting up
power, and radiation time. After processing it in microwave, taking the sample out
and testing it.

Experimental Methodology

Microwave power specific selection: 132, 264 and 396 W.
Through the basic experiment, it was found the best effect can be obtained:

adding 0.1 mL PAC in sample water, among the selected volumes of PAC was
0.08, 0.10 and 0.12 mL.

Under acidic conditions, it is very useful to add coagulated chemical agent for
removal of pollutants and contaminants in the of presence of microwave field, and
to reduce the water hardness. So, phosphoric acid level was chosen in three volmes:
0.6, 0.8 and 1.0 mL. The orthogonal experimental design method is shown in
Table 2.

Table 2 Experimental methodology

Number Microwave power/W Irradiation time/min PAC/mL Phosphoric Acid/mL

1 132 3 0.08 0.6

2 132 2 0.10 0.8

3 132 2.5 0.12 1.0

4 264 3 0.10 1.0

5 264 2 0.12 0.6

6 264 2.5 0.08 0.8

7 396 3 0.12 0.8

8 396 2 0.08 1.0

9 396 2.5 0.10 0.6

Treatment of Blast Furnace Gas Washing Water by Utilization … 557



Results and Discussion

According to Table 2 orthogonal design, the nine experiments were completed. The
testing index included mass concentration of suspended solids, hardness and tur-
bidity as experimental assessed indicators. In order to consider the impact of var-
ious factors on washing water treatment of Blast Furnace gas, the comprehensive
assessed score method was employed. Comprehensive assessed score method is
defined by the impact of each factor. And, the average value of the index range is
defined as range proportion. The sum of range proportion is defined as the range
sum, while the effect coefficient of comprehensive score is the ratio of the range
proportion and the range sum. The influence coefficient of all indexes are added to
equal to 1. According to the above method, the experimental results were shown in
Tables 3 and 4, respectively.

From Tables 3 and 4 analysis, in the washing water treatment of blast furnace
gas, the main factor is PAC effect on the comprehensive assessed index while
microwave only played an aid role that can accelerate sedimentation rate, shorten
the processing time. The optimal combination condition was selected for
A1B2C2D1, i.e. 132 W Microwave Power, 3 min Irradiation Time, 0.10 mL added
PAC, and 0.6 mL added Phosphoric Acid.

In the course of experimental treatment, the various factors strong effect on
different index is not consistent; i.e. effective removal of SS in wash water of blast
furnace gas in descending order: PAC Level, Phosphate Level, Microwave
Irradiation Time, and Microwave power; effective hardness reduction factors in
descending order: Phosphoric Level, PAC Level, Microwave Radiation Time,
Microwave Power while effective turbidity reduction in descending order: PAC
Level, Microwave Radiation Time, Phosphate Level, and Microwave Power.

In a summary, PAC is the most important factor in reducing the SS and turbidity,
while increasing of the phosphoric acid level is a key factor on reduction of its
hardness.

There is no significant effect on SS change when PAC dosage is 0.08 and
0.1 mL. When its dosage is 0.12 mL, the SS in wash water of blast furnace gas was
significantly decreased, so in the course of treatment of wastewater, coagulant must
reach a certain level so that it can show the coagulation effect. It indicates PAC as a
coagulant, is the key factor on reduction of SS in washing water because it has the
strong adsorption in water and it generates aggregation and precipitation of the
physical and chemical reactions during its hydrolysis process.

As shown in Fig. 1, with the microwave power increasing, the SS would be
decreased because microwave power can bring a considerable amount of heat and
accelerate the removal rate of suspended solid chemical reactions in washing water
of blast furnace gas. In addition, with the increase of absorbed microwave energy
per PAC unit area, it can form many “hot spots” on its surface so that it can boost
up the frequency of collision of suspended solids in wash water. From these points,
microwave can impact on PAC removing rate of suspended solids in washing water
of blast furnace gas by the chemical and physical processes. During this
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experiment, with the increasing irradiation time, contrarily, SS level is increased
because the solubility of SS is rapidly reduced and precipitated with water evap-
oration due to heating effect of microwave radiation on washing water of blast
furnace gas. Therefore, it is desirable to control the microwave power and its
irradiation time in order to precipitate SS during wash water treatment.

Table 4 Analysis of orthogonal experiment result

Number SS/mg L−1 Hardness/mg
L−1

Turbidity/NTU Comprehensive
score

1 379 20.8 96.7 220.99

2 224 25 60.1 135.25

3 122 29.1 65.8 83.35

4 342 33.3 67.5 201.56

5 55 20.1 72.4 45.75

6 177 29 90 115.77

7 10 12.1 82.6 20.63

8 204 41.6 80.5 132.98

9 276 16.7 69 161.26

Range 369 29.50 36.60

Mean value 198.78 25.30 76.10

Range ratio 185.63 116.6 48.10 350.33

Influence
coefficient

52.99 33.33 13.68 100

Microwave
power/W

Irradiation
time/min

PAC/mL Phosphoric
Acid/mL

Level 1 146.53 147.73 156.58 142.67

Level 2 121.03 104.66 156.60 90.55

Level 3 104.96 120.13 49.98 139.36

Range 41.57 43.07 106.62 52.12

Optimal
levels

132 3 0.1 0.6

Factors to sort 4 3 1 2

0

50

100

150

200

250

300

1 2 3

SS
/m

g
L-1

level

Fig. 1 Effect of various
factors on SS

560 J. Zhang et al.



With increasing of added phosphoric acid level, SS values are decreased first and
then increased, but with the increase in the amount of added phosphoric acid, the
water hardness would increase. The experiment showed the best level of adding
phosphoric acid on removal of SS is 0.6 mL. Also, phosphoric acid is the most
important factor in reducing water hardness because it can react with calcium
carbonate (CaCO3) in water and produce calcium phosphate with greater solubility
to reduce the hardness of washing water.

Seen from Fig. 2, microwave power has little effect on the water hardness, but
with the increase of irradiation time, water hardness would decrease. So, longer the
radiation time, the lower water hardness. The hardness of washing water of blast
furnace gas is mainly caused by the CaCO3 amount, while the acidification of
phosphoric acid is the main reason for reducing its hardness. With the increase of
microwave radiation time, the various substances in washing water of blast furnace
gas can absorb different levels of radiant heat. This causes high frequency move-
ment of polar molecules in water which will weaken the hydrogen bonds between
each other and the Van der Waals force; thereby that can break hydrogen bonds
between molecules to promote the forward reaction of phosphoric acid for acidi-
fication. So, it can reduce the water hardness.

As seen from Fig. 3, PAC level can greatly impact on water turbidity and the
0.1 mL added PAC can get the best turbidity with different other factor levels.

Figures 4, 5, 6 and 7 show that the coagulation associated with microwave can
effectively reduce suspended solids, hardness and turbidity in waste water. The
removal rate of SS is between 82.6 and 99.5% while the removal rate of hardness is
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between 93.4 and 98.1% and its removal rate on turbidity is between 83.6 and
89.8%.

The optimum combination condition does not occur in the orthogonal experi-
mental method, and the optimum condition is obtained by further experiments, its
results are shown in Table 5.

Conclusion

The treatment of washing water of Blast Furnace gas through coagulation sedi-
mentation aided by microwave has better effect and it has enhancement on coag-
ulation and sedimentation and shorten the coagulation time.

During treatment of 300 mL wash water of Blast Furnace gas, the optimum
parameters are: 132 W microwave power, 3 min, radiation time, 0.10 mL added
PAC, and 0.6 mL phosphate. With this optimum condition of treatment, SS in
wastewater dropped to 130 mg/L, the water hardness decreased to 17.8 mg/L, and
water turbidity reduced to 52.5 NTU.
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