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Preface

Commitments to achieve net zero emissions are growing in number and strength. The
UK, France, Denmark, and New Zealand have written net zero emission mandates
by 2050 into law (as well as Norway by 2030 and Sweden by 2045). Japan, South
Korea, Canada, and the European Union have adopted decarbonization strategies to
achieve net zero economies by 2050, and China has committed to this goal by 2060.
U.S. President Biden recently announced a commitment to decrease emissions by 50
percent below 2005 levels by 2030. Further, a number of leading private corporations
and organizations have promised net zero operations by 2050. Indeed, 2020 was the
year of the “net zero by 2050” commitment. The COP26 annual summit reflects the
sustained efforts in 2021 on how to meet these goals and tackle the climate change.

The participants ofREWASare essential to the execution of these goals.Materials,
the bulk commodities (cement, steel, copper) as well as minor elements, are crucial
to the infrastructure to generate and transmit clean energy. A recent report by the
International Energy Agency1 cautions that the responsible supply of these materials
may be a rate-limiting step in economy-wide decarbonization. Further, emissions
targets cannot be met unless the considerable greenhouse gas emissions associated
with materials production, one of the hardest to abate sectors, are reduced in the
midst of this historic increase in demand. The profound impacts of the COVID-19
pandemic have also exposed weak points within the global supply chain. The need
for more diversified, resilient, and flexible production is woefully clear.

In this context, the theme of REWAS 2022 is Developing Tomorrow’s Technical
Cycles. The materials industry can only realize the goals above by establishing
sustainable product loops. End-of-life materials must be re-used or recycled, decar-
bonized processes must be developed and scaled, by-product streams must be prop-
erly treated and utilized, and the increasing array of data from digitalized industry
must be leveraged to set new standards of practice. The four symposia focus on these
topics. In addition, the honorary symposium for Professor Diran Apelian highlights
vital work that pioneered the field of sustainable metallurgy.

1 IEA (2021), The Role of Critical Minerals in Clean Energy Transitions, IEA, Paris https://www.
iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions.
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vi Preface

REWAS is a unique venue in which insights from novel bench-scale experiments
are presented alongside the results of new industrial practices implemented on the
million-ton scale. This mix of experts from academia and industry is highly adept
at making rigorous connections between vastly different scales, from atoms and
molecules to reactors and factories. We believe this community is thus equipped
with the tools and ingenuity to lead the fundamental changes required across the
industry, and we are honored to highlight this work. We must acknowledge that
heartbreaking events related to the pandemic have occurred since the last time this
international group was in the same room together. We look forward to reconvening
with renewed purpose and with appreciation for the simple pleasure of exchanging
scientific ideas and friendly conversation.

Diran Apelian Honorary Symposium

We are honored to showcase Professor Diran Apelian’s outstanding contributions,
from metal processing to education, mentorship, and service to the TMS commu-
nity. This symposium traverses a wide range of technical topics, reflecting his key
contributions to topics such as additive manufacturing and powder metallurgy, next-
generation aluminum alloys and lithium-ion battery recycling. The works presented
in this symposium all reflect a greater purpose beyond innovation or novelty simply
for the sake of it. Apelian compelled the materials community to rigorously incor-
porate sustainability principles, leading by example and offering tangible solutions
to close metal cycles. This symposium provides insight into his philosophy on how
to conduct research with significant industrial impact, develop the next generation
of leaders, as well as bridge silos across disciplines, and build communities amongst
teachers and students, industry experts, and academics.

Decarbonizing the Materials Industry

Motivated by the commitments to achieve net zero emissions in the coming decades,
this symposium focuses on developing materials processes with carbon-neutral
power sources and feedstocks, optimizing energy usage and integrating negative
emissions technologies. Various sectors within industry are investigated, including
iron and steelmaking, silicon production, and ferroalloy smelting. The state-of-the-art
for incorporating greater shares of hydrogen, renewable electricity, bio feedstocks,
and even captured CO2 to supplant fossil fuels are presented. Experts must grapple
with daunting questions of scale and economics: how to retro-fit existing equipment
and establish infrastructure and supply chains for alternative feedstocks, all while
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competing with existing processes. The contributions to this symposium reveal that
these new processes may comewith benefits beyond decarbonization, yielding better
products with lower cost. By covering a range of processes and contexts, we hope
synergies and opportunities to tackle common problems throughout industry may be
revealed.

Automation and Digitalization for Advanced Manufacturing

The fourth industrial revolution is underway with the use of automation, complex
numerical simulation and digitization becoming commonplace. This symposium
seeks to leverage the increasing diversity and availability of data to better manage
waste, reduce environmental impact, and optimize material production. The appli-
cations for these new modes of sensing, modeling, and computing are nearly limit-
less, allowing traditional limitations to be completely reimagined. This symposium
providesmany creative ideas and encouraging results. For example, the application of
automation and machine learning to recycling may fundamentally change economic,
safety, and quality concerns. Digital twins of single reactors, or whole supply chains,
may enhance impact assessments and reveal optimal processing routes. The pipeline
from laboratory to widescale production may be shortened and eased with greater
predictive power from initial surveys and experiments. As the materials community
pursues decarbonization, the development and widespread utilization of these tools
will be invaluable.

Sustainable Production and Development Perspectives

Shifting toward a sustainable global system is one of the main goals of REWAS.
In this symposium, we explore ways to achieve and maintain the balance between
the three pillars of sustainability: economics, the environment, and social consid-
erations. The contributions to this symposium delve into the complex trade-offs
and unexpected outcomes that may arise from adopting more circular practices—
for example, copper recycling may not displace primary mining 1:1 as we would
assume. These papers show the need to carefully assess for environment and human
health impacts as we adopt new materials and systems in the pursuit of sustain-
ability, whether lithium-ion batteries, high-entropy alloys, or photovoltaic systems.
This researchmust be conducted collaboratively between industry and academia, and
this symposium details the goals and methodologies of comprehensive, multi-year
initiatives, such as TransFIRe (UK) and REMADE (US). In total, this symposium
brings together examples of the types of questions we must ask and efforts we must
undertake to achieve the UN’s Sustainable Development Goals.
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Recovering the Unrecoverable

Due to increasing global production, waste is being generated at unprecedented rates.
This symposium tackles material streams that are under-utilized, improperly treated,
or otherwise accumulating in massive volumes, causing a slew of resource, envi-
ronmental, and health issues. These material streams from end-of-life products or
industrial by-products are highly challengingdue to their variability in composition or
form, as well as complexity, containing multiple elements and phases. Nevertheless,
there is value embedded within these streams. This symposium includes innovative
results related to some of the most challenging waste sources, such as the energy
capture and storage components, electronic waste and complex scrap, metallurgical
by-products, residues, and slags. In particular, the contributions to this symposium
offer new insights into the recycling of lithium-ion batteries, photovoltaics, and elec-
tronics, as well as steel mill dusts and non-ferrous slags. Several papers consider
interactions with ecosystems, proposing solutions to remediate contaminated soils
or incorporate waste as soil amendment. Key considerations that this symposium
attempts to address are scalability and high productivity, as well as flexibility to
accommodate various feedstocks and recover multiple elements. Overall, by “recov-
ering the unrecoverable”we hope tomitigate the environmental, economic and health
issues related to waste while generating additional revenue.

Joint Sessions

The proceedings of several symposia organized in conjunction with REWAS 2022
will be published in separate volumes.

The Recycling and Sustainability in Cast Shop Technology is a joint session in
partnership with the Light Metals Division and will be published in Light Metals
2022. The usage of light metals in the aerospace and automotive industries has been
risingdue to their outstandingproperties. The importanceof recycling and sustainable
metal casting has risen in the last decades dramatically due to the increasing demand
on primary resources and environmental concerns. Innovative and more efficient
recycling technologies are needed for complex scraps to increase the recycled metal
portion in the total metal production. This joint session within Cast Shop Technology
explores economic and environmental impacts of recycling, recyclability of complex
scraps, pre-treatment of scraps, new recycling processes, and life cycle assessment.

Aluminum Reduction Technology is a joint session with REWAS: Decarbonizing
the Metals Industry and the Light Metals Division and will be published in Light
Metals 2022. This session covers decarbonization efforts across the primary and
secondary industries via development of alternative, renewable energies, and the
optimization of fuel consumption for energy generation. Described concepts refer
to recent technologies or policies used for the purpose of reducing CO2 emissions.
In particular, hydrogen reduction, inert anode smelting, and alternative sources of
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energy for production plants are of interest. Beyond the technologies described,
emphasis should be made on the metrics used for the quantification of carbon
reduction.

The Energy Technologies and CO2 Management symposium is a partnership
between theEnergyCommittee andREWAS2022.Theproceedingswill be published
in REWAS 2022: Energy Technologies and CO2 Management (Vol. II). The topics
covered include hydrogen technologies, thermal management, biomass, renewable
energies, and combustion technologies.

We are honored to present the following papers that address urgent topics with
a rigorous, scientific approach. We are so thankful to the authors and presenters for
generously sharing their work and participating in REWAS 2022. We want to thank
the outstanding TMS team: KelcyMarini, PatriciaWarren, andMatt Baker, as well as
the editors, organizers, reviewers, session chairs, and committee chairs who brought
this meeting to life and contributed their time and expertise:

Gerardo Alvear Flores
Alexandra E. Anderson
Gisele Azimi
Bart J. Blanpain
Camille Fleuriault
Kerstin M. Forsberg
Ioanna Giannopoulou
Mertol Gökelma
Nolan Goth
John A. Howarter
Chukwunwike Iloeje
Hojong Kim
Christina Meskers
Brajendra Mishra
Neale R. Neelameggham
Elsa Olivetti
Takanari Ouchi
Hong Peng
Adam C. Powell
Jesse F. White
Mingming Zhang

Adamantia Lazou
Katrin Daehn
Lead editors
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Aluminum Roadmap to a Sustainable
Future

John Weritz and Marcella Dudek

Abstract For more than a century, aluminum has played a major role in providing
high-strength, low-weight mass reduction solutions to all forms of efficient trans-
portation.As companies, governments, and consumers increasingly prioritize respon-
sible environmental stewardship, the aluminum industry is collaborating to define
the research and development goals necessary to ensure a sustainable future. At
the helm of that collaboration is The Aluminum Association, its member compa-
nies, industry colleagues, and automotive customer base. Achieving measurable and
impactful goals over the next decade will enable manufacturers to not only opti-
mize aluminum applications in future passenger vehicles, but also maximize the
value of the aluminum content in those vehicles as they are removed from service.
TheAluminumAssociation’s newAutomotive AluminumRoadmap outlines strategic
priorities while recognizing how the changing landscape of mobility is increasingly
connected and electric. Within that landscape, this manuscript and related presen-
tation detail the reasons why aluminum is the fastest growing automotive mate-
rial, in what applications aluminum content continues increasing its share, and the
impact consumer demand and government regulations have in directing automo-
bile producers away from conventional internal combustion engines to increasingly
electrified fleets.

Keywords Aluminum · Automotive · Lightweighting ·Materials ·Metals ·
Sustainability

Introduction

The global transportation sector is evolving to meet the needs of the planet. An
urgent climate crisis, combined with consumer demands for new, high-performing,
and stylish vehicle options, is driving technological innovation at a rapid pace. This
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is underscored by a twofold commitment to clean energy priorities from policy-
makers in Washington, D.C., and leading global automakers. In Washington, the
current administration’s stated goal to position America as a world leader in electric
vehicle manufacturing is clear. Nationwide and globally, automotive manufacturers
are working with suppliers to continue to pursue ambitious decarbonization goals.

Federal regulations and corporate initiativesmust alignwith consumer preference.
For years, Americans have favored trucks and sport utility vehicles (SUVs) over
sedans, with two SUVs sold for every one sedan in 2019. While leading automakers
are setting aggressive net zero goals, they are simultaneously removing sedans from
fleets in response to consumer demand. The shift to greater numbers of large vehicles
onAmerican roadways reinforces the need formass reduction in those bigger, heavier
vehicles to ensure vehicle occupants, pedestrians remain safe, and automakers have
the ability to offer competitive vehicle performance characteristics. The equation is
simple: lighter vehicles require less energy (fuel or battery range) to move and the
strategic use of low-weight materials is imperative as the industry works toward a
sustainable future mobility scenario.

Aluminum, already the fastest growing automotive material, is poised to continue
steady growth over the next decade as design engineers continue to leverage the
metal’s inherent benefits in their pursuit to improve the EV driving experience.
While projected growth is robust, many opportunities remain to be realized for
aluminum. The Aluminum Association, its aluminum producer member compa-
nies, and automotive stakeholders recently collaborated to create A Roadmap for
Automotive Aluminum, to recognize how the changing landscape of transportation as
connectivity, hybridization, and the race to electrification all drive strategic priorities.

Ushering in Electric Vehicles

According to new data from PewResearch, nearly 1.8 million EVs were registered in
theUSA last year, soaring from fewer than 300,000 in 2016. It is projected future EVs
will rely on an aluminum architecture to enable safety, value, and performance. A
forecast released in 2020 by theAluminumAssociation shows that aluminum content
in vehicles could grow 12% by 2026—continuing a strong upward trend. This will
be driven by greater use of the metal in vehicle closures, body-in-white, and chassis
applications with notable increased use of aluminum in electrified powertrains and
EV platforms. Recent vehicle launches, like the all-electric Ford F-150 lightning and
plug-in electric Jeep Wrangler, demonstrate this growth trend.

While estimates of the pace at which EVs will displace ICE vehicles vary, the
relative impact on aluminum shows a net increase in demand for key application
areas, such as battery and motor housings as well as body structural components to
improve crash management systems.

The aluminum industry is poised to take advantage of the wealth of opportunities
arising from the expected explosion in EVs on the market and lasting changes in
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mobility. To reap the benefits, producers and manufacturers are exploring new mate-
rials and component designs that lower costs, increase performance, and enhance
sustainability. Through industry collaboration, theAluminumAssociation developed
explicit goals and opportunities to kick-start the develoment of new innovations in
support of an electrified future of mobility.

Challenges and Opportunities

The evolution of the automotive manufacturing sector comes with a unique set of
challenges and opportunities. To pave theway, there is a need for advances inmaterial
research and development and the reengineering of fabrication and joining processes.

The Association’s Roadmap uncovered several challenges and the importance of
addressing these in the near term, for progress in recycling and carbon reduction.
Pathways for optimizing the use of aluminum in automotive include.

• Design and product innovations;
• Next generation material and process research and development to lower costs

and enhance performance;
• Targeted efforts to create alloys and components that meet OEM specifications

for emerging EVs and other propulsion systems;
• Incorporating sustainability and recyclability in all aspects of aluminum produc-

tion, including a focus on closed loop recycling and lower energy and carbon
footprints;

• Greater understanding of how to optimize materials and production through state-
of-the-art digital technologies and data; and

• Uniform testing and validation across the industry.

These goals as outlined in the Roadmap are ambitious and far-reaching, impacting
all segments of the aluminum industry.

Going Full Circle

Reuse of aluminum has been growing for decades, with recent gains due to stronger
demand for automotive aluminum in vehicle applications. Aluminum recovery from
scrap in April 2021 amounted to 263,000 tons, up 8% from the year prior. In a 2020
paper published in Resources, Conservation and Recycling Journal (RCR), experts
from theUniversity ofMichigan, FordMotor Company, and LightMetal Consultants
LLC used a dynamic flow analysis to estimate aluminum ABS scrap generated from
today’s highest selling vehicles inAmerica. They found that if production continues at
current volumes, “aluminum ABS scrap from these vehicles will increase to approx-
imately 125,000 tons per year in 2035 and 246,000 tons per year in 2050. The
majority of this scrap will be available for US processing with [approximately] 10
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percent of deregistered vehicles exported or achieving vintage status.” This newwave
of auto body sheet (ABS) scrap available for recycling as the first mass-produced
aluminum-intensive vehicles begin to reach end of life creates a plethora of recycling
opportunities in the overall industry.

To better prepare for this wave, more efficient ways of separating, recovering, and
reusing aluminum scrap from automotive components are required.

The aluminum industry is a leading partner in addressing decarbonization as more
sustainable vehicles enter the market. Notably, the aluminum used in automotive
applications already contains a great amount of recycled content. Aluminum castings
aremade largely from recycledmaterial. In addition, aluminum in end-of-life vehicles
has been well recycled, and mostly reused, again and again, to make new vehicle
parts. The design of recycle-friendly aluminum alloys will help increase already high
automotive aluminum recycling rates.

The aluminum industry’s statedgoals for future recycling and sustainability imper-
atives range from improved infrastructure for the recovery of aluminum scrap to
greater capability for scrap use and widespread adoption of aluminum content as a
sustainable solution for automotive design. Today, the industry starts with a strong
foundation with various end-of-life recycling processes already in practice through
leading automakers like Ford, Jaguar Land Rover, and Nissan. Near-term goals in
the next one to five years include building and deploying the infrastructure needed to
collect, sort, and reuse scrap. Key factors to achieving those goals will be the ability
to return scrap to the mill, application to both pre- and post-consumer recycled mate-
rials, and the ability to identify, segregate, and use different types of alloys effectively.
In the future, aluminum industry stakeholders aim to benchmark the current recy-
cling technologies and assess the composition of final remelted scrap, including the
full spectrum of dismantling, shredding, and sorting.

Collaboration for Sustainable Mobility

Ultimately, the aluminum industry identifies two key focus areas in its support of EVs
and more sustainable mobility solutions: first, a deeper understanding of how to opti-
mizematerials andproduction for electrifiedplatforms through state-of-the-art digital
technologies and data and second, a unified commitment from the aluminum industry
in standardization, testing, and validation across the board with close collaboration
with automotive customers. Greater collaboration with automakers is foundational
to achieving these goals.

While all materials will come together in the vehicles of tomorrow, one narrative
persists: aluminum remains an essential part of the mix. No other current material
offers the design flexibility and sustainability that aluminum does, and the industry is
continually working to improve its impact. The Roadmap for Automotive Aluminum
takes this already booming material to new heights, with clear objectives to collabo-
rate with important stakeholders to create a newwave of sustainable mobility options
for American consumers.



Electrochemical Pathways Towards
Sustainable Energy

Donald R. Sadoway

Abstract A sustainable energy future is axiomatically an electric future whose
realization depends in part upon electrochemical innovations. Two examples are
stationary energy storage and carbon-free steelmaking. Grid-scale electricity storage
not only treats the intermittency of renewable electric power generation (wind and
solar) but also confers resilience to today’s grid. For example, the liquidmetal battery
provides colossal power capability on demand and long service lifetime at requisite
low cost. In 2019, worldwide steel production, 1.869 billion tonnes, generated 9%
of total anthropogenic CO2 emissions. As an example of novel approaches in this
sector, molten oxide electrolysis represents an environmentally sound alternative to
today’s carbon-intensive thermochemical process which produces an average 1.83
tonnes CO2 per tonne of steel. In the narratives of both of these emerging technolo-
gies, there are lessons more broadly applicable to innovation: pose the right question,
engage young minds (not experts), establish a creative culture, and invent inventors.

Keywords Energy storage · Deep decarbonization · Steelmaking · Liquid metal
battery

Stationary Storage

Batteries for this application space must meet very different requirements from those
of batteries used in handheld portable devices. For massive stationary applications,
the batteries must exhibit a long service lifetime (say, 20 years), they must be safe
(free of threat of fire), operationally versatile (long-duration slow power output along
with short-duration power burst delivery), all at super-low cost (competitive with
electricity generated at the lowest present price point). So, what is the path forward
for grid-level storage that can meet all these requirements? Two points: First, confine
the chemistry to earth-abundant elements. Tomake something dirt cheap, make it out
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of dirt, preferably dirt that is locally sourced. This guarantees a secure supply chain.
Secondly, make it easy to manufacture. Think about design at the early discovery
stage. This path is what I call cost-informed discovery. In inventing the liquid metal
battery, I took inspiration from outside the field. No battery experts were consulted.
Instead, I looked to electrometallurgy: the Hall-Héroult cell. This traffics in huge
electric currents (500,000 A × 4 V) without interruption and yet converts dirt to
metal for less than $1.00/kg. I reasoned that if I could re-train the Hall-Héroult cell
rather than to consume vast quantities of electricity but instead to store vast quantities
of electricity and on demand to discharge same, then I would have something big
and cheap that meets the needs of grid-level storage. In this way I conceived the
liquid metal battery. The original chemistry was Mg|MgCl2|Sb. We moved on to
Li|LiCl|Pb-Sb and Li|LiCl|Bi. Today, the chemistry is based upon Ca|CaCl2| Sb.
This is on the path to commercialization with installations exceeding 200 MWh in
the plans. Boasting round-trip energy efficiency of ~80% and resistance to capacity
fade (>4000 cycles, 4 years of continuous operation, retention of 99% nameplate
capacity), no threat of fire or thermal runaway, the battery is projected to reach well
below $50/kWh capital cost.

Green Steel

Now let us turn steel which is receiving considerable attention from regulators intent
on achieving deep decarbonization of the manufacturing sector (In 2019 steel gener-
ated 9% of world CO2 emissions!). When it comes to carbon-free ironmaking, there
are two routes. One involves electrometallurgy; the other involves hydrogen reduc-
tion.While the latter has its ardent proponents who, in turn, have attracted investment
from the private and public sectors (especially in Europe), it is the firm belief of this
author that electricity is much more efficiently used in metal extraction when feed-
stock is electrolyzed directly to produce liquid metal. The production of hydrogen
by water electrolysis followed by hydrogen reduction of iron oxide to produce solid
iron for subsequent processing in an electric arc furnace is a tortuous route from dirt
to metal. And downstream operations want liquid metal as the input, not solid metal.
Molten oxide electrolysis (MOE) involves dissolution of iron oxide feedstock in a
multicomponent melt comprising a plurality of metal oxides such as silica, calcia,
alumina, magnesia, and the like. The electrolysis cell looks somewhat like a Hall-
Héroult (HH) cell except that the operating temperature is 1600 °C, which sets it
above the melting point of pure iron. As importantly, to distinguish it from HH, the
MOE cell is fitted with an inert anode that supports the evolution of oxygen gas in
contrast to the evolution of carbon dioxide on the carbon anode of the HH cell. At
this writing, Boston Metal, the company that was founded to commercialize MOE
steelmaking, is on the path to build a 200,000 A cell.
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Thoughts About the Future

Neils Bohr is reputed to have said that prediction can be difficult, especially when it
is about the future. But here are some miscellaneous ramblings of mine.

In a world with abundant, cheap electric power:

1. Almost all industrial chemistry will become industrial electrochemistry. In
other words, anything that can be done electrochemically will be done
electrochemically unless it is uneconomically feasible to do so.

2. Almost all thermal chemistrywill convert from combustion to electrical heating.
3. It is a good time for electrochemistry.
4. It is a good time for TMS.
5. Best wishes to Diran Apelian on the occasion of this EPD symposium.



Informatics Driven Materials Innovation
for a Regenerative Economy: Harnessing
NLP for Safer Chemistry
in Manufacturing of Solar Cells

Deepesh Giri, Arpan Mukherjee, and Krishna Rajan

Abstract The objective of this paper is to demonstrate the use of natural language
processing tools to map the propensity of usage of specific solvents used for the
fabrication of different perovskite photovoltaic (PV) systems. This article focuses on
implementing contextual natural language processing (NLP) tool to identify different
chemicals that appear in the synthesis of perovskite solar cells. This information is
linked to the known level of hazard of those solvents. Thiswork serves to demonstrate
how by harnessing the tools of informatics, in this case NLP, offers a powerful
framework to guide environmentally conscious selection of chemicals used in the
manufacturing of perovskite solar cells.

Keywords Perovskite · Solvent · NLP

Introduction

Published data on current solar manufacturing lifecycle technologies are primarily
retrospective and “forensic” in nature; they provide information on the impact of
manufacturing andprocessing strategiesafter the fact. Important as it is, this approach
can, at best, help with remediation, but not in preventing these problems. We need
systemic changes in the design and development of renewable energy technologies to
accelerate the development and discovery of safer materials without compromising
performance. This paper provides an example of how by harnessing informatics, at
the onset of technologydesign, data-driven strategies can be developed that reduce the
footprint of materials and chemicals to build the infrastructure for a safe and sustain-
able environment in industrial communities. Such an approach offers the potential
to develop and deploy technologies that are capable of delivering better processes,
products, and outcomes.

D. Giri · A. Mukherjee · K. Rajan (B)
Department of Materials Design and Innovation, University at Buffalo, Buffalo, NY 14260-1660,
USA
e-mail: krajan3@buffalo.edu

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_3

11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_3&domain=pdf
mailto:krajan3@buffalo.edu
https://doi.org/10.1007/978-3-030-92563-5_3


12 D. Giri et al.

Harnessing solar energy is a critical component in developing a sustainable and
regenerative economy. In that context, over the last decade, perovskite-based solar
cells have shown extraordinary promise traction as PV materials due to their higher
power conversion efficiency, easy processing techniques, and low manufacturing
cost [1–4]. Perovskites can be broadly categorized as organic and inorganic based
on their constituent elements. Perovskites adopt the ABX3 structure, and in the case
of organic perovskites, typically the “A” cation is organic while “B” is a metal and
X is a halogen (Cl, Br or I), e.g., CH3NH3PbI3 [5].

While one aims in making perovskites with better performance metrics, it is
equally important to account for the safety and environmental hazard impact in
exploring processing and manufacturing pathways of next generation solar cells
[6–11]. In this work, we identify different solvents associated with the common
organic–inorganic hybrid perovskites and link them with occupational hazards. This
paper serves as a guide for adopting safer solvents in synthesizing perovskites. Infor-
mation on solvent use is complex, and details vary frommaterial to material [12, 13].
This information is not organized via some theory or models, rather it is embedded
in the scientific literature, which forms a vast and continuously growing library of
unstructured information. Even with sophisticated tools, the key challenge remains
in gathering useful information before employing any data-driven model to mini-
mize human intervention [14]. NLP bridges this gap by converting the unstructured
textual data to encoded variables. NLP provides a sophisticated tool that queries
targeted information from this enormous corpus such that it forms an input to any
ML paradigm such as classification or regression [15].

NLP can be both context agnostic [16, 17] and contextual [18–20]. Contextual
NLP can be used for tasks such as sequence classification [21], question answering
[22, 23], language modeling [24], and translation [25, 26]. Contextual NLP has
already found its implementation in the study of chemical protein interaction [27].
NLP-based research in materials science domain mostly uses context-agnostic NLP
to manually annotate whole articles and build classification tools to extract relevant
keywords [28–32]. In this study, we utilize the context-aware algorithm BERT to
extract information on different aspects of perovskites synthesis. Our approach of
implementing contextual NLP allows the luxury of getting the most relevant para-
graphs from thousands of articles without having to manually annotate the whole
article.

Methods

Our text-mining pipeline begins with journal article collection. We downloaded
around 1800 peer-reviewed articles primarily focused on perovskites. The NLP algo-
rithms act upon these to extract relevant texts, which are further processed to obtain
meaningful results. Our approach to data collection and analysis follows the pipeline
shown in Fig. 1.
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Fig. 1 Schematic representation of the pipeline for data extraction and analysis to understand
perovskite synthesis. The pipeline starts with journal articles collection in pdf format which is
processed using NLP to extract answers to the given question. These answers and the paragraph
containing them are used to extract the perovskites, solvents, and the process keywords involved
in the synthesis pipeline. The extracted information forms a synthetic dataset that can be used to
create different data-driven models catering to different scientific questions

After downloading the articles, we employed BERT for question-answering task.
BERT is a very large and complicated neural network architecture composed of
extremely simple mathematical operations that can be utilized towards various NLP
tasks. It has an encoder-decoder architecture that is modified to form a question-
answering tool. Our database of 1835 articles acts as the input corpus based on
which closed domain question answering (CDQA) systemprovides relevant answers.
CDQA is a part of information retrieval in the question answering (QA) system
within the field of NLP that is capable of correctly answering questions from a
given database of information. To perfectly mimic the human way of reading a
paragraph, one might need to ask specific questions, such as—“Which perovskite is
being synthesized?” or, “What solvents are being used?”, etc. However, as pointed
out by Kononova et al. [33], no material science-specific BERT model has been
developed as yet. Hence, BERT is capable of answering only generic questions. This
is the reason why we deliberately chose a very broad query that reproduces what we
already know. This way we get to evaluate our test question and use this as a platform
to fine tune our approach for future tasks. For this task, the question asked was—
“How are perovskites synthesized?”. On average, we extracted three answers and the
corresponding paragraphs where those answers were based. From these paragraphs,
we extracted the keywords that are vital to perovskite synthesis.

Keyword extraction forms an important step in many NLP tasks. It is a subtask
of an NLP pipeline that classifies keywords extracted from a given paragraph. In
this case, we are classifying the extracted keywords as perovskites, solvents, and
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synthesis keywords. We took advantage of an existing named entity recognition
(NER) tool, ChemDataExtractor [34], to extract the names of the chemicals. Chem-
DataExtractor is an NER toolkit that can identify the chemicals automatically from
the given text. However, we could not benefit from the existing tools [35–37] to
identify the solvents, precursors, and synthesis keywords. It appears that the NER
tools which are trained on one set of data cannot be easily implemented for other
tasks. Hence, we manually annotated the keywords in each paragraph and used them
for further analysis. Although this is tedious and time consuming, we hope this effort
will be beneficial for other research activities on perovskite synthesis.

Results

Our results indicate that methylammonium (MA)-based perovskites are the most
popular organic perovskites while Cesium-based ones are their inorganic counter-
parts. MA along with lead halides make up the majority of organic perovskites
while formamidinium (FA)-based perovskites come next. “Organometal halide”
perovskites also gain a significant mentioning, thereby referring to other organic
compounds that are being used in the synthesis of perovskites. Synthesis of organic
perovskites requires organic solvents. Our results show that dimethylformamide
(DMF) is the most popular organic solvent, followed by dimethylsulfoxide (DMSO).
Both DMF and DMSO are commonly used for the dissolution of lead and MA salts
[38, 39], and hence, it is no surprise that these two appear at the top of the list. The
appearance of MA and MA-based compounds on top 3 also makes sense because
hybrid perovskites shot into prominence after the work by Kojima et al. [3] in 2009
and most of the articles we collected are published after 2015. Figure 2 is a list
of all the organic compounds reported in the literature with frequency 5 or more.
Similarly, we also identified the most frequently appearing synthesis keywords, and
it revealed that halide-based and solution-based syntheses are the top choices for
making perovskites. This makes sense because the X in ABX3 is generally a halogen
anion, and the synthesis begins with the preparation of a precursor solution.

Perovskite synthesis involves different solvents and processing activities [40,
41]. We mapped the association between the high-frequency solvents and synthesis
keywords with the perovskites. This gives an idea of perovskite-process-chemical
relationship. Following Fig. 2 that shows the marginal frequency distribution of the
identified organic compounds, we have presented a method for visualizing the joint
distribution of the different extracted keywords. Figure 3 is a Sankey diagram repre-
senting the frequently observed organic perovskites with the solvents and process
keywords [42]. Sankey diagram is a visualization tool that connects source and target
entities with bands whose widths are directly proportional to the strength of the
connection. The diagram shows the joint probability distributions of the perovskites
and solvents and the conditional distribution of the process keywords based on their
mutual occurrences in each paragraph. The figure shows that while oleic acid is the



Informatics Driven Materials Innovation for a Regenerative Economy … 15

Fig. 2 List of high-frequency organic compounds appearing in the paragraphs that discuss synthesis
of perovskites. Crimson red indicates the organic solvents while light gray color indicates the other
organic compounds. Methylammonium (MA)-based perovskites have been discussed the most in
the literature while dimethylformamide (DMF) and dimethylsulfoxide (DMSO) are the two most
used solvents (Color figure online)

most used solvent in the synthesis of organic perovskites, solution-based synthesis
is the most preferred method.

Next, we take these commonly used solvents and associate them with their
hazardous nature. Although a separate study can be done on the toxicity of solvents,
we have resorted to assessing their occupational, safety, and environmental hazards
on this work. It is imperative to eliminate or reduce the usage of hazardous solvents in
the industrial manufacturing of perovskites. Figure 4 presents a similar distribution
as seen in Fig. 3a. Additionally, we present a hazard chart in the inset of Fig. 4 to
clarify the associations between perovskites and the hazardous solvents. The data
required for plotting the hazard chart are adopted fromRef. [11]. As seen in Fig. 4, the
solvent which appears most frequently in the literature, DMF, is a hazardous solvent
and requires substitution. Although the other two highly used solvents—DMSO and
Toluene—are not as hazardous as DMF, they are also substitution advised. Only
ethanol, from the top 4 list of solvents, has been identified as a recommended one.
The usage of these solvents is going to render a corresponding hazardous ranking to
the perovskite being manufactured. Both DMF and DMSO have maximum associa-
tions with methylammonium iodide (MAI) perovskites, while ethanol and acetoni-
trile have more associations with MAPbI3 and MAI perovskites. This gives us a way
to be able to categorize the manufacturing hazard associated with the perovskites of
interest. At the same time, Fig. 4 also suggests if a recommended solvent can be used
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Fig. 3 Sankey plot depicting the choice of solvents for the organic–inorganic hybrid perovskites.
Synthesis of each perovskite may involve different solvents, and each solvent might be associated
with different synthesis keywords. The joint association between the perovskites and the solvents is
shown in (a) and the conditional association with the process keywords in (b). We have highlighted
in red—the solvents that are used withMAPbBr3 and in blue—the keywords that appear along with
the solvent chloroform. The thickness of the lines indicates the association frequency between the
connected entities while the box thickness corresponds to the total frequency of the entity (Color
figure online)

Fig. 4 Frequently occurring perovskites and the solvents associated with them. The inset at the top
right corner is a ranking of the hazardous nature of the solvents and has been adopted fromRef. [11].
It helps to identify if a hazardous solvent is being used in the industrialmanufacturing of perovskites.
This information can further be used to rank the manufacturing hazard of the perovskites. From
the graph, it is easily observable that methylammonium iodide perovskites use DMF the most,
and hence, their industrial manufacturing is potentially more hazardous in nature than the others.
However, as ethanol is also used in making the MAI perovskites, it provides an option to switch to
the recommended alternative (Color figure online)
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instead of the other solvents in the synthesis of the perovskites. For instance, MABr
uses both DMF and ethanol; however, one is substitution requested while the other
is recommended. Thus, this study helps identify recommended solvents to replace
the substitution requested ones.

Conclusion

Developing strategies and solutions that improve chemicals management as well
as accelerate sustainable material development for renewable energy technologies
is critical for a regenerative/circular economy. Sustainable development of clean
and safe technologies can best be achieved through simultaneous and integrated
consideration of technical, environmental, and social factors in all aspects of the
design, development, and adoption of renewable energy technologies. In this study,
we have described how informatics tools based on text mining can help identify
pathways to accelerate solutions for safe and clean technologies by anticipating the
chemical footprint of manufacturing operations in the renewable energy sector.
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The Discharge Crucible Method: Update
on Experimental Design, Measurements,
and Orifice Wetting

Hani Henein

Abstract The physicochemical properties, viscosity, density, and surface tension,
are critical properties of liquid metals and alloys. These properties are needed for
thermodynamics, solidification modelling, and materials properties databases. The
discharge crucible method (DC) developed in 2003 has been used to measure and
report these properties for a wide range of liquid metals and alloys, including Sb, Sn,
Zn, Al, Al–Cu, Sb–Sn, Sn–Ag, andAZ91D. The results are compared with published
data and models that are proposed to predict these property values. This method is
based on a mathematical formulation that predicts the velocity of a stream draining
from an orifice. The viscous losses are calculated using a discharge coefficient equa-
tion, and the gas–liquid surface tension is determined using the Young–Laplace
overpressure induced in the jet. The model and experiments will be described along
with the effect of nozzle shapes on the distribution of forces in the DC method,
including the effect of wetting of the orifice. The aim is to define the optimal nozzle
design for a good distribution of forces throughout a draining experiment.

Keywords Physiochemical properties · High temperature fluids · Surface tension ·
Viscosity

Introduction

With the advent of increased need for process modeling and simulation, the demand
is increasing for accurate data for viscosity, gas–liquid surface tension, and density
of metals and alloys. The values of these properties as a function of temperature,
alloy composition, and gas atmosphere including the effect of impurities for recycled
materials are needed. Numerous methods have been developed to measure one of
these properties [1–14]. These methods are limited in providing the values of one
or two of these properties from a single experiment. There is a need to have one
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method that can measure all three of them using one test. This makes the process of
measurement much more efficient as these tests are very time consuming, and great
care must be taken to ensure the accuracy of the results. Thus, the level of effort to
generate all these values is very significant and costly.

Two methods have been developed that can measure all three properties using
one test. The first is electromagnetic levitation (EML). It is a containerless technique
where a droplet of about 6 mm is levitated and all three properties may be measured.
The advantage of this method is that other fluid properties such as heat capacity may
also be obtained.However, the distinct advantage of the EML is that it is containerless
and that property values for undercooled liquids may be determined [15, 16]. The
disadvantage of the EML is that it must be placed in microgravity environment in
order to make these measurements [17, 18]. This comes at an obvious high cost and
time overhead. There is presently an EML unit located on the International Space
Station.

An alternativemethod to obtaining the three properties of a fluid, namely viscosity,
gas–liquid surface tension, and density is the discharge crucible method (DC) [19–
26]. In this paper, the principle of the DC method will be described. This will be
followed by a description of the apparatus, some of the alloy results generated, and
the effect of experimental design of the apparatus.

Mathematical Model

A detailed description of the model developed for the DC method is described else-
where [19–26]. A brief overview will be presented here. The model is based on using
the Bernouli equation to describe the flow of a fluid exiting the bottom of a crucible
through an orifice. The forces that must be accounted for are gravity, inertial force of
the exiting fluid, viscous forces of the fluid going through the nozzle, and the induced
pressure differential due to interfacial phenomena according to the Young–Laplace
equation. With the assumption that there is no wetting of the fluid exiting the orifice,
and that quasi-steady state is achieved of the descent of the fluid from the crucible,
the exit velocity of the fluid may be described by

u2 = Cd

√
2g

(
h − σ

ρgro

)
. (1)

where u2 is the velocity of the fluid exiting the orifice, Cd accounts for frictional
losses to the orifice, g is the gravitational constant, h is the height of the fluid in the
crucible, σ is the gas-fluid surface tension, ρ is the fluid density, and ro is the radius
of the orifice. Note that as the crucible empties u2, Cd , and h are functions of time.
Thus, as the crucible empties, Eq. (1) may be written in the following form:
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Mexp(t) = πr2oρCd(t)

√
2g

(
h(t) − σ

ρgro

)
. (2)

whereMexp(t) is the mass flowrate of the fluid exiting the crucible. Equation (2) may
be written in dimentionless form as shown in Eq. (3):

Fr + B−1
o = 1. (3)

where Fr and Bo are the Froude and Bond numbers, respectively, and are given by

Fr =
(

Mexp

πr2o ρCd

)2

2gh .
(4)

and

Bo = ρgrh

σ
. (5)

The dimensionless form of Eq. (2) is useful in designing a particular apparatus
for a specific fluid (e.g. nozzle size and crucible wall thickness). Note that as the
crucible empties the balance between the viscous and surface tension forces changes.
Apparatus design assists in maximing the accuracy of the data by ensuring that both
forces play an important role during the conduct of the experiment.

Description of DC and Sample Results

A schematic and a photo of the current apparatus for conduting the DC experiment
are shown in Figs. 1 and 2, respectively. The apparatus is composed of an induction
furnace that heats a susceptor and crucible that contains the melt of interest. A
thermocouple is inserted in the melt, and a radiation pyrometer is used to monitor
the melt temperature. The crucible has an orifice machined in its bottom. To ensure
that no flow of liquid occurs during heating and melting, a stopper rod plugs the
bottom of the crucible and is removed once the melt reaches the desired temperature.
A load cell is placed as close as possible near the bottom of the crucible to capture
the stream and provide a mass flowrate as a function of time. More recently, a laser
has been installed to measure the melt height as a function of time. Previously,
the crucile geometry needed to be calibrated, and the height change with time was
determined by back calculating the height knowing the mass flow measured by the
load cell and the initial mass of metal placed in the crucible. An oxygen sensor
provides a measurement of the oxygen content in the apparatus before starting to
melt the charge in the crucible. During the melting stage, an oxygen getter, placed
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Laser

1. Crucible
2. Susceptor
3. Shell
4. Vacuum Pump 
5. Gas supply 
6. Pressure relief valve 
7. Pressure gauge 
8. Induc�on furnace 
9. Induc�on coil
10. Thermocouple-melt 
11. Stopper
12. Load Cell
13. Collec�on Vessel
14. Resistance Heater 
15. Ceramic Dish
16. Thermocouple-ge�er 
17. Temperature controller

Fig. 1 Schematic of DC apparatus

at the bottom of the apparatus, ensures that the oxygen content remains constant
throughout the experiment.

Prior to carrying out an experiment with a fluid with unknown properties, a set
of calibration runs are carried out with a fluid of known properties. This provides
the necessary data in order to obtain a Cd versus Re (Reynolds number) plot that
characterizes the orifice. Typically, water or other fluid with known properties is
used for these calibrations. Once a crucible and its orifice have been calibrated, an
experiment can be conducted. The data obtained from aDC experiment is theMexp(t)
and correspondingh(t).Anonlinear regression is then used to obtain the best fit values
of σ , μ, and δ at the experimental temperature. For experiments carried out using
aluminum, a maximum drop in temperature of the metal of 5 K was experienced
during the draining of the crucible. This temperature drop does not introduce any
significant error in the resulting property values calculated.

TheDCmethod has been used tomeasure the thermophysical properties of Al, Sn,
Sb, and Zn and various alloys, such as AZ91D, Al–Cu, Al–Sn–Ag, Al–Zn, Al–Li–
Zn, Sb–Sn, Sb–Sn–Zn, Pb–Sb, Al–Mg, Al–Mg–Zn, Ga–Sn, and Ga–Sn–Zn [19–30].
Only a few sample results will be discussed here.

The surface tensionofAlwas found to bewithin 1%of averagedvalues determined
byMills for oxygen saturated elements [31].With careful control of oxygen, Gancarz
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Fig. 2 Photo of current apparatus for DC experiment

et al. [30] reported a viscosity of Al as a function of temperature that was in excellent
agreementwith literature values obtained using other techniques. Similar good results
were reported for alloy systems such as Sb, Sn, Zn, and Sb–Sn [25], Sn–Ag [26],
Al–Zn and Al–Li [27], Ga–Sn [28], Pb–Sb [29], and Al–Mg and Al–Mg–Zn [30]. In
these results, the property values compared very favourablywith othermeasurements
reported in the literature using other techniques aswell as with theoretical predictions
of these properties. There was good agreement with the Butler model for surface
tension [32] and reasonable agreement with the Hirai [33] and Kaptay [34] models
for viscosity. The ideal soution model was found to be appropriate for alloy density.

Experimental Design

Most of the previous experiments reported were carried out using graphite crucibles.
More recent work carried out using alumina crucibles for Al and Al-24 wt% Cu [23,
35] found that there was significant wetting of the orifice by the liquid metal. This
was determined both visually as well as by determining the capillary number as a
function of the height of the metal in the crucible. Even under these circumstances,
the surface tension and the viscosity were determined within reasonable accuracy.
The model converged on unrealistic values of density. It was found that the model



26 H. Henein

was most sensitive to small changes in density but not those for surface tension or
viscosity. Current research is aimed at extending the model for the DC method to
include the prediction of dynamic contact angle [36].

More recent work [36] is focusing on further development of the DC model to
incorporate the design of the orifice. Characteristics of the orifice such as bevel
design for entrance of the fluid into the orifice and the length of the orifice can play
a significant role in the contribution of the Fr and Bo numbers during the time of
drainage of the crucible. This designflexibility can assist in enhancing the capabilities
of the apparatus to yield increased accuracy in one of the property values of interest.
Current research is also looking at extending the capabilities of the apparatus to carry
our measurements on steels.

Summary

A new method for measuring the gas–liquid surface tension, viscosity, and density
of liquid metals and alloys has been developed and evaluated on a range of alloys and
using different gas atmospheres. The method was found to be reliable but sensitive
to the wettability of the nozzle and its geometry. Nevertheless, with systems that do
not wet the orifice of the crucible and under quasi-steady state for the draining of the
crucible, the results are reliable and as accurate as any other method of measurement
of these properties. Its distinct advantage is that presently gas–liquid surface tension,
viscosity, and density are obtained simultaneously.
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Actions of the Copper Industry Toward
a Future Carbon-Neutral Society

Takashi Nakamura

Abstract The copper industry is striving to achieve sustainable developments while
providing copper as an essential rawmaterial for today’s electrical/electronic society.
Copper resources are limited, and copper production requires a large amount of
energy, especially for ore processing. Meanwhile, the major end-product manufac-
turers are required to limit their carbon footprint of copper material, especially by
using recycled copper. Whether recycled copper alloys have undergone a life cycle
assessment (LCA) at the time of manufacture is doubtful. Furthermore, no metal
material can be recycled without a primary metal. If the required amount of copper
alloy can be covered by recycled copper, an LCA evaluation of the recycling process
will be sufficient, but this situation seems unreasonable given the recent growth in
copper consumption. Therefore, in this presentation, I propose an integrated LCA
evaluation that includes copper ore extraction, smelting, and recycling processes.

Keywords Copper · Recycling · Carbon neutral

Introduction

The term “sustainable development goals” (SDGs) has become popularized over the
past few years. The reports and websites of corporate social responsibility list the
major companies that are meeting their SDGs to some extent. The SDGs incorpo-
rate 17 major goals and 169 concrete goals (called targets) that should be achieved
through collaborative effort among all developed and developing countries [1]. These
goals include our daily activities. Originally intended as the next-generation code of
conduct in the United Nations (UN), this is linked to themovement of environmental,
social, and governance investment [2] and greatly influences the activities of compa-
nies. Resource recycling, including waste treatment, is strongly stated in Goal 12
“Responsibility to use, responsibility to make”.
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The wider handling of waste treatment is embodied in Goal 11 “Creating a city
where you can continue to live”.

Resource recycling has long been regarded as a concrete action of humankind.
Especially, environmental protection requires not only the emission control of
harmful substances andmitigation of resource waste, but also the reduction of carbon
dioxide and chlorofluorocarbon emissions, which strongly influence global warming
and eventually lead to obvious climate change.

The greatest role of the non-ferrous industry is the stable supply of non-ferrous
metals, especially copper. Copper is indispensable in a carbon-neutral society
because it is an excellent conductor of electricity and heat, is highly workable, and
has sufficient mechanical strength. The recent production growth of copper is very
large, exceeding 24,000,000 tons in 2019 [3]. This trend is expected to continue with
the increasing global renewable energy supply, as shown in Fig. 1 [4].

All decarbonized activities are termed as “carbon neutral”. We consider decar-
bonization in the non-ferrous smelting industry, which supplies copper, zinc, and
lead. Unlike the iron industry, the non-ferrous industry does not directly generate a
large amount of CO2 in smelting. Although a certain amount of energy is consumed
in pulverizing the ore during the mining-to-beneficiation process, the supply of
natural copper resources does not strongly affect global CO2 emissions. Under these
conditions, setting a lower target for CO2 emissions is a difficult task in the copper
industry.

Fig. 1 Estimated global copper demand up to 2100 (from [4])
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Contributions for Environmental Issues from Non-ferrous
Industries

Although the copper industry does not seriously contribute to CO2 emissions,
it contributes to other environmental problems considered in SDGs, namely the
management of the supplied heavy metals (mainly copper, zinc, and lead).

In copper smelting, iron sulfide is partially oxidized to produce a slag phase and a
waste gas streambearing sulfur dioxide.Themelt, referred to as amatte, is then sulfur-
oxidized to copper metal. The waste gas from further oxidation contains additional
sulfur dioxide together with the oxide forms of less noble metals, which are ejected
as fumes. Finally, the impure copper is purified in an electro-winning process and
separated frommore noblemetals contained in themineral, including preciousmetals
such as silver and gold. Theminor elements such asAs, Sb, Bi, Se, andTe are emitted.
These accompanyingmetals are sometimes beneficial but increase themanufacturing
cost. Especially hazardous elements such as As and Hg always incur treatment and
fixation costs. The copper grade in ores has been reducing, and the impurity grade has
increased since ancient times. Therefore, treatment and fixation of these impurities
have become more urgent, necessitating cooperation among copper smelting, zinc
smelter, and lead smelting. Each smelting system treats theminor elements by several
processes. The smelter processes can be combined as schematized in Fig. 2 [5].

Copper Smel�ng

Zinc Smel�ng Lead Smel�ng

Cu,Au,Ag,PGM.
Ni,Co,Cd,As,Se,Te

Pb,Sn,Bi,Sb

Zn,In,Ga

Pb

Cu

Pb

Zn

Zn

Cu

Zinc concentrate

EAF dust

Copper  concentrate

Lead concentrate

Waste lead ba�ery

Sulfuric acid

More than 20 metals can be recovered except RE,W,Mo,V,Mn,Cr,Nb,Ta and Li 

Fig. 2 Base and minor metals recovered from primary and secondary resources in the non-ferrous
industry
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Besides minor elements, copper concentrate contains a certain amount of lead
and zinc. Copper is also included in other zinc and lead concentrates. Accordingly,
the by-products of copper smelters contain lead and zinc, whereas those of zinc
and lead smelters contain copper and lead. Therefore, a combination of non-ferrous
smelters can sufficiently recover the minor elements, which is an important goal in
the non-ferrous industry.

The non-ferrous industry must play a role in controlling heavy metals as a contri-
bution to the environment and at the same time contribute to the construction of a
carbon-free society.

Non-ferrous Metals in European Union (EU) Taxonomy [6]

The EU is committed to meeting the aims of the “European Green Deal” [7] and to
transforming the EU into a modern, resource-efficient, and competitive economy.
According to the European Green Deal 2, the EU will face and pursue various
economic reforms, including decarbonization of the energy system, transition to
a circular economy, and reversal of the alarming declines in ecosystems and biodi-
versity. Addressing the environmental challenges in the EU will help to achieve the
broader international environmental objectives, such as those set out in the Paris
Agreement [8], but will also require tremendous investments and innovations across
sectors. The EU considers that the cost of decarbonization will be difficult to cover
with public funds alone and recommends the promotionof private investment. For this
purpose, it proposes a decarbonization taxonomy that can be evaluated for making
new investments by each industry. Examples have been given in various fields, but
the taxonomy is also being promoted in the fields of mining and metal resources.
Table 1 summarizes the copper-related movements toward an eco-friendly society
[9].

Modern extraction and processing of minerals and metals has greatly benefited
society while reducing pressures on the environment, thereby mitigating greenhouse
gas emissions, pollution, and waste production and improving the efficiency of
natural resource use. The mineral industry will continue to enable these improve-
ments by all downstream sectors. In this context, we believe that the Sustainable
Finance Action Plan should adopt an integrated approach providing consistency,
stability, and predictability along the whole value chain. The non-ferrous industry
requires a large amount of capital for mine development, and the direction of corpo-
rate activities from a taxonomy perspective is necessary for favorable investments.
One result of this approach is the promotion of recycling.
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Table 1 Ecosystem contributions of the copper industry based on the EU taxonomy [9]

Contribution to low carbon technologies

Transport Wind Solar Enhancing recycling

By 2025: An
additional 350 kt of
copper will be required
to meet energy
infrastructure,
charging, and storage
needs
An additional 950 kt of
copper will be
consumed by the
automobile sector to
meet EV requirements
By 2030
An additional 1 Mt of
copper will be required
to meet energy
infrastructure,
charging, and storage
needs
An additional 3 Mt of
copper will be
consumed by the
automobile sector to
meet EV requirements

The insulated copper
cables running down
from the generator
carry huge currents. A
wind turbine contains
an estimated 5 tons of
copper. In a typical
wind turbine, copper is
used in the power
cables, control cables,
instrument cables,
cooling and heating
systems, the generator,
transformer, and
grounding system.
Additionally, an
average generator
weighs 8.5 tons and is
composed of 35%
copper and 65% steel

Copper leads carry up
to 8 times more heat
than other materials
Copper is ideal for
heat exchangers and
especially for solar
thermal systems,
which are more
sustainable than
traditional ones. Solar
water heaters made of
copper can save up to
34% of energy

Today, 50% of the
EU’s copper demand
comes from recycled
material because the
life span of the
materials can be
decades and the
demand is outpacing
the return of the
material

Consideration of LCA in Copper Industries

Circular Economy

The UN has been discussing means of increasing resource efficiency [10]. For this
purpose, the efficient promotion of conventional reuse and recycling is demanded.
The circular economy offers an economics-based solution to this problem. The
essence of circular economy is the long-term use of the product (reuse, repair, and
referral brush) and efficient recycling of a product that is ultimately difficult to use.
In other words, when promoting a product, manufacturers must attempt to reduce
the environmental load during the manufacture, assembly, and use of the materials
from which the product is made, at the time of final disposal, and at all stages of the
product life cycle. The UN has provided an action guideline for this purpose and a
system for concrete action and its evaluation.

The development of the circular economywill lead to a transformation of the tradi-
tional mass production–mass consumption and themass disposal industrial structure.
However, as the mass production–mass disposal system is economically rational, a
sustainable circular economy requires a change in human behavioral guidelines.
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The minimum condition of carbon-neutral resource recycling is true lowering of
the energy consumption of recycling. LCA has long been evaluated for this purpose.
Although copper has been extensively researched, confirming the appropriate mate-
rial flow and setting the overall boundary conditions in an LCA is more important
for global assessment than acquiring detailed data.

Establishment of a Global Copper LCA

Copper has not yet been officially evaluated by LCA on a global scale. One purpose
of this performance is proposing a global public LCA assessment of copper.

When establishing an LCA for copper, we can learn from the steel industry which
has already established LCA on a global scale. Figure 3 shows the boundary of LCA
evaluation examined by The World Steel Association [11]. In Panels (a) and (b),
the flow of iron-product manufacturing by the conventional blast-furnace method is
presented without and with recycling at the boundary, respectively.

In iron production, the blast-furnace and electric-furnace methods are responsible
for 2/3 and 1/3 of the total generated CO2, respectively. If circulation is omitted, the
emissions of the blast and electric-furnace methods are not divided in a 2:1 ratio, but
iron can be recycled innumerable times and recycled iron is first manufactured by
the blast-furnace method. Numerical values are given [11].

I will omit the details, but one may reasonably suppose that the LCA for copper
should be organized to include both the temporary raw material manufacturing
process and the recycled manufacturing process.

Compiling similar world-standard LCA data for copper is required for under-
standing the true nature of copper recycling. Which organization will compile the
data should be discussed, but organizations such as theWorld Copper Association or
the International Copper Study Group can be nominated. Meanwhile, as in the case
of total demand, copper must be discussed while also considering zinc, lead, and
other by-products, which will likely complicate the boundary. I hope for sufficient
discussion on this point.
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Fig. 3 a Boundary of LCA consideration of the iron and steel industry without recycling (World
Steel Association). b Boundary of LCA consideration of iron and steel industry with recycling
(World Steel Association)

Summary

Non-ferrous metals, especially copper, cannot be replaced in the future decarboniza-
tion of society. The goal is to introduce stable SDGs to the non-ferrousmetal industry.
To achieve decarbonization in a timely manner, all sectors involved in the collection
and recyclingof secondary rawmaterials and in the collection and smeltingof primary
resources must fully understand the overall flow and take actions. A comprehensive
LCA assessment of the supply of non-ferrous metals, especially copper, should be
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conducted to avoid wrong actions. The establishment of a central organization for
LCA evaluation can be considered as urgent.
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BlueMetals Technology—Experience
from Commissioning E-Scrap Recycling
Plants

Timm Lux, Markus Reuter, Rolf Degel, Frank Kaussen,
and Nikolaus Borowski

Abstract SMS group is innovating and developing future solutions in the non-
ferrous metals sector to enable the circular economy (CE). The recycling of valuable
metals is one of the key enablers for the CE. SMS group offers numerous recy-
cling solutions to recovery metals and other valuable substances from metal scraps,
electronic wastes, batteries, catalysts, etc., which are based on a sequence of pyro-
and/or hydrometallurgical process steps. This paper shares experiences on recently
commissioned solutions, for example, Aurus in Russia.

Keywords Anode furnace · Electronic waste · BlueMetals technology ·
BlueSmelter ·WEEE recycling · TBRC · Tank house · PGM · Precious metals
recovery · Dry slag granulation

Introduction and Market

Over the past years, the demand of electrical and electronic equipment has increased
dramaticallywith technological progress. Innovations on the technology of electronic
devices led to a shorter usage and lifespan and thus boosted the generation of waste
electrical and electronic equipment (WEEE). WEEE is one of the fastest growing
waste streams, growing with an average of 2–4% per year worldwide and is expected
to reach approximately 75 million tons per year by 2035. Currently, about 55 Mt of
these wastes are estimated to arise worldwide, and the trend is rising [1]. WEEE is a
valuable urban resource, which contains significant amounts of precious metals and
base metals with a high potential for metallurgical recycling [2]. Collection rates are
often not sufficiently high; however, if collected for recycling, the BlueMetals plant
allows the recycling of the complete range of PCBs and thereby provides a solution
for low grade PCBs.

SMS provides various solutions for an efficient recycling of WEEE to recover
the contained metals, such as gold, silver, platinum, palladium, copper, nickel, and
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cobalt. Up to 98% of these metals can be completely recovered and converted to
pure products that can be reused in the same consumer and other products these orig-
inated from. However, the wide range of WEEE qualities requires different types
of recycling technologies. SMS group provides custom-fit solutions as are part of
the BlueMetals family. The central component of SMS group’s WEEE recycling
technology is either the BlueSmelter and/or the top blown rotary converter (TBRC).
Compared, the BlueSmelter can also handle lower grade WEEE with higher organic
contents. The concept of the BlueSmelter was successfully demonstrated in an indus-
trial size demonstration plant and resulted in a new generation of bath smelting
furnace, applying a high-speed SMS injection system (SIS) which is substituting
the burner and (submerged)lance. Currently, the BlueSmelter is designed in different
sizes starting with an annual capacity of 3,000 tons up to a maximum annual capacity
of 120,000 tons of e-scrap concentrate.

BlueMetals Technology

Processes for WEEE treatment in the copper industry are usually subdivided in
pyrometallurgical pre-treatment followed by hydrometallurgical refining to recover
base metals such as copper and nickel, as well precious metals such as gold, silver,
platinum, and palladium.

Conventional pyrometallurgical technologies are commonly limited to a WEEE
concentrate feed of approximately 30% of their total processing capacities. The
main reasons for this are, on the one hand, the high energy input from the organic
fractions ofWEEE concentrates (e.g. plastics), which tends to overheat conventional
smelter, and, on the other hand, the challenging gas cleaning process with regard
to cleaning the off-gas from chlorine and bromine compounds which were brought
into the process by flame retardants. In addition, established processes are mainly
focused on the production of base metals (e.g. copper and nickel), and precious
metals are often only a valuable by-product. Long lead times for the recovery of
gold, silver, and platinum group metals are the inevitable result. Part of the process-
encompassing BlueMetals solution of SMS to extend the limits of the maximum use
of WEEE concentrate to 100% and to accelerate the recovery of precious metals is
the use of a highly specializedmelting furnace called BlueSmelter, which is based on
bath smelting technology and is widely used in the copper, lead, and zinc industries
[3]. The market and sources for e-waste are rather complex, and each country/region
requires different recycling solutions.

In order to establish an effective recycling process, SMS offers various technology
options and process combinations. Starting from a standalone technology to produce
a copper bullion as an intermediate product, which can also be integrated in an
existing copper production plant, over a compact plant up to a full BlueMetals plant.
Thereby the BlueMetals technology always offers a variety of benefits for recycling
ambitions, reflected by a flexible plant design with the focus on precious metals
recovery.
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Fig. 1 Depiction of BlueMetals flowsheet for metal alloy production

In case the clients have WEEE material as well as copper scraps available, the
flow sheet depicted by Fig. 1 is applicable [3]. In this first step, the plant produces
the metals containing alloy in form of ingots, granules, or liquid metal as well as a
Pb/Sn alloy.

Several customers are looking for amodular system, seeking for additional options
to significantly boost the production. The BlueSmelter can be an ideal smelting unit
and allows tripling the overall throughput of a WEEE recycling plant.

The plants can process up to 120,000 tpa of WEEE concentrate (see Table 1).
In case the plant shall also produce LME grade quality metals, the plant can be

expandedwith an anode castingwheel, electro refinery, and a preciousmetals refining
plant. This principle was supplied to Aurus in Russia and realized with the shown
technology and was successfully commissions (see Fig. 2).

For a further processing of the copper alloy, a tailor-made top blown rotary
converter (TBRC) as a converting and refining unit is applied. The process is designed
for converting “black copper” to “raw copper” and for separating heavy metals, e.g.
lead and tin for a further processing. Developed in the 1930s, TBRCs smelt and
convert various primary and secondary raw materials to extract Cu, Ni, Pb, Zn, Sn,
and precious metals [6].

The anode furnace unit refines the “raw copper” into “anode copper” with a
copper content >98.5%. The furnace is equipped with the patented PROX burner
and an innovative charging system [7]. Overall, this reduces significantly the specific
energy consumption compared to conventional fire refining furnaces. The adjustable
burner flame length provides the process heat and is designed for heating up the
vessel’s refractory during start-up.

The anode copper is being shaped in anodes in the so-called anode casting wheel
[8]. The process runs fully automatic and produces an anode with a weight deviation
of only±1%. This is achieved by the three-point weighing unit in the casting system.
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Table 1 Exemplary types of BlueMetals plant configurations

Plant type BlueMetals BlueMetals
compact

BlueMetals integrated

Application Large e-scrap
recycling plants and
copper producers

Smaller and
midsize e-scrap
recycling plants
mainly for
PCBs

Existing copper and nickel
producers with precious metal
refinery options

Input Low, medium, and
high-quality WEEE
concentrates

PCBs Low, medium, and high-quality
WEEE concentrates

Technology units BlueSmelter/
TBRC-TBRC-anode
furnace-casting
wheel-slag holding
furnace-slag
granulation

BlueSmelter/
TBRC-Ladle
stand/anode
furnace-casting
wheel or metal
granulation

BlueSmelter/TBRC-TBRC-anode
furnace-casting wheel or metal
granulation

Semi-products Raw copper Raw copper Black copper/raw copper

Further optional
refining

Tank house-PMR Tank
house-PMR

Existing electrolysis

Final products Cu, Ni, Co, Au, Ag,
and PGM

Cu, Ni, Co, Au,
Ag, and PGM

Depending on existing units

Capacity WEEE 30,000–120,000 tpa 1,000–30,000
tpa

3,000–120,000 tpa

Fig. 2 Depiction of BlueMetals flow sheet for LME grade metals production

The dynamically controlled mold cooling reduces thermal loads, and a reliable wash
coating process is providing an exceptional anode surface quality [8].

SMS group developed an innovative dry slag granulation system for certain types
of non-ferrous slags. The aim is to produce a high-quality slag-product and to recover
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substantial quantities of energy. The system is proven for copper slags. We are also
investigating to use the dry slag granulation technology for slags being produced in
the ferro-alloy industry. The basic system—the so-calledDrySlag system—includes
the granulation unit. An air jet, blowing diagonal into the slag stream, solidifies the
liquid slag stream. The solidified granules settle in a collecting chamber.

The BlueSmelter

The BlueSmelter (see Fig. 3) is an innovative bath smelting technology, which is
designed to process a wide range of copper and preciousmetals containing secondary
raw materials, with the focus on handling low scrap qualities and high organic loads
but with significant monetary value. The improved bath smelter furnace enables
nearly maintenance-free blowing of media into the bath via the patented SIS [4]
that provides an improved bath agitation and increased surface turbulence for rapid
gas/melt reactions in the vessel [5]. SMS group successfully conducted pilot-scale
tests to demonstrate its technical feasibility. The pyrometallurgical pre-treatment and
smelting in the BlueSmelter ensures an enrichment of valuable metals in a metallic
phase and a pre-separation of organic compounds as well as metallic impurities.
Furthermore, it can handle high amounts of organics in the feed material and deal
with the simultaneously increased input of halogens as part of the organic fractions.
The features of the BlueSmelter include:

Fig. 3 Illustration of
BlueSmelter
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• “Modified” bath smelter/BOF technology with SIS media injection
• Flexible smelting (can run from 40 to 100% capacity with various input mixtures

with high organic fractions)
• Flexible sealed charging systems for various input materials by injection and

conveyer
• CO2 reduced production process (with H2-ready option)
• Low maintenance SIS burner/injector maintaining stable temperature during

reduction
• Batch, semi-continuous operation (e.g. tap-to-tap 2–4 h).

The calculations and simulations confirmed the extraordinary results of the tests.
Compared to conventional TSL or BOF-based bath smelting vessels, all reactions
are significantly accelerated (see Table 2).

Table 2 Comparison of conventional TSL or BOF-based bath smelter technology to BlueSmelter

Bath smelting/BOF type furnace BlueSmelter

Feed mix 80–100% input 40–100% input

Organics <20% Up to 50%

Charging Unsealed Sealed

Hydrogen Not possible (only enriched) 100% H2 as fuel possible

Process Batch or semi-continuous, high
turbulence, and not adjustable

Batch or semi-continuous, high
turbulence, and adjustable
turbulence

Cooling/lining For WEEE cooling required No or simple cooling, simple
lining concept

Vessel complexity Complex in height + vibration
compensation

Compact, robust, simple, and
short vessel

Emissions Higher fluctuating off-gas
volumes with high NOx level,
larger dedusting system

Lower constant off-gas volumes
with lower NOx level

Maintenance Lance consumption, lance
maintenance, and splashing issue

Low maintenance SIS, simple
technology

Efficiency, productivity Medium—good metal yield
(based on TSL know-how)

Higher—good metal yield,
higher productivity per volume

OPEX Higher due to increased media
consumption and increased
off-gas volume

Lower due to reduced media
consumption, increased
production efficiency

CAPEX Complex vessel design, large
foundation, and high buildings
necessary + larger balance of
plant items: high in CAPEX

Compact simple vessel design,
smaller building height and
reduced foundation + smaller
balance of plant items: low in
CAPEX
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Recent References and Experiences

Over the past years, SMS supplied several units, which are in operation in numerous
non-ferrous metals plants for the recycling of copper scrap and WEEE. Especially
the TBRC unit is based on a strong track record. One of the largest TBRCs as well the
first TBRC for the processing of WEEE was supplied by SMS. The first BlueMetals
compact plant was installed in Malaysia for the client SPM and was commissioned
in 2017. The bath smelter processes approximately 3000 tpa of PCB and produces
a black copper. The smelter at SMS utilizes a top lance for the injection of oxygen-
enriched air. The plant is operating well. SMS took this “smelter principle” and
developed the next generation of the bath smelter, the so-called BlueSmelter. To
investigate the smelting behavior, the slag chemistry, and the metallurgical reduction
process, various material mixes of WEEE concentrates were pyrometallurgically
processed at multiple lab- and pilot-scale tests. Additional industrial-scale demon-
stration tests of the BlueSmelter were conducted at MEFOS in Sweden in 2019
(Fig. 4).

The tested BlueSmelter included all optional features including a bottom purging
with H2 and N2. Some conclusion of the tests is given below:

• MgCr-refractory works well (even without vessel cooling).
• Injection of fines tested and proven.
• Reducing smelting can be easily done; oxidation potential can be adjusted as

desired.
• Cu content in slag of ~0.7 wt.% and even below can be achieved.
• Hydrogen purging technically works but is not required.
• Slag system CaO–Al2O3–SiO2 works with a low viscosity + low Cu content.
• Separate reduction step is not necessary.
• SIS burner can also be operated without natural gas in the shroud gas.

Fig. 4 Photo of the
BlueSmelter at Swerim in
Sweden



48 T. Lux et al.

Fig. 5 Anode furnace at Aurus during operation

• Low NOx level achieved.

SMS supplied the world first Greenfield plant for WEEE to Aurus near Moscow,
and the plant processes about 6,000 tons of printed circuit boards as well as 6,000
tons of copper scrap per year. It produces LME grade metals such as copper, nickel,
gold, silver, and platinum. SMS group supplied all components, i.e. the system for
mechanical preparation of the raw materials, TBRC converter (top blown rotary
converter), refining furnace (Fig. 5), casting wheel, electrolysis, precious metals
recovery plant, gas cleaning, and automation systems. SMS group provided the engi-
neering, supervise erection and commissioning and trained the customer’s personnel.
Mettop supplied all components needed for electro-refining [9]. The plant was fully
in hot-commissioned.

The plant demonstrated that it achieves a recovery rate of >98% for the most
relevant metals such as Cu, Ni, Au, Ag, Pt, and Pd as well as Pb and Sn. The client
already placed the order for the expansion of the plant. Basically, SMS will supply
an additional tilting refining furnace, which will boost the overall production of this
plant to 10,000 tpa of WEEE + 15,000 tpa of copper scrap.

Conclusion

SMS group offers various processes for e-waste recycling focusing on all grades and
qualities of WEEE concentrates, the so-called BlueMetals processes. The company
established a new standard in e-waste recycling, in which WEEE concentrate in
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general and including all qualities is considered a valuable resource rather than a prob-
lematic waste stream. The central component of SMS group’s WEEE concentrate
recycling concepts is either the BlueSmelter and/or the top blown rotary converter
(TBRC). Compared, the BlueSmelter can also handle lower grade WEEE concen-
trates with higher organic shares. The concept of the BlueSmelter was success-
fully demonstrated at industrial scale and resulted in a new generation of bath
smelting technology, applying a high-speed SIS-/injector. In these industrial-scale
trials, various WEEE concentrate mixes of different qualities were treated. SMS
group successfully commissioning a PCB recycling plant with a TBRC as primary
smelter near Moscow, Russia. This plant is designed to process about 4,000 tons
of printed circuit boards every year to LME/LBMA grade metals, such as copper,
nickel, silver, gold, and platinum.
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Recycling of Tungsten by Molten Salt
Process

Tetsuo Oishi

Abstract Tungsten (W) is one of the most important metals in various industries,
particularly in the machining industry. At least 60% of W is consumed in cemented
carbide or super-hard alloys in Japan and the USA. The major recycling method for
cemented carbides is the hydrometallurgical process combinedwith the roasting step,
which oxidizes W in scrap into tungsten oxide. However, this conventional process
requires repetition of roasting and dissolution in some cases,whichmakes the process
costly and inefficient. In contrast, the molten salt process has specific advantages in
terms of processing rate and simplicity. In this study, the recycling processes for
W using molten salt are reviewed. Subsequently, our new recycling process using
molten hydroxide is introduced, and recent data on this process discussed.

Keywords Rare earth elements · Recycling · Molten salt electrolysis · Alloy
diaphragm

Introduction

Tungsten (W) is widely used in industries owing to its high hardness, melting point,
anddensity.According to the literature,more than60%ofWis consumed in cemented
carbide or super-hard alloys in Japan and the USA [1, 2]. Super-hard alloys are
mainly used in machining industries and are composed of tungsten carbide (WC)
and binder metals such as cobalt (Co) and nickel (Ni), as shown in Fig. 1. However,
mineral sources of W are relatively scarce and unevenly distributed in the Earth’s
crust. Thus, the establishment of efficient W-recycling processes is one of the most
important objectives for effectively utilizing the limited W resources.

Recycling processes for super-hard alloys are generally categorized into direct
and indirect methods (Fig. 2) [3]. In the direct method, zinc (Zn) treatment is typi-
cally employed to make super-hard alloy scraps easy to crush in which cracks are

T. Oishi (B)
National Institute of Advanced Industrial Science and Technology (AIST), 16-1 Onogawa,
Tsukuba 305-8569, Ibaraki, Japan
e-mail: tetsuo.oishi@aist.go.jp

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_7

51

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_7&domain=pdf
mailto:tetsuo.oishi@aist.go.jp
https://doi.org/10.1007/978-3-030-92563-5_7


52 T. Oishi

Fig. 1 Schematic drawing
of cemented carbide (super
hard alloy)

Tungsten carbide (WC) particles

Binder metal (Co) 

(a) Direct method (b) Indirect method (b’) Molten salt process

Scrap Scrap Scrap

↓↓↓

Zn treatment

(Co-Zn alloy formation)

Roasting

WC → WO3

Molten salt treatment
WC → Na2WO4

↓↓ ↓

Zn removal Alkaline leaching Dissolution to water

↓↓  ↓

Crushing and separation Na2WO4 aqueous solution  Na2WO4 aqueous solution 

↓↓↓

WC powder Purification Ion exchange, precipitation etc.
→Co

recovery

↓

Ammonium para tungstate APT)

↓

Hydrogen reduction and/or carbonization

↓
W or WC powder

Fig. 2 Flow of typical direct and indirect methods

formed during the Zn–Co alloy formation step. After the evaporation of Zn from the
Zn–Co alloy, the super-hard alloys are easily crushed, and WC powder is recovered
via conventional physical separation steps. Although this method is simple and inex-
pensive, the use of recovered WC powder is limited because it essentially has no
purification effect. The indirect method is also known as the chemical method. The
super-hard alloy scrap is typically roasted in air to oxidize WC to WO3. Thereafter,
the roasted scraps are dipped in NaOH solutions, and W is dissolved. After purifi-
cation of the NaOH solutions, W is recovered as ammonium paratungstate (APT),
which is an important intermediate product from W ore during W metallurgy. WC
and/or W powder are commonly produced from APT by roasting, hydrogen reduc-
tion, and carbonization. The indirect method has a high purification effect and is
applicable to various super-hard alloy scraps; however, this method requires repeti-
tion of roasting and dissolution in some cases, which makes the process costly and
inefficient.
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Several other processes have been proposed and investigated from the past to date.
Because numerous review papers have already been published on the W-recycling
process [4–9], this paper focuses on the molten salt process proposed and/or inves-
tigated for W-recycling. The molten salt process has specific advantages in terms
of processing rate and simplicity. First, some molten salt processes available in the
literature were reviewed. Subsequently, our new recycling process using molten
hydroxide was introduced, and the recent progress in this process discussed.

Molten Salt Processes from the Past to Date

Molten salt processes are mainly categorized as indirect methods. The conventional
indirect method has an operational problem in that it is difficult to oxidize the entire
scrap simultaneously when the method is applied to relatively large objects. This
complicates the process by requiring repeated operations, such as roasting, alkali
leaching, or peeling of the surface layer. The molten salt process is a solution to this
problem (Fig. 2b). In other words, the main subject of the molten salt processes is
the efficient oxidation of WC and W to water-soluble W species such as WO3 and
Na2WO4.

Some of the molten salt processes available in the literature are summarized in
Table 1. More than half of them are patent documents, and because of the nature
of patents, they tend to be broadly described. For instance, when sodium chloride
(NaCl) is considered, it is often referred to as “alkali metal chloride.” In commercial
applications, however, it is difficult to consider options other than sodium salt from
a cost perspective. Thus, all of them are described as sodium salts rather than “alkali
metal salt” in this paper. As already mentioned, it is important to efficiently oxidize
WC and W in the molten salt process, and the description is differentiated by the
oxidant used.

Table 1 Molten salt processes for W-recycling

Oxidizing
agent

Dilutant Operation
Temperature

Characteristics References

NaNO3 or
NaNO2 (with
support by O2
in some cases)

Na2CO3 800 °C Rapid reaction
Difficult to
control
Generation of
NOx gas

[4, 6]

NaOH (+ NaCl) 400 ~ 700 °C [10, 13, 14]

MCl (M = Li, Na, K) 400 ~ 700 °C [15]

No 700 ~ 900 °C [11, 16, 17]

O2 Na2CO3 800 ~ 1000 °C Low reactivity [18, 19]

Na2SO4 NaOH 800 ~ 1100 °C Relatively low
reactivity
Generation of
SOx gas

[20]

NaOH + MO (M = Co etc.) 900 ~ 1100 °C [21]



54 T. Oishi

Sodium nitrate (NaNO3) and sodium nitrite (NaNO2) are the most popular
oxidizing agents in this field. In the report by Shedd, which summarizes the situa-
tion of tungsten recycling in the USA, only the process using NaNO3 and NaNO2

as oxidizing agents and sodium carbonate (Na2CO3) as a diluent is introduced [6].
According to a review by Bhosale et al. [10], NaNO3 or a mixture of NaNO3 and
Na2CO3 is widely used in the field of W metallurgy, at least by 1990. The main
reaction in the presence of oxygen is explained by the following equation [11]:

WC + 3NaNO3 + 1/4O2 → Na2WO4 + 3NO + CO2 + 1/2Na2O (1)

Fs patent (US-1652646, 1927) as a processing method to obtain Na2WO4 from
ores [12]. Tungsten in ores exists in a hexavalent state such as CaWO4 and (Fe,
Mn)WO4, which is different from the treatment of WC and W to be recycled.
However, the use of NaNO3 as an oxidizing agent for various tungsten ores has
been observed in several patents related to tungsten smelting in the 1910s–1920s
and is assumed to have been widely recognized in this field. Although the molten
salt process using NaNO3 has a disadvantage in that NOx gas is generated and
exhaust gas treatment is required, it is superior in that the reaction proceeds quickly
because of the strong oxidizing nature of NaNO3. However, according to Lassner,
this is an extremely violent reaction and “difficult to control [4].” The same has
been highlighted in several patent documents, and methods using NaOH or alkali
metal chlorides as diluents have been proposed to address this problem [10, 13–15].
Among these methods, a system using NaOH as a diluent was introduced in detail
by Bhosale et al. [10]. According to them, the reaction can be well controlled, and
NOx generation can be suppressed under appropriate conditions. It has also been
reported that Sandvik Asia Ltd. has already started operations on a semi-commercial
scale. The combination of molten NaOH and NaNO3 is superior to other molten salt
processes in that it can be operated at a relatively low temperature of approximately
450 °C, and it also suppresses the generation of NOx gases. However, if the following
process flow is similar to that shown in Fig. 2b, the diluent will be dissolved in water
at a later stage. Thus, the chemical cost increased as the amount of diluent increased,
although the control of the reaction rate became easier.

As an alternative approach, Ikegaya and co-workers succeeded in controlling
the reaction by accurately controlling the feeding rate of NaNO3 [11, 16]. Notably,
they succeeded in controlling the reaction, which had been considered “difficult to
control” for a long time, without using a diluent such as NaOH. In addition to the
molten salt process, they invented an efficient hydrometallurgical process to remove
impurities and developed an exhaust gas treatment facility for NOx gas. This process
has been commercialized after further investigation and improvement [17].

Although NaNO3 is the major oxidizing reagent in this field, as mentioned, other
oxidizing agents such as O2 gas and sulfide ions have also been investigated. Scott
proposed a process for oxidizing and extracting the tungsten component to obtain
Na2WO4 by contacting W-containing scraps with molten Na2CO3 at 800–1000 °C
in air [18]. Recently, Yasuda et al. proposed the oxidation and dissolution of W
from super-hard alloy scraps in molten Na2CO3 under controlled O2 and CO2 partial
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pressures. Although this study is in the fundamental stage, they found that CO3
2−

ions can also be an oxidizing agent for metallicW in addition to O2 gas under specific
conditions [19]. Lohse proposed a method of blowing air into a mixture of molten
NaOH and sodium sulfate (Na2SO4) [20]. The problem here is that it is difficult to
obtain a sufficient reaction rate with oxygen and sulfate. Therefore, it is necessary to
maintain the reaction chamber at a temperature of 900 °C or higher, resulting in high
energy consumption and serious damage to the equipment. Compared to oxygen (or
air), Na2SO4 seems to oxidize faster, but SOx is generatedwhen the sulfate is reduced;
therefore, an exhaust gas treatment facility is required, as in the case of NaNO3 [7].
Itakura et al. reported the formation of soluble sulfides such as sodium sulfide (Na2S)
as a further problem when Na2SO4 was used [21]. This may lead to the generation
of hydrogen sulfide (H2S) gas during the subsequent hydrometallurgical process,
and elemental sulfur may precipitate, which decreases the purity of the recovered
tungsten compound. However, the formation of water-soluble sulfides can be avoided
by the addition of metal oxides to molten salts. In this case, Na2S reacts with other
metal oxides, andwater-insolublemetal sulfide is obtained according to the following
reaction, which can avoid one of the problems of the Na2SO4 process [21].

Na2S + MO → Na2O + MS (2)

where M is typically iron, cobalt, or nickel. Among these metals, cobalt (cobalt
oxide or cobalt tungstate) is suitable because the use of Co compounds is effective
not only in reducing the abovementioned water-soluble sulfides but also in avoiding
complications of the subsequent purification process; that is, the insoluble sulfide can
be separated as a precipitate when the processed molten salt is dissolved in water,
and the main component of the precipitates obtained here is cobalt when super-hard
alloy scrap is processed. Therefore, the addition of Co compounds during the molten
salt process has no negative impact on the subsequent steps.

These processes using oxygen and molten Na2CO3 or Na2SO4 are expected to be
developed in the future, because they can significantly reduce the cost of chemicals
compared to the process using NaNO3, and the reaction can be easily controlled.

New Recycling Processes Using Molten Sodium Hydroxides

The aforementioned molten salt processes use chemical reactions to oxidize W or
WC. Although these processes are simple and cost effective, the reaction rate is diffi-
cult to control, the process using molten Na2NO3 tends to proceed excessively fast,
whereas the other processes experience difficulty in obtaining a sufficient reaction
rate. Therefore, we proposed an electrochemical W-recycling process using molten
NaOH from super-hard alloy scraps [22–24]. In this process, super-hard alloy scraps
were used as the anode, and W was dissolved as tungstate ions in molten NaOH,
as shown schematically in Fig. 3. Here, the anodic, cathodic, and total reactions are
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Fig. 3 Schematic drawing
of anodic dissolution process
of super hard alloy scraps in
molten NaOH

Molten NaOH

Super hard alloy scraps

AnodeCathode

Ni plate

Co powder

WO4
2

Graphite crucible

described as follows:

WC + 7O2− → WO2−
4 + CO2−

3 + 10e− (3)

2OH− + 2e− → H2 + 2O2− (4)

WC + 10NaOH → Na2WO4 + Na2CO3 + 5H2 + 3Na2O (5)

Notably, the cathode reaction may result in Na precipitation, depending on the
conditions. Cobalt, a major impurity, is also oxidized and dissolved, but most of
the dissolved cobalt ions are reduced on the cathode and precipitated as Co powder.
As reaction (5) proceeds, the tungsten content in the molten NaOH increases, and a
Na2WO4 containing aqueous alkaline solution is obtained when the solidified NaOH
melt is dissolved in water. Because this aqueous solution is essentially the same as
that obtained using the conventional indirectmethod,Wcan be recovered by the usual
process, as shown inFig. 2b.Although this process has the disadvantageof consuming
electric power, we believe it is advantageous for small-scale operations because the
reaction is easy to control, and no harmful gas is generated. It has already been
demonstrated that the oxidative dissolution ofWC proceeds with a current efficiency
of over 90% [22]. It was also confirmed that this process is greatly affected by the
water content in themoltenNaOH.For instance,when thewater content is sufficiently
low, the cathode reaction switches to Na electrodeposition. In addition, the solubility
of Na2WO4 in molten NaOH significantly increases with water content [23]. We
are currently investigating the precipitation of Na2WO4 powder from a W-enriched
molten NaOH by controlling the water content in the melt, which enables the cyclic
use of molten NaOH, as shown in Fig. 4 [24].
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Fig. 4 Conceptual drawing of the new tungsten recycling process. 1. Anodic dissolution chamber
kept at high partial pressure of water vapor and/or high temperature. 2. Precipitation chamber kept
at low partial pressure of water vapour and/or low temperature. 3. Cathode of inert metals like Ni, on
which H2 gas evolution and electrodeposition of powdery Co proceed. 4. Anode basket containing
super hard alloy scraps, on which anodic dissolution of WC and binder metal of Co proceeds.
5. Flow path for tungstate ion-rich NaOH melt. 6. Flow path for tungstate ion-poor NaOH melt.
7. Precipitated Na2WO4

Conclusions

Themolten salt process for tungsten recycling was reviewed. Themolten salt process
has been investigated as an alternative to the roasting and alkaline leaching process
of super-hard alloy scrap in the conventional indirect method in which tungsten
carbide is converted to water-soluble tungsten species. NaNO3 is the most common
oxidizing agent in this field, although the reaction is difficult to control. As a result of
intensive investigation, one or more molten salt processes using NaNO3 have been
commercialized. The use of molten sulfates and carbonates is currently disadvanta-
geous to the reaction rate, but this may be a candidate for a more economical and
energy-saving process.

We proposed another molten salt process using molten hydroxide. In this process,
the dissolution rate of super-hard alloy scrap was easily controllable, and Na2WO4

containing an aqueous solution was safely obtained. Further investigation is ongoing
to simplify and reduce the cost of the process.
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Adaptability of the ISASMELT™
Technology for the Sustainable
Treatment of Wastes

S. Nicol, D. Corrie, B. Barter, S. Nikolic, and B. Hogg

Abstract The recovery of resources from processing urban and industrial waste
streams is essential to creating a sustainable society. The implementation of the
ISASMELT™ Top Submerged Lance (TSL) technology for the retrieval of metals,
and the capture of energy has been applied in the real world for over 20 years. The
ISASMELT™ furnace is highly suited to treat these complex waste streams, with
their varying compositions and dimensions, due to the flexibility and adaptability
of the technology. The conditions in the furnace are tightly controlled to ensure
the desired products and compositions are achieved. The turbulent, high temperature
melt is capable of destroying hazardous chemicals. The slag generated can be used or
storedwithout causing further pollution. This paper describes how existing and future
ISASMELT™operators can leverage the technology to supplement their feed supply
and recover valuablematerials from an increasing range of urban and industrial waste
streams.

Keywords ISASMELT™ · Pyrometallurgy · Copper smelting · Sustainable
recycling · Lead smelting · TSL · Urban waste · Circular economy · Scrap copper
processing · Complex feed ·Metallurgical process · Flowsheet design

Introduction

One of the major difficulties when treating and recycling end-of-life consumer prod-
ucts is obtaining a constant and consistent feed stream. Operating a recycling facility
that treats different feed materials is typically challenging as process equipment is
designed for specific feed materials and properties. The ISASMELT™ technology
is unique in that a single furnace is able to smelt a wide range of feed materials,
with a wide range of process conditions able to be operated without significant or
expensive furnace modifications.
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Glencore Technology developed the ISASMELT™ technology at its operations
in Mount Isa in the 1980s and 1990s [1]. The technology was scaled up from bench
scale tests, pilot tests, and demonstration plants and finally to full-scale industrial
smelters. The extensive testing and development resulted in a furnace design widely
regarded as one of the most robust and flexible smelting technologies in the industry.
The history of this technology and its implementation in a variety of applications has
been published in a number of papers [2–5].

The furnace technology developments resulted in a range of furnace features that
enabled the ISASMELT™ furnace to be operated with almost any feed and under
any smelting condition. The highly agitated bath is able to smelt materials up to
100 mm in size, under oxidising, reducing, or neutral conditions, in both batch and
continuous operation modes.

This paper will outline the installation of the ISASMELT™ technology in
recycling applications and the potential for the technology to smelt a range of
materials.

The ISASMELT™ Furnace

The ISASMELT™ furnace is a bath smelting furnace, utilising a proprietary lance
design. The feed material is typically charged into the furnace, via a feed device,
through a port in the furnace roof. The feed system is straightforward, robust, and
easy to operate, providing a simple installation and the ability to feed a wide range
of materials without any modifications. The feed material enters the highly agitated
bath and is rapidly digested, reacting quickly with the furnace melt.

The proprietary lance injects air and/or oxygen into the furnace, along with a trim
fuel. The gases injected into the bath provide significant agitation and a direct contact
with the bath. This ensures a rapid transfer of the gas species into the molten bath,
resulting in fast reaction kinetics and efficient heat transfer (Fig. 1).

Another key aspect of the technology is the location of the bath agitation. As the
lance is submerged in the centre of the bath and away from the furnace walls, the
centre of the vessel is highly agitated, while the walls are almost stagnant. Coupled
with accurate control of the slag composition and temperature, this results in unpar-
alleled furnace campaigns without the use of furnace cooling elements. Campaigns
of more than 6 years are possible with the ISASMELT™ technology, and 4-year
campaigns have been demonstrated at a number of furnace installations around the
world [6].

The furnace is typically tapped through a uniquemulti-phase taphole into a settling
vessel. Coupled with the intense vessel agitation, this enables operating conditions
to be targeted which are unachievable in other furnaces. Additionally, by performing
phase separation in a separate vessel, the smelting and settling/separation processes
can be optimised independently. Other furnaces perform this function in a single
vessel, resulting in sub-optimal smelting and settling. Further developments in the
ISASMELT™ furnace have enabled settling in the smelting vessel which, while less
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Fig. 1 ISASMELT™ furnace concept

efficient than that performed in a separate furnace, enables a single vessel to be
installed to reduce smelter capital costs (Fig. 2).

Some key installations in recycling applications include.

1. 1991 Britannia Refined Metals, Northfleet, United Kingdom, Secondary Lead
2. 1997 Umicore Precious Metals, Hoboken, Belgium, Mixed Lead/Copper

Secondaries
3. 2000 Metal Reclaim Industries, Pulau Indah, Malaysia, Secondary Lead
4. 2002 Aurubis (previously Hüttenwerke Kayser), Lünen, Germany, Secondary

Copper.

The ISASMELT™ furnace design is ideal for recycling applications due to how
the equipment operates. This furnace can be operated with fuels from renewable
sources, leading to minimal energy consumption in smelting. Additionally, there is
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Fig. 2 Multi-phase tapping of an ISASMELT™ furnace

minimal water use, and no hazardous liquids or solids are discarded from smelter.
Emissions are easily able to be controlled with a gas cleaning plant.

Reductive Smelting–Secondary Lead

The first implementation of the ISASMELT™ technology for recycling was at
BritanniaRefinedMetals (BRM) in 1991.AtBRM, lead acid batterieswere processed
through a battery breaking and desulphurisation plant. The leaded materials, after
desulphurisation, were fed, along with fluxes and reductant, into the ISASMELT™
furnace bath. The furnace was designed to produce 35 ktpa of lead bullion in a
furnace with an internal diameter of 1.8 m. The furnace was operated to produce a
lead bullion and a lead-rich slag, containing 58–66 wt% Pb in slag [7, 8].

The BRM installation is an example of reductive smelting in an ISASMELT™
furnace.Under reductive-smelting conditions, oxidematerials are reduced to produce
ametal product and a slag. Reductive smelting in an ISASMELT™ is typically selec-
tive such that somemetals are intentionally pushed into the slag, and a relatively clean
metal is produced. In the secondary lead smelting process, lead, tin, and antimony
are selectively reduced to form two different metal products, hard lead (high Sb and
Sn) and soft lead (low Sb and Sn).

The unique operating and design features of the ISASMELT™ furnace result
in a secondary lead smelter with longer campaigns and with lower dusting when
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compared to other furnace technologies. Significant efforts and advancements were
made with refractory design, enabling faster rebricks and preventing bullion pene-
tration of the hearth. An additional taphole was installed at the top of the bath to
remove a soda slag from the furnace, present as a result of the soda ash used in
desulphurisation.

The lead-rich slags produced in secondary lead furnaces are typically extremely
corrosive to refractory bricks. As such, without furnace cooling elements, campaigns
as short as six months are common in the secondary lead industry [9]. This results
in significant maintenance downtime, increased refractory costs, and lost production
at sites. The ISASMELT™ technology at BRM, with its unique design features
and operating parameters, was able to be operated with a furnace campaign of
1 year, without the use of water-cooling elements. This was achieved in the early
2000’s, prior to the plant being closed. With current know-how, it is expected that
the campaign life would be in the range of 2 years.

With the digestion of the feed directly in the molten bath and unique process
parameters, a low dusting rate of the secondary lead ISASMELT™ furnace was
observed. Due to the feed properties and chemistry of secondary lead smelters,
a dust generation rate in the order of 15% is commonly observed [10]. With the
ISASMELT™ technology, a dusting rate of less than 4% is able to be achieved. This
resulted in a low recirculating load of dust and in turn simplermanagement of volatile
elements such as cadmium.

The secondary lead ISASMELT™ furnace is able to be operated in batch or
continuous mode. Both of these operating modes were used at BRM and have been
proven on an industrial scale. In batch operation, the first stage produces a soft lead
product and a lead-rich slag. In the second stage, the lead-rich slag is reduced to
produce a hard lead product and a discardable slag. In a continuous operation, a soft
lead product and a lead-rich slag is produced. The lead-rich slag is subsequently
smelted in a separate furnace to recover a hard lead product and a discardable slag
(Fig. 3).

Oxidative Smelting–Copper Scrap and E-Waste

The first installation of an ISASMELT™ furnace for the smelting of secondary
copper, including materials such as E-Waste, was in 2002 at Hüttenwerke Kayser
(now Aurubis, Lünen). The ISASMELT™ was installed to replace three blast
furnaces and two Pierce-Smith converters operating the traditional Knudsen process
for copper scrap recycling [11].

In the Knudsen process, the copper scrap, alongwith coke and fluxes, was smelted
in the blast furnace to produce a black copper with appreciable quantities of iron [12].
The black copper was close to iron saturation to ensure that the discard slag was as
low in base metals as possible. The black copper was subsequently oxidised in the
converters to produce a slag and a dust rich in lead, tin, zinc, antimony, and other base
metals. The blister copper produced by the converters was fire-refined in an anode
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Fig. 3 ISASMELT™ smelting options for secondary lead

furnace, followed by casting and electro-refining to cathode copper. The secondary
copper smelter operates the converters and anode furnace primarily to reject base
metals from the black copper, with the anode copper that is sent to the electro-refinery
higher in impurities than a typical primary copper smelter.

The ISASMELT™ furnace offers a number of significant advantages when
compared to the traditional copper scrap recycling flowsheet. As the furnace is
able to be operated in batch mode, under both reducing and oxidising conditions,
just one furnace is required for both smelting and converting. The use of just one
furnace for both operations significantly decreases the capital and operating costs for
a secondary copper smelter. Unlike the blast furnace, the furnace is able to accept a
wide range of feed material compositions and sizes without significant feed prepara-
tion, simplifying and decreasing the costs in this area of the smelter. The blast furnace
has a counter current gas/solid flow, resulting in recirculating loads of volatiles in
the furnace that inhibits the rejection of volatile elements to the dust phase. In the
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ISASMELT™ furnace, the intense agitation and bath smelting conditions result in
significant first-pass rejection of volatile elements into a fine dust [13].

The ISASMELT™ furnace installed at Aurubis Lünen was initially operated in a
two-stage batch operation. The first stage produces a black copper rich in iron and
the second stage a refined copper product for the anode furnace. The tin and lead-rich
slag from the second stage was smelted in a specific furnace to produce a lead–tin
alloy for sale, purging these elements from the smelter. The ISASMELT™ furnace
fume was rich in zinc and lead, and the fine ISASMELT™ dust was sold for offsite
processing to bleed these elements from the flowsheet.

The ISASMELT™ furnace at Aurubis Lünen was subsequently converted to a
continuous operation, producing a black copper product and a discard slag. The
black copper was then smelted in a separate furnace, followed by final refining in an
anode furnace. The switch to continuous operation allowed steady process control of
the initial reductive-smelting step and an increase in throughput of the whole plant
by approximately 25% [14].

The experience at theAurubis Lünen smelter with their ISASMELT™furnace has
proven on an industrial scale both the batch and continuous smelting of secondary
copper materials. Both options have their merits and require assessment on a case-
by-case basis.

Work is ongoing at Glencore Technology to further optimise the secondary copper
flowsheet, as practiced by Aurubis Lünen. Significant developments have been made
on slag and furnace chemistry to optimise the smelting of E-Waste feeds (Fig. 4).

Mixed-Feed Smelting–Copper and Lead Processing

With an increase in the intricacy of the end-of-life products that require recycling,
the feed to a recycling facility is becoming increasingly complex and varied. When
smelted, this leads to an extremely complicated chemistry and flowsheet. The ISAS-
MELT™ furnace installed at the Hoboken Smelter for Umicore in 1997 provided
a technical solution for the smelting of a wide range of extremely complex feed
materials [15].

The combined smelting of copper and lead-rich feeds is a significant challenge.
For any other furnace to operate successfully, the furnace must be operated tightly
to a narrow operating window. The ISASMELT™ furnace flexibility enables the
smelter to run within a comparatively large operating window.

Prior to the installation of the ISASMELT™furnace, theHoboken smelter utilised
a sinter-blast furnace flowsheet to smelt a complex copper-lead feed material. The
blast furnace produced a discard slag, copper matte, nickel speiss, and a lead bullion
in a multi-phase forehearth. The operation of a 3+ phase blast furnace is extremely
challenging, requiring careful control of the sulphur content of the feed to ensure that
a matte phase is formed rather than a copper metal. If insufficient sulphur is present,
there is the opportunity for copper to come out of solution as a solid phase, risking
the formation of accretions and other issues inside the furnace.
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Significant research and piloting was performed by Umicore prior to the installa-
tion of the ISASMELT™ furnace to ensure that the full-scale furnace was ramped up
rapidly and with as few issues as possible. Umicore has funded significant research
in the field of extractive metallurgy to ensure that its operations have been successful
and at the forefront of the secondary smelting industry. This work ensures that their
ISASMELT™ furnace is operated as close to optimal conditions as possible.

The ISASMELT™ furnace installed at the Hoboken Smelter processes a wide
range of complex feeds to produce a lead-rich slag and a copper metal product. The
lead-rich slag is subsequently smelted in a blast furnace to produce a lead bullion and
a clean discard slag. The copper metal product is refined to produce a clean copper
metal and a precious metals anode slime for further processing. As demonstrated by
Aurubis Lünen and BRM, the copper metal and lead-rich slag are both able to be
processed within an ISASMELT™ furnace to produce a lead metal or refined copper
and a discard slag [8, 16].
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Replacing the sinter strand with the ISASMELT™ furnace at Hoboken resulted
in a significant decrease in the impact of the smelter on the surrounding environ-
ment [17]. The furnace enabled a significant increase in off-gas capture and in
turn a decrease in emission of dust and fugitive emissions to the surrounding area.
The furnace was shown to be a cleaner and more efficient technical solution when
compared with the older technology that was used onsite.

Future Applications of ISASMELT™ Technology
to Recycling

As demonstrated by the installation of ISASMELT™ furnaces at recycling facilities
around theworld, this furnace provides a technical solution for the smelting of almost
any feed material [16, 18]. The capability of the ISASMELT™ technology offers
extreme flexibility; it is able to be operated in both batch and continuous modes with
a wide range of feed materials and compositions. As demonstrated by the BRM,
Aurubis Lünen, and Umicore Hoboken installations, the ISASMELT™ is a world
leading technology for secondary smelting operations.

With the wide range of furnace operating conditions, the ISASMELT™ furnace
is able to be installed as a single furnace solution for a recycling facility. In this appli-
cation, the furnace would be operated in batch mode, performing both oxidation and
reduction to produce a range of metal, dust, and slag products as either intermediates
or final products. Due to the flexibility of the ISASMELT™ furnace, and with the
use of advanced metallurgical calculations and tools, the furnace would be capable
of smelting a wide range of feed materials on a campaign basis.

The ISASMELT™ furnace is able to be installed in existing flowsheets to trans-
form smelters into advanced facilities. The transformation enables the smelters to
process a wider range of feed materials with a lower environmental footprint. This
was demonstrated at both Aurubis Lünen Kayser and Umicore Hoboken. In these
applications, the ISASMELT™furnace is typically operated in a continuous smelting
operation. The molten products from the furnace are subsequently processed in the
other existing furnaces at the smelter, to produce the valuable final products and a
discard slag.

Furnace Options for Recycling with an ISASMELT™
Furnace

The ISASMELT™ is able to be designed and operated within a significant range
of operating conditions. A summary of the operating conditions possible with the
furnace is outlined in the table below.



68 S. Nicol et al.

Parameter Value

Lance total flowrate 200–71,000 Nm3/h proven

Furnace fuel/reductant Coal, plastic, coke, and E-Scrap

Furnace trim fuel supply Natural gas, diesel, pulverised coal, waste oil, and hydrogen

Lance oxygen enrichment 21 (air) to 95 Vol% O2 proven

Furnace availability 92% (including re-brick and maintenance)

Furnace lining Fully bricked, copper staves, and intensively cooled copper
panels proven

Taphole types Combined and separate metal/matte and slag tapholes proven

Furnace campaign 4+ years proven [6], 6+ years possible

Ramp-up to design capacity 3 months proven

Furnace operation Batch and continuous proven, able to change back and forth
during asset life

Feed size <100 mm proven

Feed moisture Up to 10 Wt% proven

Feed delivery system to furnace Vibrating or belt-style for coarse feed
Pneumatic injection for fine, volatile, or low-density feed

Conclusions

As demonstrated by numerous installations around the world, the ISASMELT™
furnace technology is a world leading technology for the recycling of many metals.
The ISASMELT™furnace is a proven solution for secondary lead, secondary copper,
E-Waste, and mixed/complex feed materials. It is able to operate on both a batch and
continuous basis. The furnace is able to be installed in both a single furnace smelter
and in a multi-furnace smelter, with efficient gas capture and minimal environmental
emissions demonstrated. With advanced metallurgical tools and calculations, the
furnace is able to be operated on a campaign basis in a smelter with changing feed
materials. With this technology, what was previously a waste and economically or
technically unrecoverable is now able to be smelted into valuable products.
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Recovery of Precious Metal Silver
from Scrap Computer Keyboards

Rekha Panda, Om Shankar Dinkar, Pankaj Kumar Choubey,
Rukshana Parween, Manis Kumar Jha, and Devendra Deo Pathak

Abstract Silver (Ag) is extensively used in manufacturing of electronic goods due
to its low cost and conductivity. In view of the escalating demand, stringent, envi-
ronment rules, and limited sources of Ag, the present paper is focused on the devel-
opment of hydrometallurgical process flow-sheet to extract Ag from scrap computer
keyboards. These keyboards contain ~0.4% of Ag. Initially, keyboards were disman-
tled to separate theMylar sheets scontaining Ag. The same were pyrolyzed at 300 °C
for 2 h to get enriched metallic part. About 99.99%Agwas leached using 2MHNO3

at 60 °C within 30 min in close and proper condensed system. Separation techniques
(precipitation/cementation) could be used to obtain pure Ag salt/metal. Based on the
laboratory-scale experiments, the process flow-sheet developed is economical, eco-
friendly, and has potential to be translated to industry for commercial exploitation
after scale up/pilot trial.

Keywords Precious metal · Silver · Scrap keyboards · Recycling ·
Hydrometallurgy

Introduction

Silver has been recognized and appreciated by mankind for its astonishing luster
as well as its numerous applications starting from coinage to modern technological
use [1, 2]. The major industrial applications of silver are presented in Table 1. The
unique physical properties of silver such as resistance to corrosion, excellent thermal
and electrical conductance, and antibacterial nature have made it suitable for various
industrial application, viz. electronics, solar cell, photographic, pharmaceutical, etc.
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Table 1 Major industrial
applications of silver in the
year 2018

S. No Applications Consumption of Ag (ton)

1 Electronic industries 9533.06

2 Jewelry 6609.38

3 Coins and bars 5635.86

4 Other industries 4569.03

5 Photovoltaic 2503.79

6 Silverware 1900.39

7 Photography 1222.34

8 Ethylene oxide 167.95

From Table 1, it is observed that electronic industries are the major consumer of
silver compared to other sectors. About 9533 tons of silver was consumed by the
electronic industries in the year 2018 [3].

Rapid advancement in the technological features, attractive designs, lucrative
marketing, and compatibility of the electronic equipments have reduced the life
spans of these products and consequently leads to the generation of huge quantity
of waste electrical and electronic equipments (WEEEs). Around 53.5 million metric
tons ofWEEEswas produced in 2019, which is expected to reach 74.7 millionmetric
tons by 2030 [4]. Table 2 shows the worldwide generation of WEEEs in 2019 where
Asia tops the list followed by Europe, America, Africa, and Oceania [4]. According
to Table 2, Asia was the largest producer of WEEEs (about 46.45% of the total
contribution) in 2019, while the amount WEEEs collected for recycling was only
11.70%.

The WEEEs contain varieties of metals (non-ferrous, precious, rare and
hazardous) andmaterials (plastics, ceramics, epoxies, rubbers, etc.). The illegal recy-
cling practices (land filling and incineration) have led to the loss of such valuable
metals andmaterials converting several billion into trash. The ever increasing demand
for silver in the industrialized world has diminished its high grade resources and
resulted in a huge gap between its demand and supply. In order to mitigate this gap,
more emphasis is being laid on the exploitation of alternative resources (lean grade
ores, metallurgical waste, industrial waste, electronic waste, etc.) of Ag.

Table 2 Worldwide WEEEs
generation in 2019

Continents Total WEEEs
generated (MT)

Total
contribution
(%)

WEEEs
recycled (%)

Asia 24.9 46.45 11.70

Europe 13.1 24.44 42.50

America 12.0 22.39 9.40

Africa 2.9 5.41 0.9

Oceania 0.7 1.30 8.80
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Recently, R & D efforts have been made to recover silver from various secondary
resources, viz. electronic waste, photographic waste, photovoltaic waste, and anode
slime [1, 5, 6]. Xing and Lee, 2019 reported the hydrometallurgical extraction of
silver (~77%) forms anode slime [6]. Samson and Muzenda, 2014 reported silver
recovery from radiographic effluents and X-ray film waste [7]. Liu et al., 2019
reported leaching of silver (93%) and mercury (98%) from zinc refinery residues
using 20 g/L thiourea and 4 g/L Fe3+ as oxidant at 40 °C in 2 h [8]. Li et al., 2012
reported a method to dissolve Au and Ag from the waste PCBs of mobile phones
using thiourea [9]. Yoo et al., 2019 reported a precipitation method to recover silver
from the leach liquor of electronic waste [10]. Gamez et al., 2019 reported a process
of leaching using thiosulfate followed by ion-exchange using MTA 5011 resin to
recover silver and gold from PCBs [11]. Gurung et al., 2013 reported acidothiourea
leaching followed by adsorption using biosorbent prepared from persimmon tanin
to recover gold and silver from spent mobile phones [12]. Among all secondary
resources, recycling of WEEEs to recover silver is more attractive as the content
of silver is quite high compared to its natural resources. Thus, keeping in view the
limited high grade resources, recovery of silver fromWEEEswill not only reduce the
load on mining but also minimize the loss of valuables and protect the environment
from the hazardous effect of WEEEs.

Therefore, in view of the limited natural resources of silver, increasing demand
and stringent environmental regulations, present paper is focused on the recovery of
silver fromMylar sheets ofwaste computer keyboards using pyro-hydrometallurgical
route.

Experimental

Materials

The waste computer keyboards were manually dismantled to separate the Mylar
sheets. The Mylar sheets containing silver were used as starting material for exper-
imental purpose. Different mineral acids such as nitric acids (HNO3), hydrochloric
acid (HCl), and sulphuric acid (H2SO4) of laboratory grade were supplied byMerck,
India. De-ionized water was used for preparing samples during the experiment.

Methodology

Sample Preparation

The keyboards were dismantled to liberate different parts like plastic casingmaterial,
PCBs, Mylar sheet, rubber, cables, etc. Among all parts, the Mylar sheet containing
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Fig. 1 Flow-sheet for sample preparation

silver was separated and cut into small pieces. The small pieces of Mylar sheet were
pyrolysed at 300 °C for 2 h. The pyrolysed sample was crushed in mortar pestle,
homogenized, and milled to reduce particle size (Fig. 1). The obtained pyrolysed
sample was chemically analyzed and found to contain ~ 2% Ag.

Leaching Procedure

The pyrolysed sample was leached in a glass reactor which was well fitted with a
reflux condenser to prevent the loss of gases/vapour evolved during the experiment.
Hot plate with magnetic stirring facility and sensor to control the temperature was
used for leaching experiment. Separation of leach liquor from the leached residue
was carried out using a vacuum filter. The obtained leach liquor containing silver was
processed through cementation/precipitation technique to recover silver asmetal/salt.
Based on our previous experience of drying, the leached residue was dried in vacuum
oven for 2 h at 90 °C and will further be treated for the recovery of other non-ferrous
metals.

Analytical Procedure

All samples prepared during the experiments were chemically analysed using atomic
absorption spectrometer (AAS) (Perkin Elmer model, Analyst 200; USA). pH
meter (Model: 797 Basic titrino; Make: Metrohm, Switzerland) with electrode and
automatic temperature correction was used to measure the pH of solution during
cementation studies.
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Results and Discussion

In order to recover silver from Mylar sheet of waste keyboards, the leaching studies
were carried out for the effective recovery of silver varying different process param-
eters, viz. selection of leachant, effect of acid concentration, temperature, time, and
pulp density. The leach liquor obtained was processed for precipitation/cementation
to recover silver as value added product (salt/metal). The obtained results are
discussed below:

Leaching of Ag from Pyrolysed Mylar Sheet

Selection of Leachant

Metal dissolution mainly depends on nature of raw material and chemical proper-
ties of metals to be dissolved. Thus, selecting an appropriate leachant for effective
leaching of metals is an important factor before proceeding for optimization of other
experimental parameters. Initially, different mineral acids (HCl, H2SO4, and HNO3)
of 2 M each maintaining 90 °C, 60 min mixing time at 100 g/ L pulp density were
used for the selective leaching of Ag from pyrolysed Mylar sheets obtained from
scrap keyboards.

Leaching of Ag in HNO3 under above experimental condition is very high
compared to leaching with H2SO4 and HCl, where negligible dissolution of Ag was
observed. Therefore, HNO3 was considered to be the best leachant for maximum
leaching of Ag and further used for optimizing various parameters. Ag leaching
using HNO3 is presented by Eq. 1 given below:

Ag + 2HNO3 → AgNO3 + NO2 + H2O (1)

Effect of Time

Effect of leaching time on the dissolution of Ag from pyrolysed Mylar sheet of scrap
keyboards was investigated by varying leaching time from 5 to 60 min using 2 M
HNO3 at 90 °C and pulp density 100 g/L. With the increase in leaching time from 5
to 60 min, the leaching of Ag was found to increase from 31.6 to 99.99% as shown in
Fig. 2. It was observed that equilibrium for complete dissolution of Ag (99.99%) was
achieved in 30 min. Thus, 30 min was considered optimum for maximum dissolution
of Ag from the pyrolysed Mylar sheet.
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Fig. 2 Effect of leaching
time [Acid: 2 M HNO3;
Temperature: 90 °C; Pulp
density: 100 g/L]
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Effect of Acid Concentration

In order to optimize the minimum amount of leachant required for complete disso-
lution of Ag from the Mylar sheet, experiments were carried out using different
concentration of HNO3. Concentration of HNO3 was varied from 0.5 to 2M at 80 °C
and pulp density 100 g/L in 30 min mixing time. Leaching of Ag increased with the
increase in HNO3 concentration which might be due to the increase in flux of H+

through particle boundaries for effective leaching [13]. Figure 3 shows leaching of
Ag increased from 7.2 to 99.99% with the increase in HNO3 concentration from 0.5
to 2 M. Thus, 2 M HNO3 was optimized for dissolution of Ag from the pyrolysed
sample.

Fig. 3 Effect of acid
concentration [Temperature:
90 °C; Time: 30 min; Pulp
density: 100 g/L]
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Fig. 4 Effect of temperature
[Acid: 2 M HNO3; Time:
30 min; Pulp density:
100 g/L]
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Effect of Temperature

Temperature is a vital parameter to activate any kind of chemical reaction. Temper-
ature can make any reaction vigorous by lowering its activation energy. In order to
investigate the effect of temperature on the leaching of Ag from pyrolysed Mylar
sheet sample, experiments were carried out at different temperatures from 30 to 90 °C
using 2 M HNO3 in 30 min at pulp density 100 g/L. Increase in temperature of the
solution increases the reactivity, thereby increasing the dissolution of Ag. Results
presented in Fig. 4 indicate increase in the leaching percentage of Ag from 58.33 to
99.99% with rise in temperature from 30 to 90 °C. Since maximum Ag dissolution
was achieved at 60 °C, thus, it was chosen for further leaching experiments.

Effect of Pulp Density

Experiments were also carried out to optimize the pulp density for utmost dissolution
of Ag. Leaching was conducted using 2 M HNO3 at 60 °C for 30 min by varying
pulp density between 50 to 200 g/L. Effect of pulp density on leaching of Ag is
presented in Fig. 5. With the increase in pulp density, Ag dissolution was found to be
decreased. An increasing trend in Ag dissolution was observed from 50 to 100 g/L,
and then, sudden decrease in leaching trend was noticed. This decrease in the trend
of Ag leaching at higher pulp density was mainly due to the increase in the surface
area per unit volume of the leachant or may be due to the insufficient supply of H+

that forbids thorough reactions between liquid and solid present in the system. Thus,
100 g/L pulp density was considered optimum for maximum leaching of Ag from
the pyrolysed Mylar sheet.
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Fig. 5 Effect of pulp density
[Acid: 2 M HNO3; Time:
30 min; Temperature: 60 °C]
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Recovery of Ag from Leach Liquor

The obtained leach liquor in nitrate medium could be further processed for Ag
recovery using two different techniques i.e. precipitation/cementation to get value
added products of Ag (salt/metal).

For precipitation, three different reagents, viz. HCl, KCl and NaCl, were used to
precipitate Ag from the nitrate leach liquor. As per the solubility concept, it is well
known that nitrate complexes are always soluble. On addition of chloride precipitants
in the liquor containing AgNO3, the strong bond between Ag+ and NO3

− breaks
by the H2O molecules due to ion–dipole attraction. The Ag+, NO3

−, Cl−, and H2O
molecules exist in the solution. These ions freely interact with each other, but bonding
of Ag+ and Cl− is so strong that it cannot be separated by ion–dipole force of
H2O molecules. This bonding suppresses the interaction of other ions and a white
precipitate of AgCl formed. The obtained AgCl was characterized by dissolution
using standard chemical procedure and found to be >95% pure.

In case of cementation, metallic Cu electro-won by PCBs recycling [14] was used
to cement Ag present in the nitrate leach liquor. The cementation reaction between
Ag+ and Cu occurs as per the following reaction given below (Eq. 2):

Ag+ + Cu0 → Ag0 + Cu2+ (2)

About 99% Ag cementation was achieved from the nitrate leach liquor at pH ~ 1,
solution temperature 60 °C, and mixing time 15 min. The purity test of the obtained
Ag powder was carried out and found to be 99% pure.
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Conclusions

Based on the above research work carried out to recover Ag from the scrap keyboards
of personal computers, the following conclusion could be drawn:

TheMylar sheets present in the scrap computer keyboards are potential secondary
resource for silver recovery. The Mylar sheets were initially pyrolysed at 300 °C for
2 h to enrich the concentration of silver and collect plastic material as low density oil.
The pyrolysed mass was further crushed to get a homogenized sample of size −100
mesh. Leaching of the pyrolysed samplewas carried out at 60 °C for 30min using 2M
HNO3 maintaining 100 g/L pulp density to dissolve maximum silver (99.9%). The
obtained leach liquor could be processed using precipitation/cementation techniques
using chloride salts or Cu metal, respectively, to get pure silver product (salt/metal
powder). The complete process flow-sheet developed to recover marketable product
of Ag is presented in Fig. 6.
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Computer keyboards
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Other parts
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Fig. 6 Complete process flow-sheet developed to recover marketable product of Ag
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Deoxidation of Titanium Using Cerium
Metal and Its Oxyhalide Formation

Gen Kamimura, Takanari Ouchi, and Toru H. Okabe

Abstract The recycling of titanium (Ti) scraps requires the direct removal of oxygen
(O) from the Ti scraps. Although several deoxidation techniques for Ti have been
developed, the strong affinity between Ti and O limits their cost-effectiveness. In
this study, we develop a new deoxidation process for Ti using cerium (Ce) metal,
which is the most abundant and cost-effective rare earth element. Thermodynamic
analysis suggests that the deoxidation through the formation of Ce oxyhalides in
halide fluxes containing Ce ions enables the production of Ti with extremely low O
concentrations.We experimentally demonstrate that the formation reaction of CeOCl
with Ce metal can deoxidize Ti metal and produce highly pure Ti with 100 mass ppm
O or below, which is lower than the O concentration of the virgin Ti produced by
the Kroll process. This deoxidation process with Ce metal enables the recycling of
Ti scraps contaminated with O.

Keywords Titanium · Recycling and secondary recovery · Pyrometallurgy

Introduction

Titanium (Ti) and its alloys are expected to be widely used as structural materials
owing to their excellent properties, such as high specific strength, excellent corrosion
resistance, and biocompatibility. Titanium resources are abundant worldwide; thus,
there are no problems with its resource supply. However, at present, the applications
of Ti are limited to high value-added materials such as aircraft because Ti has an
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extremely high affinity for oxygen (O). Furthermore, high-temperature processes
such as smelting,melting, and casting of Ti require costly and complicated techniques
to prevent O from contaminating the Ti materials.

The yield in the fabrication process of Ti ingots is low, resulting in the generation
of numerous Ti scraps, which is another factor for the high cost of Ti products [1,
2]. These Ti scraps are recycled by remelting, and the high-temperature process
drastically increases the O concentration in the Ti materials. Ti scraps with high
O concentration, which cannot be used for Ti products, are recycled as additive
materials and deoxidants for steelmaking (cascade recycling).

The demand for Ti is expected to increase significantly in the aircraft industry,
which necessitates a more efficient utilization and recycling of the Ti scraps. Effec-
tive recycling of Ti scraps requires deoxidation technology that directly removes O
from Ti. At present, there is no industrial process to deoxidize Ti, although several
deoxidation techniques with calcium (Ca), magnesium (Mg), and rare earths (REs)
have been developed [3–34]. Metallic calcium (Ca) has a high deoxidizing ability to
Ti, and many researchers have investigated the deoxidation of Ti using metallic Ca
as a deoxidant. However, the low efficiency in the production and regeneration of
metallic Ca are the limiting factors for its industrialization.

Recently, Okabe et al. thermodynamically analyzed the deoxidation reactions of
Ti using REs as deoxidants and predicted the effectiveness [21, 22]. The reliability
of the thermodynamic data for RE compounds is relatively low. A series of experi-
mental studies by Okabe et al. demonstrated the deoxidizing abilities of yttrium (Y),
lanthanum (La), and holmium (Ho). Their experimental results roughly corresponded
with the predictions of their thermodynamic calculations [23–34].

With an increasing demand and production of the REs for rawmaterials of perma-
nent magnets, such as neodymium (Nd) and dysprosium (Dy), other REs such as
Y, La, and cerium (Ce) are also increasingly produced simultaneously. However,
compared to Nd and Dy, the demand of these REs (such as Y, La, and Ce) is expected
to stagnate, resulting in oversupply in the future [35–39]. For resource utilization,
developing the demand for these REs in oversupply has become more important.
In this study, we aim to experimentally verify the deoxidation of Ti using Ce as a
deoxidant for Ti recycling and RE resource utilization.

Experimental

The Ti samples used in the deoxidation experiments (~0.1 g each) were “Ti-1.2U”
(~1000 mass ppm O, commercially pure Ti (CP–Ti) wire with a diameter of 1.2 mm,
Shinkinzoku Industry Co., Ltd.), “Ti-2.0I” (~960 mass ppm O, CP-Ti wire with a
diameter of 2.0mm, Shinkinzoku Industry Co., Ltd.), “Ti-6N” (~120mass ppmO, Ti
cube with side length of 2 mm, purified by electrolysis and electron beam melting),
and “Ti64-1.2σ” (~1500 mass ppm O, Ti-6mass%Al-4mass%V alloy wire with a
diameter of 1.2 mm, Shinkinzoku Industry Co., Ltd.). Prior to the experiments, the
Ti samples were cleaned with a mixture solution of hydrofluoric acid (46.0–48.0%,
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Kanto Chemical Co., Inc.), nitric acid (60–61%, Kanto Chemical Co., Inc.), and
water (volumetric ratio of 1:4:10). They were subsequently placed in a Ti crucible
(25.4 mm in outer diameter, 80 mm in height, 1 mm in thickness, Shinkinzoku
Industry Co., Ltd.) with metallic Ce shot (99%, Santoku Co., Ltd.), CeO2 powder
(99.9%,High Purity Chemicals Co., Ltd.), KCl powder (99.5%,KantoChemical Co.,
Inc.), and CeCl3 powder (95%, FluorochemLtd.). Several Ti crucibles containing the
Ti samples were placed in a stainless steel container, the top of which was sealed with
tungsten inert welding. The stainless steel chamber was heated at 1200 K (927 °C)
for 173 ks (2 days) in a muffle furnace. After the experiments, the Ti samples were
again cleaned with a mixture of hydrofluoric acid, nitric acid, and water (volumetric
ratio of 1:4:10). The O concentrations in the Ti samples were determined by inert
gas fusion and infrared absorption spectroscopy (ON836, LECO Corporation). The
crystalline phases of the fluxes were identified using an X-ray diffractometer (D2
Phaser, Bruker).

Results and Discussion

The standard Gibbs energy change of the dissolution of oxygen (O2) gas in β-Ti was
determined by Okabe et al. as follows [40]:

1/2 O2 (g) = O (1 mass% in β-Ti),

�G◦
1,Ti = −583000 + 88.5 T J · mol−1(1173−1373K), (1)

where �G°1,Ti is the standard Gibbs energy change of the dissolution of O2 gas in
β-Ti, and T is the absolute temperature. The standard state of O in β-Ti is the Henrian
standard state with respect to 1 mass% in β-Ti. The deoxidation of Ti by Ce metal
in CeCl3 flux proceeds through reaction (2) [21, 40–42]:

O (1 mass% in β-Ti) + 2/3 Ce (l) + 1/3 CeCl3 (l) = CeOCl (s)

�G◦
deox,(2) = −48500 J · mol−1at 1200 K, (2)

where �G°deox,(2) is the standard Gibbs energy change of reaction (2). Notably, the
deoxidation product in reaction (2) is cerium oxychloride (CeOCl) and not cerium
oxide (Ce2O3). The deoxidation limit based on reaction (2) is calculated to be 77
mass ppm O in β-Ti at 1200 K.

Figure 1 shows the cross-section of the Ti crucible after the deoxidation of Ti
samples using Ce metal in a CeCl3 flux (Exp. no. 210731-lot4-4).

The O concentration in the Ti samples after deoxidation by Ce metal in CeCl3
fluxes decreases to 60 ± 50 mass ppm O [43]. Thus, we experimentally demonstrate
that deoxidation with Ce metal in a CeCl3 flux can produce highly pure Ti with 100
mass ppm O or below.
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Fig. 1 Cross-section of the
Ti crucible after the
deoxidation experiment in
the Ce/CeOCl/CeCl3
equilibrium (Exp. no.
210731-lot4-4) [43]

Figure 2 shows the XRD pattern of the CeCl3 flux at the bottom of the crucible
after the deoxidation experiment using Cemetal (Exp. no. 210607-lot3-5). This XRD
pattern includes the peaks attributed to CeOCl and indicates the co-existence of Ce
metal, CeCl3, and CeOCl in the system.

Thus, we experimentally demonstrate that the formation reaction of CeOCl with
Ce metal can deoxidize Ti metal and produce highly pure Ti with O concentration
of 100 mass ppm O or below. This O concentration is lower than that of virgin Ti
produced by the Kroll process (~500 mass ppm O).

Fig. 2 XRD pattern of the
CeCl3 flux in the bottom of
the Ti crucible after the
deoxidation experiment
(Exp. no. 210607-lot3-5)
[43]
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Fig. 3 Proposed recycling
process for high-oxygen Ti
scraps using Ce metal in a
CeCl3 flux

Conclusion

To develop a novel recycling process for Ti scraps that are heavily contaminated with
O, we investigated the deoxidation of Ti using Ce metal in a CeCl3 flux. The deox-
idation reaction through the formation of CeOCl successfully produced high-purity
Ti samples with extremely lowO concentrations of 100 mass ppmO or below. To the
best of our knowledge, this is the first study to demonstrate the deoxidizing ability of
Ce to Ti. Cerium, which is oversupplied in RE production, is a promising deoxidant
for Ti scraps. Ultimately, we aim to develop an overall process that consumes no Ce
metal by recovering Ce metal and CeCl3 from CeOCl with a low-cost process such
as electrolysis, as shown in Fig. 3.
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Estimation of the Generation and Value
Recovery from E-waste Printed Circuit
Boards: Bangladesh Case Study

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

Abstract This article analyses Bangladesh export–import data to quantify histor-
ically generated e-waste from four types of discarded electronic devices (mobile
phones, TVs, tablets, and computers/laptops) and uses the trends to predict the
generation of e-waste from these devices up to 2030. From this data, together with
estimated redundancy rates, printed circuit board (PCB) masses, metal content, and
value based on characterisation of indicative samples, the potential value of e-waste
was evaluated. Through processing the PCBs in Bangladesh, metals including Cu,
Ag, Au, Pd, and Sn worth more than US$2.4 billion till 2020 could be recovered.
This value could reach US$7 billion when forecasted to 2030. The potential value
varies mainly with the fluctuating metal prices in the international market.

Keywords E-waste · Recycling · Bangladesh · Precious metals

Introduction

Electronic waste (e-waste) encompasses the various units of antiquated electronic
and electrical equipment (EEE) which have either lost their proper functionality or
their appeal to the user with the arrival of new upgraded products. In 2019, worldwide
e-waste generation was estimated to be 53.6 million metric tonnes (Mt), of which
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only around 17% was adequately collected and recycled [1]. This is projected to rise
to 70.4 Mt by the year 2030. An opportunity for urban mining through secondary
resource recovery has been created since these electronic items are gradually and
continuously being added to the e-waste stream. This could have a strong impact on
the economy, especially of countries with no natural mineral resources and related
industries to produce primary metals. E-waste contains several base metals (Cu,
Zn, Sn, Ni, and Fe), precious metals (Ag, Au, Pt, and Pd), rare earths (Y, Ce, and
Nd), and critical metals (Ga, In, Co, Li, and Ta) [2–5]. The sustainable recovery of
these metals could provide economic benefits, decrease environmental hazards, and
reduce the environmental footprint caused by mining by supplying metals for further
manufacturing. A good understanding of the e-waste generation in different countries
and regions requires proper estimation of the resources available and an assessment in
termsof potentialmarket value.This can lead to tailoredprocessing routes designed to
extract valuable materials considering the socio-economic situation of the country.
Several articles have been published in recent years which estimated the e-waste
generation for different countries and their potential value [6–8].

Bangladesh is a densely populated country in South Asia having around 170
million people. With its growing population and economy, in recent times, the
use of EEE has increased rapidly. A few articles have been published on the
Bangladesh e-waste scenario, surveys, policies, legal frameworks, and possible envi-
ronmental impacts, etc. [9–11]; however, there is lack of quantitative data which
could give a good estimate of the total e-waste generation within the country and
the potential value that could be recovered. This kind of estimation encourages
business entrepreneurs to invest and governments to formulate favourable policies
for investors, stakeholders, and public–private partnership in this arena. Recently,
the Department of Environment (DoE) in collaboration with the Centre for Envi-
ronmental and Resource Management (CERM) published a report that shows the
informal recycling of e-waste countrywide [12]. Another report for Bangladesh
was previously published by Environment and Social Development Organization
(ESDO). Although they reported a wide variety of e-waste categories and provided
a sense of the huge stockpiling of e-waste, the data was not strong enough to support
the conclusion of 2.7 Mt e-waste generation in Bangladesh annually [13]. Almost
90% of the total e-waste of Bangladesh was shown to come from ship breaking yards
by assuming the number of obsolete ships coming into the shore every year and
assuming they were full of e-waste. This is unlikely to be the actual scenario, and
the data currently lacks a rigorous breakdown of the types of e-waste resources.

Methodology

This study uses trade data (export, import, re-import, and re-export) from the UN
COMTRADE database [14]. The annual quantity of the selected electronic products
was obtained from the database for harmonised system (HS) codes of the selected
products and predicted until 2030 using a statistical extrapolation. The total amount
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of electronic products entering the Bangladesh market were assumed to be used
internally, and the products would be gradually added to the e-waste stream at the
end of their useful life. The Weibull distribution function was used to calculate the
dynamic lifespan of individual electronic items and hence the proportion of generated
e-waste [15]. To estimate the potential metals that are available for recovery from
the e-waste, only the PCB portion of the e-waste was considered. The market value
of the major and valuable metals was used to calculate potential revenue from the
processing of these wastes. A more detailed description of the aforementioned is
given in the subsequent sections.

Estimating Put-on-Market (POM) Products

Four types of electronics (mobile phones, TVs, tablets, and computers/laptops) that
are used in Bangladesh and have a much higher growth in use were selected for
this study. The import data was obtained from the UN COMTRADE database for
individual products ranging from 1992 to 2019 [14]. The base data was chosen as
2000 to 2019 and then predicted until 2030. Estimation of the POM electronics, in
tonnes, was calculated using the following equation:

POM (t) = Domestic production(t) + Imports(t)−Exports(t) (1)

Bangladesh does not primarily manufacture electronics and hence does not export
to other countries. In recent times however, some companies are assembling elec-
tronics such as mobile phones and televisions locally although accurate statistics for
this kind of domestic production is limited. Therefore, to simplify the calculation,
the domestic production and export were considered as zero. Thus, for Bangladesh,
the equation becomes

POM(t) = Imports(t) (2)

The HS codes for PC-Desktop used were HS-847141, HS-847149 and HS-
847150. To get the sales data for Laptop/Tablets, it was HS-847130, and for TV
sales data the HS codes were HS-852810, HS-852812, HS-852813, and HS-852820.
However, the UNCOMTRADE database does not report the mobile phone sales data
before 2007 although Bangladesh started using mobile phones from 1997 when the
first telecom company Grameenphone started business in Bangladesh [16]. Conse-
quently, mobile phone subscriber data was taken from the Bangladesh Telecommuni-
cation Regulatory Commission (BTRC) website as the basis for mobile phone POM
data. BTRC publishes monthly total subscriber data for the preceding 90 days period.
In this regard, the unique subscriber penetration data was obtained as per the (Global
System for Mobile Communications) GSMA report [17] to calculate the number
of mobile phones (assuming every user has at least one mobile phone throughout
their subscription period). To estimate the POM of the different electronic items,
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the number of units data obtained from the UN COMTRADE database was used.
The weight data was also available but with less consistency. Therefore, the numbers
were converted to weight by multiplying the data by the average unit weight of the
individual items described in earlier research [6, 18].

Product Lifespan of Selected Electronics

The lifespan of electronic goods is considered as the period an electronic
device/product remains in the service of its user. Generally, different electronic prod-
ucts have different lifetimes, and these are not always straightforward to predict since
it depends on multiple factors including the product quality, type of electronics,
consumer’s choice, emergence of new technology/features, income of individuals,
and the socio-economic situation of the country. For example, mobile phones have
shorter lifespans compared to televisions or other large household appliances such as
washing machines. There are arguments that the product lifespan should be higher
in developed countries compared to the developing/underdeveloped countries and
vice versa. One argument is that developed countries can afford and purchase higher
quality products, and thus, the durability of the electronics should be higher compared
to that of developing or lower income countries. Another argument is that in rela-
tively lower income countries, consumers use products with much care and reuse,
refurbishing to maximize the lifetime of a product, while consumers in developed
nations usually do not reuse to such an extent. These scenarios can lead to an under-
estimation or overestimation of the total POM data; however in general, the method
described in this article is relatively accurate for estimating POM and subsequent
e-waste generation [6, 19].

TheWeibull probability distribution function is a tool that has been used by many
researchers to estimate the proportion of POM electronics being added to the waste
stream within the broad lifespan of the product [6, 8]. This probability analysis tool
is widely used in manufacturing lines to statistically measure probability of failure
for a particular batch of product. It was also found to be effective in examining the
behaviour of electronic products [18, 19]. The Weibull probability density function
(PDF) is expressed by following:

f = α

β

(
t

β

)α−1

· e−
(

t
β

)α

(3)

where f (t) is the probability density function indicating the failure rate. The shape
factor (α) and scale factor (β) are the two parameters that can be empirically obtained
for a particular product. This study adapts the shape factor and scale factor values
derived for the four types of electronic products from a previously reported study
[19] (Table 1). These values were empirically obtained for each product based on
data from European and non-EU countries.
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Table 1 Weibull function α, β values for individual electronic products

Mobile phones PC-Desktop Laptop/Tablets TVsa

α (shape) 1.52 1.80 1.94 2.19

β (scale) 5.62 10.33 8.76 11.51

a Average values for CRT and LCD/LED TVs combined are reported

Estimation of E-waste Generation from the Discarded
Electronics

E-waste generated from the four electronic product types was calculated using the
Weibull distribution function and the annual POM data using the following formula
[19]:

E-waste generated(y) =
y∑

t=t0

POM(t) × L(t, y) (4)

Here, E-waste generated (y) is the quantity of e-waste generated in the year; t0 is
the initial year of sale of the product; POM (t) refers to the electronics entered the
market (in tonnes) in a historical year t, ahead of the year y, and L(t, y) is the Weibull
probability density function (Eq. 3) indicating the lifespan distribution for the batch
of products sold per year (t).

Results and Discussion

POM Electronics and E-waste Generation

The mass of e-waste generation for each type was calculated by multiplying the
number of units with the unit weight. The average weight of TVs was taken as
11.19 kg/unit and 15.2 kg/unit for Desktop-PCs, 3.2 kg/unit of Laptop/Tablets [19],
and for mobile phones it was 0.1 kg/unit [6]. Figure 1 shows the annual POM for
Mobile phones, Laptop/Tablets andDesktop-PCs follows a gradual incremental trend
annuallywhereas the POMtrend forTVs,while increasing overall from2000 to 2019,
between 2003 and 2013 there was a relative fall in the POM observed. The POM data
was predicted until 2030 using the best fitted trend except for the TV data where it
was difficult to fit a predictive trend. Hence, a 3% annual increment was considered
to predict the future POM for TVs until 2030. This was based on the fact that e-waste
has a growth rate of 3–5 wt.% for all over the world [2]. The lowest value of the
range was therefore chosen as a conservative estimate.

The product lifespan profile of the electronics is shown in Fig. 2. This distribution
function shows the gradual decay of a product after it enters the consumermarket. The
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Fig. 1 Annual POM
electronics in Bangladesh;
data taken from Refs. [14,
20, 21]
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lifespan of mobile phones is the shortest, while TVs have the highest lifespan. Most
of the mobile phones finish their usability within 4–5 years with some proportion
having a higher lifespan. The sharp peak of the PDF for mobile phones at 4 years
indicates the higher failure rate of mobile phones around this time, with very few
having a higher lifetime. Laptop/Tablets have a relatively higher period of usability
compared to mobile phones, and Desktop-PCs are more likely to serve for extended
periods compared tomobile phones and Laptop/Tablets. Although having a relatively
shorter lifespan from TVs, both distribution functions are similar having a relative
blunt peak compared to mobile phones and or Laptop/Tablets. Note that while the
calculation of e-waste generation depends on the Weibull function for the individual
product type, the failure rate is less sensitive than the POM data of the electronics
[19].
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Generation of E-waste from Discarded Electronics

The generation of e-waste from the four different electronics from the year 2000
to 2030 is shown in Fig. 3a. Overall, the total annual e-waste generation increases
with time from around 2.7 kt in 2000 to 25 kt in 2030. Although TVs dominate
e-waste in the early years, mobile phones gradually become the highest contributor.
The e-waste generation from Desktop-PCs and Laptops/Tablets increased with time
as the accessibility of these devices increased. Nonetheless, the volume of e-waste
coming from Desktop-PCs and Laptops/Tablets was smaller compared to that of
mobile phones and TVs.

The mobile phone market has a saturation which is related to the number of
subscribers and the total population, and for Bangladesh, it is near to this point as
indicated by the subscriber data [20, 21]. Once this point is reached, the e-waste
coming from mobile phones would become constant. However, the consumption of
other electronics can continue to grow in coming years. In 2019, the generated e-
waste by the four types of electronics was around 13 kt. The total e-waste generated
in Bangladesh in 2019 was estimated as 199 kt with a per capita generation of 1.2 kg
[1]. Clearly these four items make up only a very small proportion of the total e-
waste generation in the country; however, they carry a significant value in terms of
materials and their potential utility and price. Cumulative generation of e-waste from
the selected EoL electronic devices is shown in Fig. 3b. While the current volume
of e-waste resulting from these devices is more than 150 kt, it is predicted to rise to
350 kt by 2030.

For this study, the proportion of PCBs in the electronics was obtained from data
reported in the literature. For mobile phones, the PCB was 30% of the total weight
[3], while for Desktop-PCs, Laptops/Tablets, and TVs, the value was about 12% of
total mass [18]. The total potential PCB contents from the individual electronics are
shown in Fig. 4. The data indicates that by 2020 the annual waste PCB generation
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Fig. 3 aAnnual e-waste generated from used electronics; b cumulative generation of e-waste from
EoL mobile phones, TVs, Laptop/Tablets, and Desktop-PCs
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Fig. 4 Annual estimated amount of waste PCBs coming from the four types of EoL electronics

Table 2 Typical metal contents (wt.%) in PCBs; adapted from Ref. [3]

Al Cu Fe Sn Zn Ag Au Pd Ba Bi Co Sr Ta

Mobile
phone

1.5 33 1.8 3.5 0.5 0.38 0.15 0.03 1.9 0.044 0.028 0.043 0.26

Desktop-PC 1.8 20 1.3 1.8 0.27 0.057 0.024 0.015 0.19 0.005 0.0048 0.038 0.0007

Notebook
PC

1.8 19 3.7 1.6 1.6 0.11 0.063 0.02 0.56 0.012 0.008 0.038 0.58

CRT TV 6.2 7.2 3.4 1.8 0.53 0.012 0.0005 0.002 0.24 0.028 0.0036 0.055 0.0

Plasma
display TV

3.8 21 2.0 1.5 1.2 0.04 0.03 0.0 0.39 0.01 0.0 0.065 0.01

LCD TV 6.3 18 4.9 2.9 2.0 0.06 0.02 0.0 0.3 0.0 0.0 0.03 0.0

was close to 3 kt while it was predicted to rise to above 5 kt by 2030. Moreover,
until 2006, TVs were the major electronics contributing to waste PCB generation.
Later, waste generation from mobile phones and Desktop-PCs gradually increased
with time. After 2010, the highest waste PCBs come from mobile phones followed
by TVs and Desktop-PCs. The metal contents for PCBs from different electronic
products were obtained from Oguchi et al. 2011 (Table 2).

Estimation of Potentially Recoverable Embedded Metals

Metals, plastics, and ceramics components of the electronic products could poten-
tially be recovered from PCBs once they have finished their service by disassembly
and dismantling. However, PCBs are complex composites consisting of various
metals including precious metals, rare earths, and base metals [4, 5]. To recover the
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Fig. 5 Total quantity of base metals and precious metals embedded with the generated e-waste
PCBs

materials within the PCBs, some physical and/or chemical processing is required. In
this study, only the PCB portion of e-waste was considered to estimate the embedded
metals that are either high in concentration or high in value. Among the base metals,
Cu and Sn were estimated, while from the precious metals, Au, Ag, and Pd were
estimated. Figure 5 shows the base metals and precious metal content of Bangladesh
e-waste from 2000 till 2030. The data indicates that PCB e-waste generated in the
year 2020 could provide around 7 kt of Cu, 764 t of Sn, 62 t of Ag, 25 t of Au, and
5 t of Pd. The amount will increase every year and is predicted to be close to 19 kt
Cu, 2 kt Sn, 180 t Ag, 72 t Au, and 15 t of Pd in 2030.

Revenue Potential and Sensitivity

Reprocessing of the e-waste materials to recover valuable materials will generate
revenue that could offset the processing cost. The potential value for the individual
metals and the total potential revenue are plotted in Fig. 6. The current metal price
was taken from the LME website and shown in Table 3 [22]. It is seen that the total
potential of the e-waste for Bangladesh is close to US$3 billion dollars at present,
while it is predicted to reachUS$7 billion by 2030.Gold being the highest contributor
could contribute around US$4 billion, while Pd is the second highest followed by
Cu. This study shows that more than 82% of the total value comes from the precious
metals while slightly above 7% comes from Cu. It was reported that precious metals
(Au, Ag, and Pd) contribute almost 85% of waste PCBs and 93% in case of mobile
phone PCBs [5]. Since Au is the major contributor and its price fluctuates with the
volatility of world’s economy, the potential revenue is highly sensitive to the gold
price.
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Fig. 6 Cumulative value of selected contributing metals within the waste PCBs of TVs, mobile
phones, Desktop-PCs, and Laptop/Tablets

Table 3 Current metal price used in the value estimation of e-wastes

Metal Cu Sn Au Ag Pd

LME price (US$/kg) 9.4 35.1 57,938 810 95,416

Limitation of the Present Study

This article described the POM and subsequent e-waste generation scenario of
Bangladesh for the first time considering four types of electronics that are the fastest
growing and most widely used in the country. There are, however, some limitations
of the research with regard to the assumptions and estimation that were used.

• Most of the data was taken from UN COMTRADE database which is a reliable
source ofworldwide export–import data. Still, theremay be some unreported elec-
tronics that entered Bangladesh market through informal routes. Some compa-
nies have recently started manufacturing and assembling mobile phones, televi-
sions, and household electronics inBangladesh. The data for locallymanufactured
products is not available and hence not included in this estimation.

• The number of individual electronics was multiplied by the average unit weight
of the individual device to obtain the POM in weight. That could bring a variation
in the estimated weight of the total POM and the generated e-waste.

• Based on the historical data, the future POM was predicted until 2030 using best
fitted trends. These trends may not apply in coming years being highly dependent
on the country’s financial and political situation.

• To estimate the dynamic generation of e-waste from the selected electronics, the
Weibull distribution function was used. For this, the α & β values were taken
from the literature lifespan data based on a European-based study. The actual
lifespan could be slightly different as the lifespan changes with evolution of the
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technology and manufacturing year. For example, Mairizal et al. showed that the
overall lifespan for mobile phones decreased with time compared to the earlier
versions of mobile phones in Indonesia [8].

• Themetal content of PCBs and the proportion of PCBs for the selected electronics
was taken from the literature. These values could vary according to country, quality
of the products, and usage periods.

• To calculate the potential value of embedded materials, the recent price of metals
was taken into consideration. The market price of metals, especially precious
metals, varies largelywith time andother factors (economic andpolitical stability).
For example, the gold price increased recently in response to market volatility due
to the COVID-19 global pandemic. The values in the current study are predicted
until 2030; however, during the intervening, there may be a significant change
in the metal market (for any or all of the metals examined). Thus, the expected
revenue could be higher or lower.

• Complete recovery of the embedded metal portion of Cu, Sn, Ag, Au, and Pd was
assumed in order to estimate the available metals and their potential economic
value. However, it is unlikely that complete recovery of the metals could be
achieved. Lower recoveries would decrease the metal yield and the subsequent
revenue. On the other hand, some metals (Fe, Al, Zn, Pb, etc.) have been omitted
from calculating the potential value. Depending on the recycling route, some of
these metals could also be recovered, thereby increasing the total revenue.

• Moreover, this study considers only the PCB portion of the e-waste gener-
ated from the selected electronics which constitutes a small portion of the
total mass. Other parts of the electronic devices such as body, casings, and
wirings contain several materials that could also be recovered easily without
any complex metallurgical/chemical processing and add value to the potential
recovered materials.

Conclusion

This article analyses the export–import data of Bangladesh for TVs, Desktop-PCs,
Laptop/Tablets, and mobile phone subscriber data to estimate the generation of total
e-waste and the potential value of the embedded materials. The estimate indicates
that about 7,000 t Cu, 764 t of Sn, 62 t of Ag, 25 t of Au, and 5 t of Pd would be
available to recover from the generated waste PCBs by 2020.With a growth by 2030,
this is predicted to be 19,000 t Cu, 2,000 t Sn, 180 t Ag, 72 t Au, and 15 t Pd. The
potential value that could be recovered is currently close toUS$2.4 billion and around
US$7 billion by 2030. This value is sensitive to the market value of precious metals,
especially gold and palladium. Despite the unavoidable limitations of this study, it
gives a reasonable indication of the high potential of e-waste recycling industries in
Bangladesh that could encourage entrepreneurs to consider investing in this sector.
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AGreen Process to Acquire a High Purity
Rare Earth Elements Leach Liquor
from Nd–Fe–B Magnets by Caustic
Digestion and Roasting Processes

Rina Kim, Kyeong Woo Chung, Ho-Sung Yoon, Chul-Joo Kim,
and Yujin Park

Abstract To recover rare earth elements (REEs) from Nd–Fe–B magnets, a variety
of hydrometallurgical processes have been developed, and among them, caustic
digestion-acid leaching is the most promising. Through the caustic digestion, Nd
and Fe in the magnet alloy could be converted into Nd(OH)3 and Fe3O4, respec-
tively, and they were easily recovered in the following acid leaching step. To remove
iron fromREE leach liquor, it was essential to precipitate iron after the acid leaching,
and it consumed an amount of chemical like lime. So, to solve the aforementioned
problem, a new green process was developed, lowering iron content in leach liquor;
through an oxidative roasting of the digested product prior to the acid leaching, iron
dissolution was considerably decreased. The digested powder was roasted at 350–
450 °C, and the product was leached in 0.5 M HCl. The final leach liquor contained
ca. 17 g/L Nd and ca. 330 mg/L Fe.

Keywords REE magnet · Recycling · Leaching · Caustic digestion · Roasting

Introduction

Rare earth permanent magnets have been widely used for small electronics, electric
vehicles, wind turbines, and even for missile systems, because of the property of their
high magnetism compared with other typical permanent magnets. The significance
of the rare earth magnet is recently much more growing as many countries all over
the world, including Korea, have declared to achieve carbon–neutral in 2050. Upon
this circumstance, fighting global warming, the usage of the rare earth permanent
magnets is being expanded to eco-friendly industries such as electric vehicles and
renewable energy (mostly used for wind turbines). In electric vehicles and wind
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turbines, the rare earth magnet is a core component consisting of electric traction
motors in electric vehicles and generators in wind turbines. According to a previous
study, electric vehicles contain 1.25 kg of rare earth magnets per car, and 400 kg/MW
ofmagnet is used for wind turbines [1]. Other than that, with expanding ICT industry,
the amount of magnets used for hard disk drives is being expected to considerably
increase.

With growing the size of those industries, it is expected that the number of waste
magnets will be exponentially increased in the next 5–10 years, the time when the
used vehicles or wind turbines start to be discarded in earnest. To achieve the carbon–
neutral society, it is definitely important to use eco-friendly products, and end-of-life
(EOL) products should be properly treated. In addition, it is well-known that EOL
products are good resources to secure raw materials for manufacturing high-tech
products. In this study, the authors focused on the recycling of rare earth magnet
scraps to recover rare earth elements (REEs) contained in the magnet alloy.

Many hydrometallurgical recycling technologies of the rare earth magnet have
been investigated and developed. The magnets can be directly leached in acidic
or alkaline solution with or without pre-oxidation [2, 3]. In addition, the NaOH
digestion-acid leaching process was also investigated in limited studies [4, 5].
However, from those processes, not only REEs were leached out, but also Fe was
generally co-leached, so an additional step is essential to remove Fe which consumes
lots of resources such as water and alkaline chemicals to control solution pH.
Therefore, in this study, the alternative green hydrometallurgical process to treat
the rare earth magnet scraps, NaOH digestion-oxidative roasting-acid leaching, was
investigated.

Materials and Methods

For the test works, Nd–Fe–B magnet processing scrap was used as raw material, and
it was obtained from a company manufacturing permanent magnets in Korea. It was
analyzed that the magnet alloy was Nd2Fe14B by XRD (Fig. 1).

The magnet scrap was first tested for caustic digestion. The caustic digestion was
conducted at four different NaOH concentrations of 10, 20, 30, and 40% in a Teflon
cell to study the digestion behavior depending on conditions. The digestion was
conducted at 120 °C with 10 w/v% pulp density for 5 h. The cell was heated in an oil
bath. The digested materials were analyzed by XRD to identify the transformation
of the alloy into leachable forms.

As the following step, several selected digested materials were roasted in a muffle
furnace under an oxidative condition for 3 h. The three different roasting temperatures
of 250, 350, and 450 °C were tested, and the products were also analyzed by XRD.

To figure out the effect of oxidative roasting on the leaching behavior, both the
digested only and the digested-roasted materials were used as samples for acid
leaching. They were leached in 0.5 M acid solution with 10 w/v% pulp density
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Fig. 1 Phase transformation of Nd2Fe14B magnet alloy to Nd(OH)3 and Fe3O4 at various NaOH
concentrations

for 2 min (the digested only) or 20 min (the digested-roasted). The metal ion
concentration in the leach liquors was analyzed by ICP-OES.

Results and Discussion

Caustic Digestion-Acid Leaching Process

To decompose NdFeB alloy and convert the alloy into leachable form, the magnet
scraps were first digested in an alkaline solution. The scraps were treated at different
NaOH concentrations from 10 to 40% to figure out the effect of NaOH concentration
on the decomposition behavior.As shown inFig. 1, the raw scrapmaterial consisted of
Nd2Fe14B alloy, and its peaks from XRD analysis got weaker with increasing NaOH
concentration, and Nd(OH)3 and Fe3O4 peaks started to be evolved. Those two peaks
were stronger at the elevated NaOH concentration. At 40% NaOH, Nd2Fe14B peaks
were completely disappeared. In addition, from 20% of NaOH concentration, some
of Fe in the alloywas converted tometallic Fe, and its peak gotweakerwith increasing
NaOH concentration. It can be noted that Nd(OH)3 and Fe3O4 were formed through
reactions shown in Eqs. 1 and 2.

Nd+ 3H2O = Nd(OH)3 + 1.5H2 (1)

3Fe+ 4H2O = Fe3O4 + 4H2 (2)
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Upon the result in Fig. 1, a higher NaOH concentration of 50% was applied for
the caustic digestion process. In Fig. 2, Nd(OH)3 and Fe3O4 peaks were more clearly
observed from the digested product, and even the metallic Fe was also fully digested
as its peak was disappeared.

After the caustic digestion, the digested product was leached under an acidic
condition.As shown in Fig. 3, the digested products at differentNaOHconcentrations
of 10, 20, 30, and 40% (sampleNo. 1, 2, 3, and 4, respectively) were leached by 0.5M
sulfuric acid, and the leaching efficiency of REEs (Nd andDy) and Fewas calculated.
To compare the leaching results of the digested products, the raw material was also

Fig. 2 Completed phase transformation of the magnet alloy to Nd(OH)3 and Fe3O4 at 50% NaOH

Fig. 3 Acid leaching results of the raw and NaOH digested materials (leaching conditions: 0.5 M
H2SO4, 25 °C, 10w/v%pulp density, 2min; Sample information: 0—rawmaterials, 1 to 4—digested
at 10, 20, 30, and 40% NaOH, respectively)
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tested for acid leaching, which is depicted as sample No. 0. From the raw material,
less than 50% of REEs were leached out, and the leaching efficiency of Fe was about
30%. At NaOH concentration of higher than 20%, No. 2 to 4, the leaching efficiency
of REEs was considerably enhanced to approximately 90%, while that of Fe was
in the same range or a little higher. This was because Nd and Fe were converted to
hydroxide or oxide form, more leachable forms compared with the magnet alloy.
Although the REEs leaching was improved by the caustic digestion, the Fe leaching
was still too high. So, to lower the Fe co-leaching with REEs, the oxidative roasting
was conducted between the caustic digestion and acid leaching. The detailed results
are shown in the next section.

Caustic Digestion-Oxidative Roasting-Acid Leaching Process

In an attempt to decrease Fe concentration in amagnet leach liquor, oxidative roasting
of the digested product was conducted. It was expected that the oxidative form of
Fe3O4, i.e. Fe2O3, is less leachable in an acidic solution thanFe3O4 is. InFig. 4, phases
present in the digested product were changed depending on the roasting temperature.
At 250 °C, Fe3O4 was oxidized to γ-Fe2O3 (maghemite), while Nd(OH)3 was not
changed. On the other hand, at the elevated temperatures of 350 and 450 °C, both
α-Fe2O3 (hematite) and γ-Fe2O3 were formed through the oxidation of Fe3O4, and
Nd(OH)3 was converted to Nd2O3, losing water. At the higher temperature, the γ-
Fe2O3 peak was weaker, which meant that it was further oxidized to α-Fe2O3. It
is known that α-Fe2O3 starts to be formed at the higher temperature than γ-Fe2O3;
generally, at the temperature higher than 300 °C, α-Fe2O3 can be formed. This Fe3O4

oxidation behavior was identical with other previous studies [6–9].
With the materials processed through the caustic digestion and the oxidative

roasting, acid leaching using 0.5 M hydrochloric acid was conducted. As shown
in Fig. 5, after the oxidation at 350 and 450 °C, 16–17 g/L Nd and 330–360 mg/L

Fig. 4 Phase transformation of the digested magnet alloy after oxidative roasting at different
temperatures: a 250 °C, b 350, and 450 °C
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Fig. 5 Acid leaching results of the NaOH digested-oxidative roasted materials: roasted at a 350
and b 450 °C (leaching conditions: 0.5 M HCl, 10 w/v% pulp density)

Dy were leached out, which are equivalent to higher than 90% of leaching efficiency.
Fe concentration in the leach liquor only reached 330 mg/L, and this represents less
than 1% leaching efficiency.

By depressing Fe leaching from the magnet scrap, the leach liquor can be directly
sent to solvent extraction process to separate the mixed REEs into the individual
element. If the leach liquor contains a high concentration of Fe, the solution must be
further treated to remove the impurity by precipitation. However, the precipitation is
generally difficult to control, as REE loss can be happened during the precipitation
due to surface adsorption onto the impurity precipitate or co-precipitation [10, 11].
Thus, with this new process, the whole process to recover REEs can be shortened,
and at the same time, the REE loss can be prevented.
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Conclusions

REEs can be effectively recovered from Nd–Fe–B magnets through caustic diges-
tion-acid leaching process. However, the typical process has a problem which is
producing an REE leach liquor containing a high concentration of Fe. To reduce the
amount of Fe in the leach liquor, a new process was suggested in this study: caustic
digestion-oxidative roasting-acid leaching. At the caustic digestion step, the Nd–Fe–
B magnet alloy was first digested into Nd(OH)3 and Fe3O4 in NaOH solution, and
50% NaOH was effective to fully digest the alloy. Then, the digested material was
roasted at the temperature higher than 350 °C under the oxidative condition, and the
product finally consisted of Nd2O3, α-Fe2O3 (hematite), and γ-Fe2O3 (maghemite).
In the following acid leaching step, the REE leach liquor containing high REEs and
low Fe was obtained; 17 g/L Nd and 330 mg/L Fe. It can be noted that the new green
process was developed in this study, as it consumed less acid compared with the
typical direct acid leaching. In addition, the final leach liquor is acceptable for direct
solvent extraction to separate REEs into the individual element.
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Physicochemistry of Lithium-Ion Battery
Recycling Processes

Alexandre Chagnes

Abstract The electric mobility and the energy transition rely on the development
of performant energy storage devices such as fuel cells and Lithium-ion batteries.
It is expected a huge increase of Lithium-ion battery production in the next years
due to the increase of electric vehicles on the market. These batteries will have to
be recycled in the next ten years. It is therefore of great importance to develop the
recycling sector ofLithium-ionbatteries.Amongother, the search for efficient, cheap,
and environmentally friendly processes for recycling Lithium-ion batteries must be
prioritized under the impulsion of governmental regulations. Hydrometallurgy will
replace the pyrometallurgical processes in a closed loop recycling strategy to produce
metallic salts from spent Lithium-ion batteries that could be reused to manufacture
new batteries. This paper gives a brief overview of the key elements for designing
appropriate Lithium-ion battery recycling processes.

Keywords Lithium-ion battery · Recycling · Hydrometallurgy

Introduction

The energy transition relies on the development of technologies that make it possible
to produce energy in a sustainable manner from resources such as wind, sun, and
potential energy. The energy produced as part of the energy transition is intermit-
tent, and it is therefore necessary to be able to store it. Electric mobility is also a
major contributor in reducing the impacts of human activity on the environment and
the climate since it contributes to reducing greenhouse gas emissions. Lithium-ion
batteries (LiBs) are at the heart of energy storage for stationary applications or elec-
tric mobility. After a decade of rapid growth, in 2020, the global electric car stock hit
the 10 million mark, a 43% increase over 2019, and representing a 1% stock share.
Battery electric vehicles accounted for two-thirds of new electric car registrations
and two-thirds of the stock in 2020. While only a small number of EV batteries have
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aged off the streets already, millions of tons of batteries are expected to be decommis-
sioned over the coming decades. Those batteries could supply a significant fraction of
the EV industry’s future mineral demand—but better recycling methods and govern-
ment policies to support them are needed to ensure that batteries do not wind up in
landfills instead. Spent Lithium-ion batteries from electric vehicles which cannot be
reused for other applications will be treated by appropriate recycling processes to
extract valuable metals that could be transformed in metallic salts needed to produce
Lithium-ion batteries.

A few companies like Umicore are pioneers in recycling Lithium-ion batteries.
With the emergence of electric vehicles, new consortia are appearing to develop the
recycling sector, such as the recent partnership between Véolia and Solvay. The recy-
cling of electric vehicle batteries is now based on two routes which are to be devel-
oped in parallel: the reuse of spent batteries whose performance remains sufficient
for other applications or the complete recycling that involves chemical processes,
i.e. pyrometallurgy and hydrometallurgy.

This paper aims to giving a short overview of the different operations involved in
extractive metallurgy to recover these metals from spent Lithium-ion batteries with
a special attention to hydrometallurgy.

The Lithium-Ion Battery Technology

The Lithium-ion battery relies on the reversible exchange of lithium ion between a
positive electrode, most often a lithiated transition metal oxide denoted LiMeO, and
a negative graphite electrode as illustrated in Fig. 1 and according to the following
reactions:

LiMeO = Li1−xMeO + x Li+ + x e− (1)

Fig. 1 Principle of Lithium-ion battery [4]
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C6 + x Li+ + x e− = LiC6 (2)

In these equations, the charge corresponds to the reaction going from the left to
the right, and the discharge corresponds to the reverse reaction going from the right
to the left.

Lithium-ion batteries are composed of lithium salt usually at 1 mol L−1 (usually
LiPF6, LiBF4, or LiTFSI) dissolved in a mixture of aprotic dipolar organic
solvents (usually alkyl carbonates) [1]. The electrolyte is soaked into a porous
polypropylene−polyethylene separator which separates the positive electrode and
the negative electrode [2]. In the future, the liquid electrolytes will most likely be
replaced by solid electrolytes such as garnet, Nasicon, Perovskite−structured elec-
trolytes, and polymeric electrolytes to produce safer batteries [3]. Less industrial
development was devoted to the negative electrode than for the positive electrode.

The negative electrode has not changed since the first Lithium-ion battery manu-
facturedbySony in1991. It is still graphite evenmany researchworkswere performed
to find alternative electrode exhibiting more capacity such as silicon. Much research
works were focused on the development of positive electrodes like LiCoO2, LiNiO2,
and LiMn2O4. Today, polymetallic electrodes such as NMC electrodes which are
lithiated cobalt, nickel, and manganese oxides of various stoichiometries are the
most used, especially for laptops but also for electric vehicles.1

Cobalt, nickel, manganese, and lithium are therefore key elements for the produc-
tion of Lithium-ion batteries today. They are also essential for the development of
the electric vehicle since Lithium-ion batteries are now considered one of the most
suitable technologies for electric mobility, even if other technologies appear to be
potentially interesting such as fuel cells. Given the large market for electric vehi-
cles, we can therefore expect a significant growth in demand for these metals, but
also a surge in the price and an increase in tensions. Demand is thus expected to
increase by thirty-one for cobalt, sixty-nine for nickel, and forty-six for lithium by
2030 compared to 2017 according to Avicenne [5].

The supply of cobalt, nickel, manganese, and lithium (but also graphite and fluo-
rine, which are the other key elements for the production of Lithium-ion batteries)
requires the development of efficient, economical, and sustainable processes capable
of recovering these metals contained in current resources or those that will be
exploited in the near future, including spent Lithium-ion batteries.

The Hydrometallurgical Route to Recycle Lithium-Ion
Batteries

Lithium-ion batteries are complex because of their assembly and because they must
be handled with care due to the presence of toxic and flammable compounds in

1 A. Chagnes, J. Swiatowska (Editeurs), “Lithium Process Chemistry: Resources, Extractions,
Batteries and Recycling”, Elsevier, 2015, 313 pages (ISBN: 978-0-12-801417-2).



114 A. Chagnes

Lithium-ion batteries. The development of recycling processes is also tricky because
of the diversity of existing technologies and the rapid evolution of these technolo-
gies over time. It is therefore necessary to think about developing flexible recycling
processes. There are several hundreds of strategies reported in the literature based
on different chemistries to recover the metal species contained in spent Lithium-
ion batteries. Most of these works focus on the recovery of the metals contained
in the positive electrodes because cathodic materials represent a significant part of
the battery cost. However, recent works started focusing on the recovery of graphite
because it is one of the chemical elements identified as strategic by the European
Commission due to the Chinese monopoly in spite of efforts to start new graphite
mining in the world. Likewise, the recovery of lithium (and of the PF6− anion)
contained in the electrolyte is starting to be the subject of research because lithium
is also a key element for the development of the Lithium-ion batteries technology
(pyrometallurgical processes implemented today at the industrial scale for recycling
Lithium-ion batteries do not recover lithium). The following figure gives an idea of
the different stages generally implemented for the recycling of spent Lithium-ion
batteries by an hydrometallurgical process (Fig. 2).

For example, the Umicore process was based at its beginnings on a pyrometal-
lurgical steps. The spent Lithium-ion batteries were sent into furnaces at 1500 °C to
produce an alloy containing copper, cobalt, and nickel, while lithium and aluminum
(from the current collector of the positive electrode) were lost in the slags. Selec-
tive leaching and then liquid–liquid extraction steps were implemented to separate
and extract the cobalt and nickel from the positive electrode and the copper from
the current collector of the negative electrode. Today, hydrometallurgical processes
(with or without thermal pretreatment) are favored in order to be able to finely sepa-
rate the different metallic species and enhance them. The electrolyte was lost in the
Umicore process or more generally in pyrometallurgical routes.

With the new European regulations regarding Lithium-ion batteries recycling, it
will be mandatory to recycle at least 80% of the weight of the batteries. Likewise,
the European commission expect that 95% of cobalt, copper, and nickel as well as
70% of lithium will be recovered from spent Lithium-ion batteries by the recycling
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industry by the end of 2030. The European commission also expects that 12% of
the cobalt, 4% of the lithium, and 4% of the nickel needed to make a Lithium-ion
battery come from recycling by 2030 [6]. Only hydrometallurgical processes can
allow reaching these goals. However, a pretreatment must be implemented before
the hydrometallurgical treatment to produce the blackmass,which could be processed
by hydrometallurgy [7] (Fig. 3).

The battery is first discharged in a conductive sodium chloride solution for 6 h to
reduce the danger of the battery. The plastics from the separator and the coil frame
are removed by sieving. After this step, about 5% of plastic remains in the flow to be
treated and must therefore be removed subsequently by a finer sieving step (2 mm
against 12 mm). The separation of the current collector (copper for the negative
electrode and aluminum for the positive electrode) may require the use of organic
solvents to dissolve the binder or using an ultrasound bath. According to Jinhui et al.
(2009), all of these operations lead to the production of a powder containing 0.3%
copper, 0.8% aluminum, and 1.4% iron (mass percentages). This pretreatment would
thus make it possible to reduce the quantities of copper, aluminum, and iron by 97,
73, and 93%, while 8% of the powdery material containing lithium, nickel, cobalt,
and manganese is lost.

The resulting concentrate must then undergo a leaching step to dissolve themetals
and then extraction-separation to selectively recover the transitionmetals and lithium.
The extracted metals can then be converted into salts by appropriate crystalliza-
tion/precipitation stages. Different inorganic and organic acids were tested in the
literature under various experimental conditions to leach the cathodic materials [8].
For the sake of illustrations, several reactions corresponding to LiCoO2 leaching by
hydrochlorhydric acid, sulfuric acid, and nitric acid are reported below:

2LiCoO2 + 6HCl + H2O2 → 2CoCl2 + 2LiCl + O2 + 4H2O (3)

LiCoO2 + 1.5H2SO4 + 1.5H2O2 + CoSO4 + 0.5Li2SO4 + O2 + 3H2O (4)

2LiCoO2 + 6HNO3 + H2O2 → 2C(NO3)2 + 2LiNO3 + O2 + 4H2O (5)

More recent studies concern the investigation of NMC leaching mechanisms in
sulfuric acid or hydrochloric acid [9–11]. These works showed that NMC dissolution
is always a two-step process. In the first step, NMC is transformed very quickly into
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Fig. 4 Example of flowsheet to recover metals from spent Lithium-ion batteries [12–14]

a new lithium-deficient phase, and this phase is subsequently dissolved during a
second-rate limiting step.

Sulfuric acid in the presence of 1–10% (vol.) of hydrogen peroxide is more effi-
cient at high temperatures, i.e. 50–60 °C (H2O2 is necessary to increase the cobalt
solubility by reducing cobalt(III) into cobalt(II)). This acid is efficient both for
dissolving LiCoO2 and NMC electrodes. Figure 4 shows an example among others
that can potentially be implemented to recover lithium, cobalt, nickel, andmanganese
from spent Lithium-ion batteries containing NMC technology. In order to remove the
graphite coming from the negative electrode, it is possible to set up a heat treatment
of the concentrate before the leaching step.

The iron, copper, and aluminum contained at low concentrations in the leach solu-
tion are first removed by liquid–liquid extraction using Acorga®M5640 diluted in
kerosene at pH between 0 and 2. The raffinate then contains cobalt(II), nickel(II),
manganese(II), and lithium(I) at concentrations equal to 32.7, 0.07, 18.6, and 2.26
gL−1. The liquid–liquid extraction step is then implemented to extract the cobalt(II),
nickel(II), manganese(II), and lithium(I) from the leach solution by means of
saponified Cyanex®272 diluted in kerosene.

The extraction of manganese(II), cobalt(II), and nickel(II) by saponified
Cyanex®272 takes place, respectively, at pH values of 3.5, 5, and 8, while the extrac-
tion of lithium(I) varies very little with the pH and remains relatively low. The
cobalt(II), nickel(II), and manganese(II) extraction yields are 89.3%, 95.6%, and
91.2%, respectively. After the liquid–liquid extraction step, a 0.1 mol L−1 Na2CO3

solution is used to remove the nickel(II) and lithium(I) slightly co-extracted in the
organic phase. Nickel(II) and lithium(I) contained in the sodium carbonate solu-
tion are then precipitated at pH 9 and 11–12, respectively. A back-extraction of the
organic phase loaded with cobalt(II) and manganese(II) after the extraction step with
Acorga®M5640 is carried out using sulfuric acid at 0.1 mol L−1. The manganese(II)
and cobalt(II) are separated by precipitation by adjusting the pH of the solution to
7.5 to recover manganese(II) and to pH 11 to recover cobalt(II). This process allows
to produce salts with a purity greater than 99%.
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Conclusion

Lithium-ion batteries are complex objects to fully recycle as they contain cathode,
electrode, electrolyte, and polymeric separators which the technologies change
throughout the time. Furthermore, safety issues can occur during recycling, which
increase the cost of recycling processes. Next generations of recycling processes
will have to recover all components contained in Lithium-ion batteries and generate
nearly zero-waste. The main challenge of Lithium-ion battery recycling is there-
fore to find a cheap process (given that LiBs prices will continue decreasing in the
next decades), which is environmentally friendly and sufficiently flexible to face up
technological changes. The literature review shows that technical solutions exist to
recycle batteries, but the recycling cost and the flexibility of these processes must be
improved. After blackmass production by physical concentration, the hydrometal-
lurgical route appears to be the best route to recycle Lithium-ion batteries. Today, the
sulfate route is themost developed at pilot scale, whereas other chemistries could find
their place in recycling processes such as the use of organic acid, i.e. citric acid, and
other inorganic acid such as hydrochloric acid in which different selectivity could be
achieved.
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Shifting the Burden of Selectivity
from Chemical to Physical Separation
Processes via Selective Sulfidation

Caspar Stinn and Antoine Allanore

Abstract Increasing demand for criticalmetallic elements for sustainability applica-
tionsmotivates newapproaches in primary and secondaryproduction to handle falling
ore grades and increasingly convoluted recycling streams. Separation of elements in
distinct phases is generally less energy intensive than separation of elements substi-
tuted within a single phase, a phenomenon referred to in primary extraction as the
“mineralogical barrier”. Engineered materials leverage element substitution within
single phase solutions to achieve target material performance. This results in large
energy requirements during end-of-life recycling to selectively recover, via chemical
separation, the target elements contained within a single phase. Herein, we present
selective sulfidation as a novel, pyrometallurgical pretreatment to selectively parti-
tion target elements from a single phase into distinct, separate phases. We find such
approach may support more competitive physical separation of difficult to isolate
elements that previously required separation via complete hydrometallurgical disso-
lution and aqueous-organic liquid–liquid solvent extraction. We demonstrate selec-
tive sulfidation as applied to end-of-life magnet, battery, and copper slag recycling
as a means to shift the burden of selective separation from chemical to physical
processes.

Keywords Sulfidation · Recycling · Lithium-ion batteries · Rare-earth magnets ·
Slag · Copper smelting · Physical separation · Pyrometallurgy · Mineralogical
barrier

Introduction

The electrification of sectors ranging from transportation [1] to heavy industry [2]
stimulates growing demand for the materials needed to establish infrastructure based
on renewable technologies, spanning from base elements such as copper and nickel
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[3] to specialty elements such as the rare earths [4]. Meeting growing demand for
these critical metallic elements motivates strategies for expanding both primary and
secondary production [5, 6]. Addressing growing demand in primary production
requires designing processes to handle lower mineral and concentrate grades [7],
while continuing to tackle the high emissions and energy usage characteristic of
both conventional pyrometallurgy and hydrometallurgy [8]. Meanwhile, recycling
ofmaterials from secondary feedstocks requires the reprocessing of engineeredmate-
rials designed with mixed-metal compounds and solid solutions [9–11]. In practice,
primary and secondary productions are often intertwined due to the role primary
smelters play in recycling both base and rare elements [12, 13], and the similar
thermodynamic and energetic challenges faced in optimizing physical and chemical
separations for recovery of elements from complicated, mixed-element feedstocks
[12–14].

In primary production, metallic element sources can be grouped into two cate-
gories: those that exist as the dominant cationic species in a single mineral or phase,
and those that exist as minor components in phases or minerals via atomic substi-
tution. This distinction between physical and chemical mixtures of natural minerals
is termed the “mineralogical barrier” [15]. Across the mineralogical barrier, energy
requirements and costs are higher for chemical separation of elements versus physical
separation [16]. Secondary sources of materials likewise exhibit their own “miner-
alogical barrier” between systems where target elements exist as physically sepa-
rable entities—such as cathode separation from casing materials in batteries—and
systems where target elements are engineered to be in solid solution or mixed-metal
compounds. The latter requires chemical separations—such as cobalt separation from
manganese in nickel–manganese–cobalt (NMC) oxide battery cathode chemistries
[17]. While study of the mineralogical barrier does not replace detailed life cycle
assessment with well-defined system boundaries tailored to individual processes
or materials, it serves as a useful generalization of energy use trends in materials
extraction.

Theoretical and practical mineralogical barriers are compared in Fig. 1 as a func-
tion of product grade in the material feedstock, with the grades of critical elements
from recycledmagnet, battery, and slag sources noted [18–20]. The theoreticalminer-
alogical barrier for a target element grade in a material feedstock may be determined
by the difference in the minimum work required to chemically extract that compo-
nent from a single-phase mixture, derived from the ideal Gibbs energy of mixing
at a temperature of 25 °C, and the minimum work required for physical liberation.
This can be assessed for one spherical grouping of particles from the bulk material,
derived using crack resistance energy [21] and the King liberation model [22, 23].
Meanwhile, a practical mineralogical barrier may be determined by comparing the
actual energy input for comminution and physical separations in mineral concen-
trate production to that of leaching and solvent extraction in chemical separations.
For physical separation processes, energy for grinding using high-intensity stirred
mills and physical separation via froth flotation as a function of liberated particle size
is sometimes reported [24]. Here, it is taken from zinc sulfide concentrate production
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Fig. 1 Calculated theoretical and practical mineralogical barriers suggests that physical separa-
tions are generally less energy intensive than chemical separations at sufficiently high target element
grades in feedstocks. If the burden of selectivity can be shifted from chemical to physical separation
processes via a suitable, energy efficient pretreatment, significant energy savings in materials sepa-
ration are possible at grades relevant for recovery of critical elements from recycledmagnet, battery,
and slag sources (HPAL: high pressure acid leaching. SX: solvent extraction. EW: electrowinning.
Ln: lanthanide)

data [25], chosen as a model system due to the wide range of liberation sizes prac-
ticed in the industry. Energy requirements for high-pressure acid leaching (HPAL),
solvent extraction (SX), and electrowinning (EW) for copper and nickel [8] are used
as model systems for simple hydrometallurgical chemical separations. They provide
a fair proxy due to the limited number of solvent extraction stages required for sepa-
ration [12, 13]. Energy requirements for rare-earth element acid roasting, leaching,
solvent extraction (SX), and compound precipitation are used as a model system for
chemical separations requiring numerous hydrometallurgical separation stages [14].

The practical mineralogical barrier between physical and simple chemical sepa-
rations is observed to decrease in relative magnitude with decreasing material grade.
At a grade of approximately 0.1 wt%, the difference in energy requirements for
material separation via physical and simple hydrometallurgical methods becomes
negligible. This correlation is consistent with the conventional wisdom that when
minerals become too fine-grained or low grade, leaching and hydrometallurgical
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processing are necessary for product recovery due to decreasing comminution effi-
ciency at decreasing liberation sizes. Meanwhile, with increasing material grade,
the energy reduction of physical separations over chemical separations is readily
apparent. For example, at feedstock grades of 0.5 wt%, 3 wt%, 10 wt%, and 30
wt%, corresponding to copper recycling from slag, lithium recycling from lithium-
ion batteries, nickel or cobalt recycling from lithium-ion batteries, and lanthanide
recycling from iron–lanthanide–boron magnets, respectively, the practical barrier is
approximately 45,000 kWh, 19,000 kWh, 11,000 kWh, and 6,000 kWh, respectively,
per tonne of product, or 225 kWh, 570 kWh, 1100 kWh, and 1800 kWh, respectively,
per tonne of feed. For pretreatment processes that enable physical separation, this can
be viewed as an energy budget, effectively a budget for conversion cost since energy
use remains one of the largest contributors to operating cost in minerals processing
[26]. For reference, the energy burden of copper slag cleaning in a flash furnace
is approximately 100 kWh per tonne of feed [13], and nickel smelting in an elec-
tric arc furnace is approximately 500 kWh per tonne of feed [12]. Therefore, for
high-grade feedstocks where target elements are trapped in solid solutions, such as
many secondary sources of critical elements, a simple pyrometallurgical pretreatment
is attractive. It must facilitate cracking of solid solutions into physically separable
phases, so that the burden of selectivity for the product elements is shifted from
chemical to physical separation processes.

Pyrometallurgical roasting processes based on sulfide chemistry are promising
pretreatments for physical separation [27]. They offer to selectively partition target
metallic elements frommixed oxide phases into sulfide phases [27–33], allowing for
liberation and physical separation based on the numerous differences in the physical
properties between oxides and sulfides [13]. Sulfidation pretreatments for primary
copper and nickel processing have been successfully performed at industrial scales
[12, 34] and are predicted to require low energy inputs due to the exothermic nature
of oxide sulfidation reactions. Herein, we present a thermodynamic framework for
predicting selectivity in sulfidation. We then demonstrate selective sulfidation as a
pretreatment to promote metallic element recovery from rare-earth magnets, lithium-
ion batteries, and copper slag, as an avenue to shift the energy burden of selectivity
in metal recovery from chemical to physical separation methods.

Thermodynamic Framework for Selective Sulfidation

Formation of a sulfide from an oxide, oxysulfide, or sulfate may be described by the
following pyrometallurgical anion-exchange reaction, whereM is a metallic element
and ω, φ, υ, τ , and σ define the reaction stoichiometry:

4τ

2ωσ + φτ − 2υτ
MωOφSυ + S2

= 4ω

2ωσ + φτ − 2υτ
Mτ Sσ + 2φτ

2ωσ + φτ − 2υτ
SO2 (1)
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Elemental sulfur is chosen as the gaseous sulfidizing agent due to its low cost
[35] and the fact that the other commonly used gaseous sulfidizing agents, hydrogen
sulfide and carbon disulfide, are known in the catalyst industry to be non-selective in
their sulfidation of oxides [36]. At thermodynamic equilibrium, the activities of the
oxide, oxysulfide, or sulfate reactant (aMωOφ Sυ

) and the sulfide product (aMτ Sσ
) are

related to a stoichiometry-dependent ratio (ψ) of the sulfur and sulfur dioxide partial
pressures (PS2 and PSO2, respectively) via the standard Gibbs energy of reaction
(�rG◦), gas constant (R), and absolute temperature (T ) [27]:

log10
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+ log10
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In turn, ψ describes contributions from both pure compound behavior (ψr xn) and
solution behavior (ψsol ) [27], where activities raised to their stoichiometric power
are abbreviated by AMωOφ Sυ

and AMτ Sσ
.

log10
(
e

�r G◦
RT

)
= ψr xn (3)

log10

(
aMτ Sσ

4ω
2ωσ+φτ−2υτ

aMωOφ Sυ

4τ
2ωσ+φτ−2υτ

)
= log10

(
AMτ Sσ

AMωOφ Sυ

)
= ψsol (4)

Equations 1–4 can be compiled for all metal elements, assuming the data for and
identity ofMωOφSυ andMτ Sσ are known.ψr xn for chemistries studied herein, calcu-
lated using FactSage 8.0 supplemented with literature data [37], and the relative scale
of ψsol , are depicted in Fig. 2. ψ, ψr xn , and ψsol may be related to stoichiometric-
independent ratios of the sulfur and sulfur dioxide partial pressures via the Gibbs
phase rule by employing the formalism of Pourbaix [38] or Kellogg [39]. Selec-
tive sulfidation of target elements from a single phase can lead to the precipita-
tion of distinct, physically separable sulfide phases (Mτ Sσ ) from the surrounding
matrix, as a result of the natural immiscibility of oxides, oxysulfides, sulfates, and
sulfides [27, 40–42]. When differences inψr xn outweigh differences inψsol between
target elements, selectivity in sulfidation is well-captured by the behavior of the pure
compounds [27]. When differences in ψr xn are comparable to or outweighed by
differences in ψsol , knowledge of solution behavior is required to describe sulfi-
dation selectivity. Unsurprisingly, the relative ease of sulfidation of oxides roughly
follows theGoldschmidt geochemical classification of elements [43], with the oxides
of chalcophile and siderophile elements generally sulfidizing at lower ψr xn than the
oxides of lithophiles. A notable exception are the alkali and heavy alkaline earth
oxides of calcium, strontium, and barium, which exhibit more moderate ψr xn than
other lithophiles due to their natural propensity for sulfate formation [44], occurring
at ψr xn intermediate to oxide or sulfide stabilization.

For many challenging materials separations, elements requiring energy-intensive
chemical separation exhibit stark differences in ψr xn , such as iron-neodymium in
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Fig. 2 Sulfidation series for relevant chemistries considered herein, with the relative contributions
from pure compound (ψr xn) and solution effects (ψsol ) to the effective sulfur to sulfur dioxide ratio
required for sulfidation to occur (ψ), as described in Eqs. 1–4

magnet recycling, nickel–cobalt in battery recycling, and copper–silicon in slag recy-
cling (Fig. 2). Therefore, sulfide chemistry is a promising approach to shift the burden
of selectivity in separation from expensive chemical methods to less energy-intensive
physical methods. In the following sections, we demonstrate selective sulfidation
as applied to rare-earth magnet recycling, lithium-ion battery recycling, and metal
recovery from copper slags to overcome the practical mineralogical barrier (Fig. 1) to
chemical and dilute physical separations for recycling of high-grade elements from
engineered materials.

Selective Sulfidation for Rare-Earth Magnet Recycling

Rare earth element magnets based on iron-lanthanide-boron chemistry are essen-
tial for advanced sustainability and electronic applications, ranging from renew-
able power generation to electric vehicles [4]. The supply of critical and strategi-
cally significant lanthanide elements remains problematic due to environmentally
unsustainable production [45], a lack of geographic diversity in processing infras-
tructure that is further confounded by illegal mining operations [46], and the rare-
earth element balance problem [6]—a mismatched supply and demand of different
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lanthanide coproducts with respect to their natural abundances. Recycling of high-
demand lanthanides, such as neodymium, can lower the environmental impact of
processing, decentralize rare-earth element production, and selectively supplement
the supply of disproportionately demanded lanthanide elements [47]. As shown in
Fig. 1, end-of-life rare-earth magnets contains approximately 30 wt% lanthanides,
with a neodymium grade higher than that of natural concentrate. Due to the similarity
in electronic structure between lanthanides and the resulting difficulty in separation
[14], the mineralogical barrier between chemical and physical separation processes
is higher than that of base metals, with the energy burden of conventional chemical
separation predicted to be on the order of 100× larger than an equivalent physical
separation process at a lanthanide grade of 30 wt%. Numerous hydrometallurgical
[18], pyrometallurgical [48], and liquid metal [49] processes have been explored for
the chemical separation of elements from rare-earth magnet materials, yet current
recycling processes of both end-of-life magnets and production waste is complicated
by the presence of oxide impurities [9, 48]. Selective anion exchange pretreatments
utilizing boron chemistry have been shown to facilitate physical separation of rare-
earth elements from one another for primary mineral processing [50], but such an
approach has never been attempted with sulfide chemistry until recently [27]. As
illustrated by ψr xn in Fig. 2, at a sulfur to sulfur dioxide ratio on the order of 10:1,
iron, rare-earth elements, and boron are predicted to be stable in distinct sulfide,
oxysulfide, and oxide phases, respectively. Indeed, oxide–sulfide anion exchange
chemistry is a thermodynamically promising pretreatment for facilitating selective
recovery of lanthanides from rare-earth magnet waste via physical separation.

To demonstrate selective sulfidation as a pretreatment to separate iron from
lanthanides in rare-earthmagnetwaste, nickel-plated iron–lanthanide-boronmagnets
(Ni-plated Fe-Nd-Pr-Dy-B, GradeN45, 6.25mm× 6.25mm× 6.25mm,McMaster-
Carr) were heated under air at 500 °C to demagnetize, crushed to a particle size of
90–212 μm, then calcined under air at 1000 °C for 5 h in a boron nitride crucible
[27]. The brittle iron-lanthanide-boron magnet was separated from the ductile nickel
coating during comminution. The calcined rare-earth oxidewas reground to a particle
size of 90–212μm, then sulfidized at a scale of 2 g at 1200 °C for 1 h using vaporized
elemental sulfur (Sx, 99.5% purity, Acros Organics) as a sulfur source, at a sulfur
partial pressure of approximately 0.1 atm. The sulfur to sulfur dioxide ratio was set
at approximately 10:1 following methods and reactor design described previously
[27].

Figure 3 illustrates optical (dark field) microscopy and SEM/EDS (SEM: JEOL
JSM-6610LV, JEOL Ltd., EDS: Sirius SD detector, SGX Sensortech Ltd.) element
maps detailing oxygen, sulfur, iron, neodymium, and praseodymium distribution in
the sulfidized product. As shown in Fig. 3, iron partitioned to a sulfide phase, whereas
neodymium and praseodymium remained as oxides (Fig. 3), with product phases on
the order of 20–100 μm in size and large enough for effective liberation [22, 23] and
physical separation using standard industrial mineral processing methods [27, 51].
Boron, not shown in Fig. 3, was also observed to partitioned to the oxide phase. The
suppression of thermodynamically predicted rare-earth oxysulfide formation may
be due to sluggish sulfidation kinetics for rare-earth oxides [27], or due to solution
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Fig. 3 Selective sulfidation of calcined, de-coated iron-neodymium-boron magnet nucleates
distinct iron sulfide and rare earth oxide phases on the order of 20–100 μm in size, as illustrated
via EDS mapping for the region shown in the optical image, large enough for liberation of Fe and
Nd-Pr via comminution and physical separation with optimization of phase growth and coarsening
behavior. Scale bars correspond to 200 μm

effects (ψsol ) stemming from compound-forming interactions between lanthanide
and boron oxides [50, 52]. Further research on lanthanide oxide sulfidation kinetics
and iron–lanthanide–boron–oxygen–sulfide solution thermodynamics is necessary
to design sulfidation pretreatments for physical separation of individual lanthanides.
Our preliminary results demonstrate that selective sulfidation is a technically viable
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pretreatment to facilitate the physical separation of iron from lanthanide elements in
rare-earth magnet waste. The burden of selectivity for iron and lanthanides in rare-
earth magnet recycling may therefore by shifted across the mineralogical barrier
from chemical separations to physical separations using a sulfidation pretreatment.
In the following section, we apply a similar selective sulfidation process to overcome
the mineralogical barrier in lithium-ion battery recycling.

Selective Sulfidation for Lithium-Ion Battery Recycling

Aselectrificationof the transportation sector continues, effective recyclingof lithium-
ion batterymaterials fromelectric vehicles is critical tominimizing energy use in their
production [53]. Furthermore, the rapidly increasing demand for battery elements
runs the risk of overwhelming geopolitically uncertain supply chains for critical
components [5]. In their current form, lithium-ion batteries largely rely on cath-
odes engineered from solid solutions or mixed-metal compounds of lithium, nickel,
manganese, and cobalt (NMC) oxide [10, 11]. While recycling methods based on
physical separation for direct reuse have been explored, the constantly evolving state
of the art for battery chemistries motivates hydrometallurgical and pyrometallurgical
approaches that allow for recovery of pure components [1, 17], in particular lithium,
nickel, and cobalt compounds. In end-of-life lithium-ionbatteries, the average lithium
grade is on the order of 3 wt%, whereas nickel and cobalt grades are on the order
of 5–15 wt% depending on the cathode chemistry [19]. At these grades, a prac-
tical mineralogical barrier likely exists between physical and chemical methods of
element recovery,with chemical separation predicted to require 10–20×more energy
than an equivalent physical separation process (Fig. 1). Significant energy savings in
recycling may therefore be possible thanks to the use of a low-energy pretreatment,
such as sulfidation, to shift the burden of selectivity for lithium, nickel, and cobalt
from chemical to physical separation processes.

Sulfidation chemistry has previously been considered to facilitate selective
metallic element recovery from end-of-life lithium-ion batteries via leaching, molten
sulfide electrolysis, and physical separation [27, 33, 54, 55]. From ψr xn in Fig. 2,
at a 10:1 sulfur to sulfur dioxide ratio lithium is predicted to be stable as a sulfate,
with nickel, manganese, and cobalt stable as sulfides. The relative contributions of
ψr xn and ψsol to ψ are unknown however due to mixed-metal compound forma-
tion between lithium and NMC oxides [10, 11] and the unexplored thermody-
namics of the lithium–nickel–manganese–cobalt–oxygen–sulfur system. Herein, we
explored selective sulfidation for 2 g of simulated NMC oxide cathode material
(LiNi1/3Mn1/3Co1/3O2 solid solution, 98% purity, Sigma Aldrich) at 1000 °C for
one hour using vaporized elemental sulfur (Sx, 99.5% purity, Acros Organics) as
a sulfur source. The sulfur partial pressure was approximately 0.1 atm with a 10:1
sulfur to sulfur dioxide molar ratio, following methods and reactor design described
previously [27, 33].

Figure 4 shows the SEM/EDS (SEM: JEOL JSM-6610LV, JEOLLtd., EDS: Sirius
SD detector, SGXSensortech Ltd.) backscattered electron composition (BEC) image
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Fig. 4 Selective sulfidation of synthetic nickel-manganese-cobalt oxide (NMC111) lithium ion
battery cathode nucleates distinct nickel-rich, cobalt-rich, and manganese-rich phases on the order
of 100–200 μm in size, as illustrated via EDS mapping for the region shown in the SEM/BEC
image, large enough for liberation of Ni, Co, and Mn via comminution and physical separation.
XRD analysis reveals the presence of lithium as a sulfate, possibly corresponding to oxygen-sulfur-
rich, metal-deficient regions in the element maps, denoted by (✩) in the oxygen panel. Scale bars
correspond to 200 μm
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of and elementmaps detailing oxygen, sulfur, cobalt, manganese, and nickel distribu-
tion in the sulfidized lithium-ion battery material. As depicted in Fig. 4, sulfidation
was indeed performed selectively, with the formation of distinct nickel-rich and
cobalt-rich sulfide phases, with some solubility for oxygen, on the order of 100–
200μm in size, large enough for effective liberation [22, 23] and physical separation
using standard industrial mineral processing methods [25, 51]. Meanwhile, instead
of manganese sulfide as predicted from Fig. 2, an under-sulfidized manganese-rich
oxysulfide phase is formed; whether this phase is in fact an oxysulfide [56], oxysul-
fate [56], sulfatosulfide [56], or mixed oxide/sulfate/sulfide [56] is indiscernible
from SEM/EDS element mapping in Fig. 4. XRD analysis of the sulfidized product
suggests the presence of somemanganese sulfide; however, oxysulfides ofmanganese
may show poor crystallinity [57], so the precise nature of the manganese oxysulfide
product phase remains unclear. While lithium is not visible via SEM/EDS, the pres-
ence in Fig. 4 of oxygen–sulfur-rich regions lacking significant amounts of nickel,
manganese, or cobalt, denoted by (✩) in the oxygen panel, suggests the existence
of lithium-rich sulfate phases. The presence of lithium sulfate is confirmed by XRD
analysis. Overall, the formation of distinct phases of nickel, manganese, cobalt, and
lithium that are physically separable suggests that selective sulfidation is a technically
viable pretreatment. It offers to shift the burden of selectivity in lithium-ion battery
recycling from energy intensive pyrometallurgical or hydrometallurgical chemical
separations to more benign chemical pretreatments for physical methods [1, 17]. In
the following section, we explore selective sulfidation applied to copper recovery
from copper smelting slags as a means to overcome the mineralogical barrier at low
product grades by increasing the grade of recoverable sulfide phases.

Selective Sulfidation for Copper Recovery from Slags

While electrification of the transportation sector continues to increase demand for
batterymetals [3], electrification of society is predicted tomore broadly stress copper
supplies [58], motivating efforts to increase recovery of copper from both primary
and secondary sources. Presently, approximately 80% of the world’s copper ore is
produced from smelting of copper–iron–sulfide minerals [13]. For separation of iron
from copper via matte smelting, the molten copper–iron–sulfide matte is contacted
with a silica-rich slag phase. Following matte smelting, the slag contains approx-
imately 75–90% fayalite, <10% alumina, <10% calcia, <4% magnesia, and 0.5–
2.1% copper in the form of entrained sulfide matte particles and copper dissolved
in fayalite [20]. Considering that smelters pay for about 96% of the copper value
when purchasing concentrate [59], there is a strong economic incentive to minimize
and recover copper lost to the slag phase during matte smelting. Copper in the form
of entrained matte particles is presently liberated from slags via comminution and
physically separated [13], yet at copper grades less than 1%, the practical mineralog-
ical barrier between chemical and physical separation begins to diminish. As shown
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in Fig. 1 for copper recovery from slag at a grade of 0.5 wt%, energy needs for phys-
ical and chemical separation are predicted to be on the same order of magnitude.
This calls into question the relative energetic effectiveness of selectivity in current
physical separation methods. Meanwhile, the solubility of copper oxide in fayalite is
approximately 1% [20], representing a significant fraction of copper in the slag that
is inaccessible to recovery via physical separation without pretreatment.

Numerous pretreatments based on sulfidation have been explored to recover
copper dissolved in fayalite phases of slag, generally utilizing roasting the slag in
the presence of pyrite [60, 61] or iron sulfate [62] to form leachable or floatable
copper phases. As shown by ψr xn in Fig. 2, the pure oxides of copper and iron are
thermodynamically predicted to sulfidize at far lower sulfur to sulfur dioxide gas
ratios than pure magnesia, alumina, and silica slag-formers. Under conditions where
pure iron oxide sulfidizes, calcium is predicted to be stable as a sulfate. However,
even if copper can be selectively precipitated as a sulfide via a selective sulfidation
pretreatment, closing of the practical mineralogical barrier (Fig. 1) at grades relevant
to recover copper from fayalite slag phases suggests that the energy difference may
be small between chemical separation and physical separation with pretreatment. To
overcome the practical mineralogical barrier, a higher-grade phase may be used to
serve as a collector for copper upon sulfidation pretreatment. This will allow copper
to be liberated with this higher grade “collector” phase and thereby lower energy
input. From the fayalite phase, iron may be co-sulfidized with copper, predicted to
increase the total sulfide product grade in the slag for liberation and physical separa-
tion from approximately 0.5 wt% up to 40 wt% and reduce the energy burden from
chemical separation at a grade of 0.5 wt% by three orders of magnitude (Fig. 1).

We conducted the selective sulfidation at 800 °C of copper and iron from copper
smelter slag ground to a particle size of 90–212 μm, at a scale of 2 g, using vapor-
ized elemental sulfur (Sx, 99.5% purity, Acros Organics) at a partial pressure of
approximately 0.1 atm. The sulfur to sulfur dioxide gas ratio was approximately
10:1, following methods and reactor design described previously [27]. Here, the
alumina reactor bed previously employed [27] was substituted for graphite to mini-
mize interactions between slag phases and the reactor. Figure 5 show the SEM/EDS
(SEM: JEOL JSM-6610LV, JEOL Ltd., EDS: Sirius SD detector, SGX Sensortech
Ltd.) element maps detailing ratios of sulfur to oxygen, iron to silicon and aluminum,
and copper to silicon and aluminum in the untreated and sulfidized copper smelter
slag.

As shown in Fig. 5, iron and copper are observed to preferentially segregate
over silicon and aluminum to the sulfide phase, resulting in iron–copper–sulfide and
aluminum–silicon oxide product phases. In the untreated slag, sulfide phases are
observed to constitute a grade of approximately 1 wt%, increasing to approximately
16 wt% upon sulfidation. Product sulfide phases were observed to be on the order
of 50 μm, large enough for effective liberation [22, 23] and physical separation
using standard industrial mineral processing methods [25, 51]. The depletion of
copper content from fayalite slag phases was difficult to quantify via SEM/EDS due
to an abundance near the detection limit of the equipment. Further analysis will be
needed to determine the conversion of solubilized copper in fayalite to sulfide and the
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Fig. 5 Selective sulfidation of copper smelter slag results in the nucleation of iron-rich sulfide
phases, with copper preferentially partitioning into these new sulfide phases versus silicon and
aluminum. Iron sulfide formed via selective sulfidation serves as a “collector” phase for copper,
potentially supporting increased recovery of copper from slags via comminution and physical
separation. Scale bars correspond to 100 μm
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partitioning of valuable trace elements such as cobalt and platinum group elements
between oxide and sulfide phases. The use of an iron sulfide collector phase, formed
in situ from sulfidation of iron from fayalite, allows the energetic burden of selectivity
to be shifted from low product grades (~1 wt%) to higher grades (~16 wt%) via
the selective sulfidation pretreatment. This indicates that the practical mineralogical
barrier is widened, now in favor of lower-energy physical separation methods. The
sulfide grade may be further increased toward 40% by increasing the sulfur to sulfur
dioxide ratio in the reactor to improve the conversion of fayalite to iron sulfide.
Meanwhile, excess heat produced from smelting of the iron-rich recovered copper
sulfide may in turn be used to melt higher concentrations of gangue impurities in
copper concentrate during smelting. This would facilitate the use of lower grade
concentrates at a time of falling ore grades, while simultaneously increasing copper
recovery [63].

Conclusions

Electrification-induced growth in demand for sustainably sourced metallic elements
drives efforts to reduce the energy use of materials separations in both primary
and secondary production. A mineralogical barrier exists between the lower energy
burden for physical separation of elements concentrated in distinct phases and the
higher energy burden for chemical separation of elements mixed at the atomic
scale. Through comparing the energy usage of industrial-scale materials separation
processes, this difference in energy is generally found to range from approximately
200–2,000 kWh per tonne of feed at product grades ranging between 1 and 30
wt%. While this analysis does not replace detailed thermodynamic and life cycle
assessments of individual materials systems, it illustrates that in general significant
energy savings in material separation can be realized through the development of
energy-efficient pretreatments that facilitate physical separation in place of chem-
ical separation. Selective sulfidation is a possible pretreatment to partition metallic
elements from multi-metal compounds and solid solutions into separate oxide and
sulfide phases, allowing the burden of selectivity to be shifted from chemical to
physical methods of separation. We demonstrate selective sulfidation of calcined
rare-earth magnets to partition iron and lanthanide elements into distinct, physi-
cally separable phases for recycling by physical separation. Similarly, we partition
nickel,manganese, cobalt, and lithium from lithium-ionbattery cathodes into distinct,
physically separable phases for lithium-ion battery recycling by physical separation.
Finally, we use selective sulfidation to form a dedicated sulfide collector phase for
copper recovery from copper smelter slag, increasing the grade of copper-containing
sulfide phases from approximately 1 wt% to approximately 16 wt%. For these recy-
cling challenges, the selective sulfidation pretreatment facilitates the use of phys-
ical separations that are predicted to require 10–100× less energy than comparable
chemical separations.
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Pre-study of the Dissolution Behavior
of Silicon Kerf Residue in Steel

Adamantia Lazou, David Nilssen, Mertol Gökelma, Maria Wallin,
and Gabriella Tranell

Abstract Silicon kerf residue is generated during the wafering process of pure
silicon in the photovoltaic value chain. The generated by-product has a high volume,
and the particle size is typically below 1 µm. Although the fine particles are partly
oxidized, thematerialmaybebeneficial in differentmetallurgical applications such as
grain refining and alloy composition adjustments. This work studies the dissolution
behavior of silicon kerf in low alloy steel melts with the aim to upcycle the kerf
material in the steel industry for different purposes. In this study, a steel alloy and the
kerf residue were melted (at 1580 °C) in an alumina crucible placed in an induction
furnace. The amount of added kerf residue was varied. The behavior of the particles
in the solidified alloy was characterized by using an optical microscope, electron
probe microscope (EPMA), and wavelength-dispersive X-ray spectroscopy (WDS)
in order to study the dissolution behavior of the Si-kerf residue in the steel.

Keywords Silicon kerf residue · Utilization of by-products · Low alloy steels ·
Melting and dissolution of silicon kerf

Introduction

Solar energy is a clean renewable resource, allowing a rapid increase in world-
wide crystalline Si (cSi)-based photovoltaic (PV) distribution over the past couple
decades [1]. In the photovoltaic value chain, illustrated in Fig. 1, metallurgical grade
silicon (MG-Si) is produced from quartz and carbon reductants. TheMG-Si is further
purified to solar grade silicon (SoG-Si) through chemical or metallurgical methods.
For photovoltaic applications, a typical purity of the SoG-Si is >6 N [2]. Single-
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Fig. 1 PV value chain

or multi-crystalline ingots are then produced through crystal pulling or directional
solidification. The ingots are cut into blocks which are sliced into wafers, mainly by
diamond wire sawing [3, 4]. During this process, approximately 35–40% of crys-
talline silicon, known as silicon kerf residue, is lost. The material is complex and is
usually composed of fine (typically in the order of 1µm, due to the brittle structure of
silicon) partly oxidized silicon particles with some metallic contamination from the
sawing wire and lubricants [1, 2, 5]. The disposal of this material represents both a
resource loss and creates environmental challenges. The global installed capacity of
PV is estimated to reach 1270.5GWby the end of 2022,mainly through cSi technolo-
gies, which is more than 200 times the capacity that was estimated by the end of 2017
[6]. The annual production of Si-kerf is estimated around 168.000 tonnes/year [5].
By effectively valorising Si-kerf residue, the specific process emissions and energy
consumption will be reduced in the primary Si production, and less waste will be
landfilled.

Research for the recycling of Si-kerf refers among others to use in silicon-
containing alloys [7], refining by centrifugation [8], and directional solidification
techniques. The recycling of silicon from the Si-kerf is, however, challenging due to
the small particle size and impurity content [1, 9]. Hence, the reuse of Si-kerf into
other applications reduces the mentioned challenges [1], and the most studied uses
are the production of silicon carbide powder, silicon nitride [10], in ceramics, etc.
[1].

Perspectives of the Present Study

The use of inoculant agents for grain refining in metal casting is well known. The use
of such agents, in the wire and arc additivemanufacturing (WAAM), is, however, still
under investigation [11]. Recently, theWAAM technology has drawn attention due to
the benefits that it can offer to create, repair, and extend the life time of large industrial
equipment and in this way reduce the cost and material waste as well as increase
the materials efficiency [12]. Nevertheless, challenges exist that are related to the
manufacturing accuracy, quality assurance, and automation of the WAAM system
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[13]. The formation of large grain size microstructures during the production reduces
themechanical properties of the productwhichmight be detrimental for thematerial’s
performance. Considering this, the introduction of inoculating agents during the
WAAM process can promote the grain refinement and modify the existing phases.
Typical inoculation agents for low alloyed steels are the rare earth metal oxides,
NbC-containing ferroalloy, or TiN-containing ferro alloy [14, 15]. One potential
inoculant agent for low alloyed steel is SiC particles due to their properties such as
high hardness and highmelting point [11], opening possibilities for use of carburized
kerf residue. The Si-kerf residue could also be used to fine-tune the composition of
a steel alloy. Microalloying or modifying the composition of an alloy is a tool to
reduce the cost related to post-processing and enhance the properties of alloys [16].

The present study is a preliminary experimental investigation of the dissolution
behavior of the Si-kerf residue introduced into a steel melt, which offers the basis
for further research and experimental investigations into the potential for recycling
and reuse of the kerf in the steel industry. In the current work, the main objectives
are being to observe and evaluate the physical interaction and dissolution behavior
of the Si particles in steel.

Materials and Methods

The steel used was a commercial low alloy steel (ASTM A182 black rolled bar,
EN10204) with chemical composition as listed in Table 1. The steel was received as
a rod (Ø76.2× 2000 mm) which was cut into small pieces prior to the experimental
trials. The Si-kerf was received as dried powdermaterial (thermally treated to remove
the lubricant), and its chemical composition is presented in Table 1. The steel and
Si-kerf samples were dried at 100 °C for 24 h prior to analysis and experimental trial.
Approximately 98 g steel was used in each experiment, while the amount of Si-kerf
was varied. The Si-kerf particles were introduced and melted together with the steel
(before melting) for the experiments presented in the current work (two in total). The
amount of kerf was varied between the trials, while the temperature and time were
kept constant. The additions of Si-kerf were aimed to achieve, 25 (sample I), and 50
(sample II) times more (wt%) Si in the final alloy that corresponds to approximately
5 and 10wt%, respectively. A steel sample wasmelted without the addition of Si-kerf
residue particles, to provide the reference comparison for the samples I and II.

Table 1 Chemical composition of steel in weight % and Si-kerf in ppm

Steel Fe Cr Mo Ni Si C Mn P Cu –

Balance 2.34 1.03 0.20 0.21 0.13 0.53 0.01 0.17 –

Si-kerf Al Co Cr Cu Fe Mg Ni Pb Ti Zn Si

81.4 0.218 2.05 4.45 352 6.74 560 1.49 25.4 7.86 94 × 104
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The experiments were conducted in a closed 30 kW induction furnace, in which
5–6 kW corresponds to the temperature range of 1400–1600 °C in the present study
(Fig. 2a). The furnace can operate either under vacuum or in controlled atmosphere
(Ar in the present study with purity of 99.9% and approximately 1 l/min flow rate).
Prior to the experiments, the oxygenwas removed from the furnace chamber (0.5–0.6
m3) atmosphere through one-time evacuation and argon flashing up to 1030 mbar.
During the experiments, Ar was flowing to the chamber keeping the pressure around
1030–1050mbar. The experimentswere conducted in alumina crucibles (A5,Ø50/44
× 75 mm) that were placed inside a graphite crucible (IG-15, Ø60/52 × 100 mm)
(Fig. 2b). The temperature was recorded with the use of a thermocouple type C that
was placed in the sample. The heating was controlled with a manual increase of
the supplied power, and the target experimental temperature was 1580 °C (±20), to
ensure complete melting of the steel (Fig. 2c). After reaching the target tempera-
ture, the samples were immediately left to cool to room temperature. The samples
were then prepared for electron probe microscope analysis (EPMA) to examine the
microstructure, the chemical composition of the product phases, and the distribu-
tion of the elements between phases. The EPMA analysis was carried out in a fixed
working distance of 11 mm, different magnifications, and an acceleration voltage
of 15 kV was applied. The microstructure of the reference sample was analyzed by
using scanning electron microscope (SEM). Images were taken in different magni-
fications, and the composition was measured with energy dispersive spectroscopy
(EDS) analysis. The SEM analysis was executed with an acceleration voltage of
15 kV in 10 mm working distance.

Fig. 2 a Induction furnace used in this work, b sample set up (before melting) in the crucible, and
c temperature profile for the samples I and II
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Results and Discussion

The chemical composition of the steel can be seen in Table 1. The steel is a Cr-rich
low alloy steel which is commonly used in forged components due to its properties
[17, 18]. The initial Si content of the steel was approximately 0.21 wt%. In Table 1,
the chemical analysis of the Si-kerf is also presented (in ppm), as measured with ICP-
MS analysis. The Si-kerf is mainly composed of Si, while the rest of the elements
that were detected are attributed to the sawing process [4]. The balance is attributed
mainly to atmospheric impurities such as oxygen and carbon [4].

The SEM analysis of the reference sample (steel melted without additions of
Si-kerf residue) can be seen in Fig. 3, and the quantification of the marked points
is provided in Table 2. Figure 3a and b presents an overview of the sample in low
magnification in secondary and backscatter electron images, respectively. Figure 3c
provides an image in higher magnification. The sample is mainly composed of a

Fig. 3 Micrographs of reference sample a secondary, b, c, d and e backscattered electron images
in 100×, 100×, 500×, 5000×, and 1000× magnification, respectively. The magnified areas are
marked in the figure. The marked points are quantified in the figure and in Table 2

Table 2 Composition (atomic %) of the reference sample as measured with EDS

Points Fe Cr S Si Mn

12–14 94.3 3.1 1.4 0.7 0.8

15–16 95.3 2.7 0.9 0.6 0.7
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Fig. 4 Sample II after
melting at 1580 °C with
immediate cooling (kerf and
steel were melted together)

light grey phase (points 12–14), while a slight darker phase (points 15–16) presents
in less extend. The difference in their appearance could be attributed to the slight
difference in their composition (lower Cr and S for points 15–16).

Figure 3d, e present the analysis of the dark phase which contains a higher Mn,
Cr, and S content in comparison with the rest of the analysed points (Table 2).

As mentioned, the samples after melting were prepared for EPMA analysis.
Remaining powder was observed after the melting process, attributed to undissolved
Si-kerf residue (Fig. 4). This might indicate that the given time at the target tempera-
ture was not enough to achieve complete melting of the Si-kerf residue, considering
also the added amount of Si-kerf.

The micrographs for sample I can be seen in Fig. 5, and the chemical composition
of the different phases is provided in Table 3. Figure 5a, b presents the cross-section
of the sample from the upper and inner part, as shown with the arrow. According to
Fig. 5a, it seems that in the upper part of the sample there is a dark grey phase that
was mainly composed of Si, indicating the presence of remaining Si-kerf. In general,
the sample seems to be composed mainly of a bright grey phase A, while a slight
darker grey phase B was observed in a random distribution (Fig. 5b). Based on the
analysis of the marked phases (Table 3), the major component is Fe, while it seems

Fig. 5 Micrographs of
sample I from a upper and
b inner part, in 100× and
1000× magnification,
respectively. The magnified
area is marked in the figure.
Marked phases are quantified
in Table 3

Table 3 Chemical analysis (wt%) of the phases for the sample I, as measured with EPMA

Points Fe Cr Mo Si Mn S

Aa 95.07 2.39 0.09 2.25 0.53 0.02

Ba 95.75 2.29 0.13 2.60 0.47 0.03

a Average from 5 points
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that there is a slight difference in the Si content. Phase B seems to have slightly lower
Si concentration.

Amapping analysismight indicatemore clear the distribution of elements between
these phases. The Si content of these phases is approximately 2% that is lower
than the expected (around 5%), confirming that less Si than added was dissolved.
Nevertheless, the Si content of the final alloy has increased (around 11% more Si)
as compared to the initial alloy. The composition is close to the bcc phase, which
indicates that silicon is dissolved in iron rather than forming intermetallic phases. Si
seems to be homogenously dissolved in the sample, although it should be emphasized
that the size of the Si-kerf particles is small whichmakes the detection of the particles
challenging.

The mapping analysis of the sample I can be seen in Fig. 6. The analysis confirms
the observationsmentioned earlier as the distribution of Si andFe seems evenbetween
phases A and B. This might indicate further that the difference in the appearance
of phase A and B could be attributed on the density difference, possibly due to
the higher content of Mo in the B phase. The micrograph of phase A suggest a
similar morphology with the reference sample morphology of phase A, although the
chemistry of the different phases is changing due to the dissolution of Si-kerf.

The micrographs for sample II can be seen in Fig. 7. The analysis of the marked
phases is provided in Table 4. Figure 7a and b presents the cross-section of the

Fig. 6 EPMA map of silicon, oxygen, sulfur, manganese, aluminium, chromium, iron, and
molybdenum, for sample I in 1000× magnification
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Fig. 7 Micrographs for sample II a on the upper part, b and c in the inner of the sample in 40×,
40×, and 1000× magnification, respectively. The magnified area is marked in the figure. Marked
phases are quantified in Table 4

Table 4 Chemical analysis (wt%) of the phases for the sample II, as measured with EPMA

Points Fe Cr Mo Si Mn S

Aa 94.34 2.35 0.06 3.64 0.53 0.03

Ba 94.77 2.36 0.04 3.25 0.57 0.01

11–12 90.5 2.08 0.06 8.06 0.48 0.01

13 88.22 1.85 0.01 10.37 0.47 0.04

14 88.06 1.79 – 9.36 0.57 0.01

15 90.3 1.81 0.06 6.48 0.43 0

a Average from 5 points

sample from the outer (upper part, not in contact with crucible) and inner parts of the
sample, respectively, as shown by the arrow. Figure 7c presents the micrograph from
the inner part of the sample in higher magnification than Fig. 7b. Based on Fig. 7a, it
seems that in the upper part of the sample, there is a region where the microstructure
appears to more homogeneous (dark grey phase) than the inner part. Moreover, this
region seems to have clear boundaries with the inner part of the sample.

In this region (points 11–15 in Table 4), there is significantly higher Si content.
This might correlate with the fact that in this sample there was remaining kerf,
indicating that part of the added Si-kerf remained undissolved. On the other hand,
on the inner part of the sample, there are mainly two phases with clear boundaries,
the dark grey phase A and brighter grey phase B.

The analysis of these two phases (in Table 4) indicates that their chemical char-
acteristics are similar although the Si content in phase B is slightly lower. Individual
SiO2 particles could, however, not be observed. Moreover, the Si content was higher
than in sample I, indicating that more kerf was dissolved in this case. The measured
compositions can be seen in Table 4. For the rest of the analyzed points, Si is signif-
icantly increased. The morphology and composition of sample II are different than
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both the reference sample and sample I. This indicates that the addition of more Si-
kerf residue changes the microstructural appearance. However, the effects of disso-
lution of the Si-kerf residue on the microstructure of the steel need to be addressed
in future work.

The particles of Si-kerf residue are believed to contain some amount of SiO2

on their surface due to oxidation, considering the stability of SiO2 over Si. As an
example, approximately 2 wt% of O2 was detected in the analysis of Si-kerf residue
with an average calculated thickness of 0.01µm[4]. The fact that a remaining powder
was observed after melting (Fig. 4) could be explained by the presence of SiO2 that
might prevent complete melting of the Si-kerf residue at 1580 °C. The region being
rich in Si for the sample II (Fig. 7) might be attributed to SiO2 in the surface of the
alloy due to the density difference. If the SiO2 particles remain unchanged during
melting, then they could potentially act as inoculant agents for the steel. Nevertheless,
such behavior was not clearly observed in the current study. If the oxide layer on
the particles surface breaks during the melting process, the Si can be dissolved in
liquid iron and alloy the steel. As such, parameters like the density and stability of the
added particles in the melt should be explored further. The addition of the particles
prior the liquid state might promote the wetting of the particles with the steel and
as such achieve a better dissolution. As a result, the Si being evenly dispersed in the
analyzed samples could be explained accordingly.

Conclusions and Suggestions for Further Work

The current work is a preliminary study into the valorisation of Si-kerf residue in
steel applications. The dissolution behavior of the Si-kerf residue into low alloyed
steel was investigated, and the preliminary experiments indicate that

• Si particles dissolve rapidly in the steel alloy, and the addition of more Si-kerf
typically results in a higher Si content in the final alloy.

• The microstructure of the samples is changing with the addition of the Si-kerf
residue particles.

• Si is detected in all the analysed phases of the samples, while SiO2 individual
particles were not seen.

• Regions with higher Si content were observed on the outside surface of the alloy,
confirming that part of the added Si-kerf remained undissolved.

Based on the results obtained from the present work, it is suggested that the
addition of Si-kerf residue in different amounts should be studied in a wider range
for the purpose of micro-alloying or deoxidation. Furthermore, the undissolved Si-
kerf residue particles should be analyzed to examine the chemical composition and
appeared phases. The effect of holding time and temperature on the behavior of Si
particles in the steel at liquid state should also be addressed, since these parameters
will affect the dissolution behavior. Finally, the introduction of Si-kerf residue parti-
cles after themelting of steel should be investigated further, in terms of its dissolution
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behavior. Further research will also include a more in-depth metallographic analysis
with the use of proper etching agents to examine whether remaining SiO2 particles
were left in the grains and in this way address whether Si-kerf could be used as inoc-
ulant agent. In addition, further experiments will try to address whether carbonized
kerf residue or other type of additions can be used as inoculant agents.
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Abstract The importance of lithium in modern industry is proven by a staggering
triplication of the market for Li-based batteries, valued at $30b in 2017 and expected
to reach $100b by 2025. Lithium is used as nanoparticles, particularly for batteries
and electronics applications. Presently, lithium nanoparticles are manufactured using
induction thermal plasma and other energy-demanding technologies. Furthermore,
lithium is mined using significant volumes of water in areas such as South America,
where aquifers are facing an ever-growing pollution from over-mining and agricul-
ture, affecting the provision of clean and safe drinking water. We propose a switch in
mining and manufacturing methods through the use of phytomining in ancient mine
locations, to foster economic sustainability in areas affected by unemployment while
maintaining the historic splendour of these sites. This paperwill focus on the report of
preliminary experiments using Agrostis Tenuis as hyperaccumulator for lithium and
the characterisation of the biomass to assess itsmetal collecting behaviour.Our exper-
iments have proven that in such areas, the amount of lithium (~1000 ppm) present
in the sludges derived from mine adits can be recovered by autochthonous grasses
(~20% per harvest) and transformed into re-usable nanoparticles using low-energy
bio-synthesis.
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Introduction

The importance of lithium in modern industry is proven by a staggering triplication
of the market for Li-based batteries, valued at $30b in 2017 and expected to reach
$100b by 2025. Lithium is used as nanoparticles, particularly for batteries and elec-
tronics applications. Presently, lithium nanoparticles are manufactured using induc-
tion thermal plasma and other energy-demanding technologies. Furthermore, lithium
is mined using significant volumes of water in areas such as South America, where
aquifers are facing an ever-growing pollution from over-mining and agriculture,
affecting the provision of clean and safe drinking water.

We propose a switch in mining and manufacturing methods through the use of
phytomining in ancient mine locations, to foster economic sustainability in areas
affected by unemployment while maintaining the historic splendour of these sites.
This paper will focus on the report of preliminary experiments using Agrostis Tenuis
as hyperaccumulator for Lithium and the characterisation of the biomass to assess
its metal collecting behaviour.

Our experiments have proven that in such areas, the amount of lithium
(~1000 ppm) present in the sludges derived from mine adits can be recovered
by autochthonous grasses (~20% per harvest) and transformed into re-usable
nanoparticles using low-energy bio-synthesis.

Hyperaccumulator plants can accumulate high concentration of contaminants
(especially metals) in their shoots without showing significant signs of toxicity [3,
10]; the term was coined by Brooks and co (1977) to indicate plants that uptake large
amounts of heavymetals from the soil, a behaviour contrary to that of excluder plants.
In quantitative terms, the level of metal concentration achievable by hyperaccumu-
lators is metal-dependent. A plant is classified as hyperaccumulator if it achieves:
10,000 mg/kg dry weight for Mn and Zn concentrations, 100 mg/kg dry weight for
Cd, and 1,000 mg/kg dry weight for As, Cu, Co and Ni [1]. Aside from the “high”
metal concentration that these plants can achieve, another intrinsic feature is the
ability to translocate the metals from their roots system to their shoots [1]. While
the hyperaccumulation of nickel, copper, and noble metals such as gold has received
strong attention in the past decades, othermetals such as lithiumhave not beenwidely
researched, and the literature available up to date is sparse. [4] indicate the ability
of Brassica juncea to uptake lithium; Kavanagh and co-authors (2017) present the
accumulation of lithium in edible plants such as cabbage and tomatoes and indicate
the capability of cress of accumulating up to 4 times the amount of lithium, and its
consequent extraction using incineration. In 2018, the same authors present a paper
showing 16 lithium-tolerant plants showing an accumulation between 1000 mg/kg
(Distichlis spicate) and 8000mg/kg (Brassica cartinata) and assessing 5more hyper-
accumulators highlighting excellent results from Cardamine hirsute, Brassica oler-
acea andHelianthus annus. Liang et al. (2018) useApocynumpictum,whileHenschel
and co-authors (2020) trialled the nickel hyperaccumulator Alyssum murale for the
accumulation of exhaust batteries elements, nickel, cobalt, and lithium and show the
ability of these plants to accumulate 1% of the Li available in the soil within one
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harvest. These results demonstrate that accumulators known for other metals such
as nickel, vanadium, or cobalt can play a fundamental role also in the extraction of
lithium from contaminated soils/industrial e-waste, potentially indicating a route for
green mining of low grade ores.

Methods and Materials

This project evaluates the potential of lithium extraction and upcycling from contam-
inated soils in the vicinity of ancient mines in Wales (UK). The process was divided
in three stages: (i) mining: the capacity of hyperaccumulator plants to accumulate
lithium and the speed of the plant growth and consequently volume of harvestable
biomass per year (biomass yield); (ii) extraction: methods to extract the metal from
the biomass; (iii) manufacturing: nanosynthesis methods using the bio-extracts.

The work focuses on the concentration of lithium (Table 1) measured in soils
samples recovered in the vicinity of an adit discharge (Pugh adit—https://cdn.cyfoet
hnaturiol.cymru/media/679801/cwmystwyth-mine-case-study_2016_06.pdf) at the
mine of Cwmystwyth, Ceredigion, Wales (Fig. 1). This adit was initially selected as
it showed the highest discharge of zinc in the water basin within this region (zinc
being very much related with the main ore worked in this mine which was galena);
however, a variety of other metal-containing minerals are present in the area; hence,
they are present within the leachate portion that percolates in the surrounding soils.
Five samples of soils surrounding the adit discharge (Fig. 1) were selected, 4 within
the discoloured area (orange mud) and one downstream (point 4). 8A and C were
selected 1 m above the river level, 1E, F, and 4 20 cm above the river level. As can
be noted in Table 1, the 2 points downstream 20 cm above the river level show a
concentration of Li > 1000 ppm.

Agrostis tenuis was selected as hyperaccumulator due to its presence in close
proximity to the adit and in other mining settings of the Welsh area. The plant is
a well-known hyperaccumulator of a variety of metals including Cd, Cu, Mn, Ni,

Fig. 1 Pugh adit at
Cwmystwyth mine and
location of the soils samples
retrieved for analyses

1E

1F

4
8A

8C

https://cdn.cyfoethnaturiol.cymru/media/679801/cwmystwyth-mine-case-study_2016_06.pdf
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Fig. 2 Lithium
accumulation (green spots)
in Agrostis leaves
(TOF–SIMS) (Color figure
online)

Pb, Zn, and Sb and as an autochthonous species will not affect the ecosystem. Two
different experimental set-ups were selected to evaluate the ability of Agrostis to
hyperaccumulate lithium: (1) high concentration method, where the same concen-
tration of lithium detected in point 1F (Table 1) was added to the soil as of lithium
nitrate diluted in water to achieve an acceptable pH for plant growth (pH 5). After
stabilisation (2 days), the seeds were sawn and the soil was watered every 2 days. (2)
Seeds were sawn in clean commercial compost and then lithium nitrate was added
in aliquots every 2 days (during watering) to achieve the concentration of point 1F
(Table 1). The plants were let to grow for generation generations to assess the level of
adaptability to high lithium concentration and the changes in accumulation rate. The
plants were harvested every 6 weeks. The biomass harvested was analysed using
ICP-OES to evaluate the concentration of lithium and by TOF-SIMS to ascertain
where the lithium was localised in the grass leaf. The analysis showed that Agrostis
is able to remove the lithium from the soil and store it in the leaves (Fig. 2).

Conclusion

The preliminary data obtained so far demonstrate the ability of Agrostis tenuis to
uptake Lithium and move it to its aerial part.

Work onmetal extraction and nanosynthesis is ongoing utilisingmild acids (acetic
and citric) to evaluate the potential to add by-products of other industrial processes
supporting the circular economy targets.
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An Innovative Separation Process
for Spent Lithium-Ion Battery Using
Three-Stage Electrodialysis
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Abstract An innovative electrochemical process to separate lithium, nickel,
manganese, and cobalt using a three-stage electrodialysis with the addition of
ethylenediaminetetraacetic acid (EDTA) is proposed. Before the electrodialysis
experiment, ultraviolet–visible spectroscopy is used to study the complexation
behavior of EDTA with four different metals. During the electrodialysis experi-
ment, a synthetic solution mixed with a stoichiometric ratio of EDTA to the target
metal is supplied to a lab-scale electrodialysis stack, in which nickel is separated in
the first stage, cobalt is separated in the second stage, and manganese is separated
from lithium in the third stage. The results reveal that the concept of separating four
different metals in a multi-metallic system using the three-stage electrodialysis is
feasible, which could be potentially implemented in other industries that involve the
waste valorization of critical metals.

Keywords Lithium-ion batteries (LIBs) · Electrodialysis · Separation ·
Ultraviolet–visible spectroscopy · Ethylenediaminetetraacetic acid (EDTA)

Introduction

In the past two decades, lithium-ion batteries (LIBs) have been considered as the
most dominant energy storage device in electric vehicles due to their high energy
and power densities compared with other commercialized batteries [1]. With the
increasing popularity of electric vehicles and significant environmental issues, a
suitable treatment for end-of-life LIBs has become important. Traditional separation
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and recovery processes in the LIB recycling industry comprise chemical precipi-
tation and solvent extraction, which are complicated processes with high chemical
consumption and high environmental pollution [2]. Accordingly, the LIB recycling
route needs to be improved to reduce the environmental impacts and enhance the
sustainable development.

Electrodialysis, as amodern progressive separation technique, has recently gained
significant interest in various industries. Comparedwith the traditional separation and
recovery processes, the advantages of electrodialysis are low energy consumption,
lesswaste generation, and longmembrane lifetime [3]. The ion-exchangemembranes
are the most important components in electrodialysis. Under the influence of an
electric potential, the ions which have a similar charge with the functional group of
the membranes are stopped by the membrane, while the ions with opposite charge
to the functional group of the membranes can pass through the membrane.

Most previous studies have focused on using electrodialysis for the separation of
twometals in a binary system, such as separation of Li andCo [4] and separation ofNi
from Co [5] with the addition of ethylenediaminetetraacetic acid (EDTA). However,
the separation of various metals in a multi-metallic system using electrodialysis
has not been reported yet. The objective of this study was to separate Li, Ni, Mn,
and Co using a three-stage electrodialysis with the addition of EDTA. Before the
electrodialysis experiment, the complexation behavior of EDTA with four different
metals was studied using ultraviolet–visible spectroscopy. During the electrodialysis
experiment, a synthetic solution mixed with a stoichiometric ratio of EDTA to the
target metal was supplied to a lab-scale electrodialysis stack and the feasibility of
separating four different metals in a multi-metallic system using the three-stage
electrodialysis was examined.

Experimental

Characterization of EDTA Complexation

Themain drawback of electrodialysis is the non-ideal selectivity of the ion-exchange
membranes. Thus, complexing agents such as EDTA have been commonly used to
increase the membrane selectivity. When EDTA completely dissociates, the species
Y4− combines with the metal ions to form metal-EDTA complexes at certain pH.
According to the formation constants of metal-EDTA complexes (Table 1), Ni2+

forms complexes with EDTA first and then Co2+, Mn2+, and Li+ [6]. To investigate
the EDTA complexation behavior with four different metals, EDTA was mixed with
metal ions in a stoichiometric ratio at different pH and the absorbance of the metal-
EDTA complexes was measured using an ultraviolet–visible spectrometer (Lambda
365).
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Table 1 Formation constants
of metal-EDTA complexes

Metal ion K f

Ni2+ 1018.4

Co2+ 1016.5

Mn2+ 1013.9

Li+ 102.95

Synthetic Solution Preparation and Electrodialysis
Experimental Procedures

Our previous study shows that ~99% of Li, Ni, Mn, and Co was extracted when
the cathode material of spent LIBs was leached in H2SO4 + H2O2 leachant under
the optimal operating conditions (temperature = 51 °C, H2SO4 concentration =
1.0 M, H2O2 concentration = 0.62 wt%, liquid-to-solid ratio = 25.8 mL g−1) [7].
To prepare the synthetic solution, four different metal sulfate salts were dissolved
in deionized water and the concentration of the synthetic solution was equivalent
to the concentration of the extracted metals in ten times dilution. Figure 1 shows
the electrodialysis experimental setup. The lab-scale electrodialysis stack consists
of five compartments separated by two anion-exchange membranes (AEMs) and
two cation-exchange membranes (CEMs). The electrodes of the electrodialysis stack
were connected to a power supply. The feed compartmentwas filledwith the synthetic
solution, whereas the other compartments were filled with dilute sulfuric acid. The
ion concentrations were determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, PerkinElmer Optima 8000) to compute the separation
efficiency using the following equation.

Fig. 1 Electrodialysis
experimental setup
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Fig. 2 Absorbance of NiY2− and CoY2− complexes as a function of pH

Si = Ci − C f

Ci
× 100% (1)

where Ci and Cf are the initial and final concentrations of the target ion i in the feed
compartment, respectively.

Results

Complexation Behavior of EDTA

It was observed that only Ni and Co had a color change for the formation of metal-
EDTA complexes among all four metals. Figure 2 shows the absorbance of NiY2−
and CoY2− complexes at the maximum wavelength as a function of pH measured by
ultraviolet–visible spectroscopy. As shown in this figure, the absorbance of NiY2−
complexes is the strongest at pH 2 and that of CoY2− complexes is the strongest at
pH 3, suggesting that a dominant amount of NiY2− and CoY2− complexes forms at
pH 2 and pH 3, respectively.

Working Principle of Three-Stage Electrodialysis

Figure 3 shows the working principle of metal separation using electrodialysis with
the addition of EDTA. The electrodialysis stack consists of five compartments sepa-
rated by two anion-exchange membranes and two cation-exchange membranes.
When the electrodes of the electrodialysis stack are connected to the power supply,
metal-EDTA complexes pass through the anion-exchange membrane to the metal-
EDTA complex recovery compartment, whereas free metal ions pass through the
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Fig. 3 Working principle of metal separation using electrodialysis with the addition of EDTA

Fig. 4 Process flow diagram of the three-stage electrodialysis

cation-exchange membrane to the metal recovery compartment. Therefore, ions with
different charges are separated during electrodialysis.

The proposed method for separating four different metals in the multi-metallic
system using electrodialysis consists of three stages as shown in Fig. 4. In the first
stage, a stoichiometric ratio of EDTA to Ni is added to the synthetic solution and
NiY2− complexes form after adjusting the pH; hence, during electrodialysis, Ni is
separated from other ions. After the first stage, the solution from the metal recovery
compartment mixed with a stoichiometric ratio of EDTA to the target metal is
supplied to the feed compartment in the next stage. Using the same strategy, Co
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Table 2 Results of the electrodialysis experiments

Stage Electric potential (V) Operating time (h) Separation efficiency (%)

First 18 3 95

Second 81

Third 25

is separated from other ions in the second stage and Mn is separated from Li in the
third stage.

Electrodialysis Results

Table 2 summarizes the results of the electrodialysis experiments. In all three stages
of electrodialysis, the electrodialysis stackwas operated at 18V and the experimental
operating time was set at 3 h. In the first stage, the synthetic solution mixed with a
stoichiometric ratio of EDTA to Ni was supplied to the feed compartment, 95% of
NiY2− complexes was separated from other ions. Similarly, in the second stage, 81%
of CoY2− complexes was separated from other ions. However, in the third stage, only
25%ofMnY2− complexeswas separated fromLi. Future study is currently underway
to further improve the separation efficiency of all four metals.

Conclusions

A three-stage electrodialysis process for separating Li, Ni,Mn, andCowas proposed.
Before the electrodialysis experiment, the complexation behavior of EDTAwith four
different metals was investigated using ultraviolet–visible spectroscopy. During the
electrodialysis experiment, the synthetic solutionmixedwith a stoichiometric ratio of
EDTA to the target metal was supplied to the lab-scale electrodialysis stack, in which
95% of Ni was separated in the first stage, 81% of Co was separated in the second
stage, and only 25% of Mn was separated from Li in the third stage. The results
show that using the three-stage electrodialysis to separate four different metals in
the multi-metallic system is feasible. It is believed that this electrodialysis process
can improve the LIB recycling route by reducing the environmental impacts and
enhancing the sustainable development.
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Extraction of Nickel from Recycled
Lithium-Ion Batteries

Meng Shi, Sabrina M. Reich, Ankit Verma, John R. Klaehn, Luis A. Diaz,
and Tedd E. Lister

Abstract A series of operations have been developed to separate and recover indi-
vidual critical metals from the end-of life lithium-ion batteries (LIB) based on their
electrochemical and chemical properties. The blackmass fromwaste LIBs contained
Ni, Co, Li, and Mn, as well as contaminates such as Al, Fe and Cu. This paper high-
lights the leaching of metals and the recovery of Ni as part of a comprehensive
recovery scheme. The electrochemical leach successfully dissolved over 97% of
these metals into leachate and deposited over 98% of Cu onto cathode. The produced
leachate was mildly acidic which could be used directly for Ni extraction through
ion-exchange. Purity of the Ni-rich product was over 99%, and the precipitated
NiSO4 powder possessed a higher Ni purity at 99.8%. Through these operations, we
have successfully developed a feasible and flexible approach in recovery of critical
materials and high purity metal salts from recycled LIBs.

Keywords Waste lithium-ion batteries · Electrochemical leaching ·
Ion-exchange · Ni extraction
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Introduction

Since 1991 when the LIBs became commercially available, the demand for LIBs has
been growing due to its wide application in areas such as power backups, portable
electronic goods, electric mobility, and energy storage systems [1]. Facing a possible
shortage of Li, Co, and Ni in the near future for manufacturing LIBs, the Depart-
ment of Energy made investments in advanced battery material supply chains and
technologies [2]. Due to the growing costs in mining and problems such as human
rights, labor, and environment abuses, producers of goods using criticalmetals started
seeking solutions to reduce reliance on the existing supply chains. For example,
Tesla announced its strategy in Co-free batteries in 2020 [3]. This announcement on
the Tesla Battery Day encouraged a stronger Ni supply chain for batteries used in
electronic vehicle.

While mining is the primary source of Ni products, recycling from used LIB
materials is becoming an important alternative source. In June 2021, the National
Blueprint for Lithium Batteries (2021–2030) states that recycling LIB materials at
a competitive price as one of the five goals to establish a secured battery materials
and technology supply chain [4]. Encouraged by economic markets, limited storage,
and national strategy, studies on battery materials recycle and reuse become more
important and attractive to research groups in academic and industrial institutes.

There are international companies and research institutes working on LIB recy-
cling, such as Retriev Technologies (USA) and Li-Cycle (Canada). Methods in recy-
cling battery materials can be classified into three types: (1) direct recycling, (2)
pyrometallurgy, and (3) hydrometallurgy [5–7]. Direct recycling recovers useful
battery components through mostly physical recycling processes with minimum
chemical treatments [6, 7]. Thismethod has a short recovery route and a high recovery
rate. However, various battery types and materials make the direct recycling a chal-
lenge due to technological change and uncertainty in long-term performance. There-
fore, direct battery recycling is not economically favorable [8]. It can also be assumed
that direct recycling is limited in cycles such that more comprehensive recovery of
a material is eventually required. Pyrometallurgy and hydrometallurgy are chem-
ical approaches to recovering individual materials from spent batteries. Pyrometal-
lurgy processes employ high-temperature smelting where graphite is consumed and
primarily Ni, Co, and Cu recovered with Li reporting to the slag [6]. To separate indi-
vidual metals and recycle Li, hydrometallurgy processes are generally required at
the back end of pyrometallurgy process. However, owing to the energy consumption
and carbon footprint, safety concerns at high temperatures, and growing interests in
Co-free LIBs, pyrometallurgy processes have less development prospects. Compared
with the traditional pyrometallurgy method, hydrometallurgy process offers several
advantages in terms of lower energy consumption and capital cost, along with higher
recovery rate, product purity, and selectivity [9]. Leaching, separation, and extraction
are involved in the process under mild working conditions. Nevertheless, improve-
ments can be made to reduce chemical usage, reduce process steps, and minimize
wastewater generation [10].
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This paper focuses on the recovery of high-purity Ni as part of a project to
recover metals from waste LIBs. Our research group is attempting to develop scal-
able processes with minimum chemical consumption. The scheme starts with black
mass (BM), an intermediate product obtained from the physical beneficiation of
LIBs. BM is a mixture of both anode and cathode chemistry containing graphite,
metal oxides (Li, Mn, Co, Ni, Al) and impurities such as Fe and Cu [5]. An elec-
trochemical leaching (EC-Leach) process effectively extracts cathode metal oxides
into the liquid phase while recovering graphite and Cu metal [5]. Compared with
our previous work, the leaching process has been scaled to process 500 g black
mass and generates 2 L leachate per day. The mild acid leachate (pH > 1) is rich in
Ni, Co, Li, and Mn. Ni was separated from the leachate in the form of sulfate salts
through ion-exchange (IX) steps [11, 12]. The current IX system can process 300mL
leachate and recovery around 4 g Ni per day. Advantages of employing IX method
included simple operation, lack of volatile organic chemicals, good selectivity, wide
operational pH range, and simple contaminant removal steps. After producing rich
eluates, high purity NiSO4 powder was produced by evaporation and crystallization.

Experimental

Materials

Potassium hydroxide (KOH, Fisher Scientific, > 85%), iron (II) sulfate (FeSO4,
Sigma-Aldrich, ≥ 99.0%), hydrochloric acid (HCl, Fisher Scientific, 36.5% ~ 38%)
and sulfuric acid (H2SO4, Fisher Scientific, 95–98 wt.%) were used as received.
Nano-pure water used in this study was obtained from theMilli-Q system (Millipore,
18.2 M�). LIB black mass, a mixture of shredded anode and cathode materials, was
provided by Retriev Technologies. The metal composition of BM was determined
by analyzing liquid phase of an aqua regia digestion (Table 1).

Table 1 Weight ofmetals inBM(inwt.%),metal compositions in leachate (1110mL), and recovery
efficiency of leaching process

Li Cu Al Mn Fe Co Ni Zn

Metals in BM
/wt.%

2.8 0.4 0.6 2.4 0.4 9.4 12.0 0.0

Leachate
composition /mg/L

6124.1 9.8 1252.6 5690.4 1107.9 24573.8 27573.9 15.5

Metals in leachate
/g

6.80 0.01 1.4 6.3 1.2 27.3 30.6 0.02

Leaching recovery
efficiency (%)

97.4 1.2 98.8 105.5 88.3 115.5 102.1 74.9



166 Shi et al.

EC-Leach

The electrochemical leaching system was designed and build in house [5]. The
leaching setup consists of two identical electrochemical cells connected in series.
A typical EC-Leach reactor was a 1500 mL cell divided into two compartments
(anode and cathode) by a bipolar membrane Fumasep FBM-PK. The anolyte and
catholyte compartments had a capacity of 400 mL and 1000 mL, respectively. The
anode was a double-layered Ni mesh with a total immersed surface area of 450 cm2,
and the cathodewas a stainless-steel meshwith an immersed surface area of 270 cm2.
The anolyte was 350 mL of 1 M KOH, and loaded catholyte was 800 mL mixture of
2 M H2SO4 and 10 mM FeSO4. Agitation was applied in the cathodic bath with an
overhead mixer (XZB ELEC, DX-120D) at a rotating speed of 450 rpm. Potential
was provided by a DC power supply (BK Precision, 1735A) after the first 50 g BM
was mixed with the catholyte. Then, another 50 g of BM was added every other
10 min until a total of 250 g BMwas reached. The pH of catholyte was monitored by
a Black Stone BL 931700 pH controller. The controller operated a microtube peri-
staltic pump (Masterflex® C/L EW-77120) which delivered 4 M H2SO4 to maintain
the pH of catholyte at 1.00. A constant potential of 4.2 V was applied to a series
of two identical cells (2.1 V per cell) for 24 h. Catholyte mixture was filtered to
remove undissolved materials (primarily graphite) from leachate. All experimental
operations were performed at room temperature on a bench top. Table 1 shows the
composition of the obtained leachate and the efficiencies of the EC-Leach process.

Ion-Exchange

Ni was absorbed from the leachate using AmberSep™ M4195 chelating anion
exchange resin (previously known as DOWEX® M4195) loaded into PVC pipes
(inner diameter: 0.75 in, length: 3 in). The bed volume was 20 mL. Newly packed
columns were washed with nano-pure water before use. Leachate and IX eluent were
injected in the system with a microtube peristaltic pump at a flow rate 0.5 mL/min.

Previous work developed the recovery of Ni and Co from LIB leachate using IX
[12]. A series of three packed columns were used for each loading and elution cycle
(Fig. 1). A 20 mL volume of leachate was loaded through the bottom of the first
column in series (Fig. 1a). After the leachate was fed, the first column was washed
with 30 mL 5 g/L H2SO4 from the top followed by 5 mL 2 M H2SO4 (Fig. 1b). The
leachate coming from the bottom of column #1 passed through columns #2 and #3
until 20 mL of effluent were collected (same as loaded). Then, the first column was
eluted with 15 mL 2 M H2SO4 followed by 20 mL nano-pure water (Fig. 1c). The
loading column was alternated among three columns. Cycles of loading and elution
were continued until 500 mL of leachate was processed.

Around 875 mL of Ni-rich eluate were obtained on each 500 mL cycle. Then,
the eluate was evaporated on a hot plate until around 1/10 of the initial volume. The
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                                   (a)                                                                      (b)                                               (c) 

Fig. 1 IX setup for Ni extraction. a Leachate loading, b column washing, and c Ni elution

concentrated NiSO4 solution was allowed to cool overnight in a covered container. A
layer of light green solids grew at the bottom of the container. The generated solids
were separated through vacuum filtration and dried in an oven at 75 °C.

Analysis

Analysis ofmetal concentration in the different streams and feedstockwas performed
with the atomic absorption spectroscopy (AAS, Agilent, 240FS AA). Calibration
standards were prepared for each metal from commercially available standard solu-
tions. Prepared standard solution was 1 mg/L for Zn, 40 mg/L for Al, and 5 mg/L
for all other metals. Liquid samples were diluted with 3% HCl. Solid samples were
firstly dissolved in either aqua regia or concentrated HCl, and then diluted with 3%
HCl. A previous study on the AAS analysis proved that there was error in the AAS
measurements [13]. This study determined the maximum errors in metal concentra-
tion measurements. For example, the maximum measurement errors for Ni and Co
were both at 10%.

Results and Discussion

EC-Leach of Waste LIB Materials

In the EC-Leach process, the bipolar membrane splits water, allowing H+ to transfer
to the cathode and OH− to the anode (Eq. 1). Therefore, the anolyte and catholyte
maintain different pH environments while avoiding electrolyte crossover. At the
anode, O2 is evolved from the transferred OH− (Eq. 2).

H2O → H+ + OH− (1)
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4OH−(aq) → O2(g) + 2H2O + 4e− (2)

Fe2+ was employed as a reducing agent to convert metals in spent LIB oxide
cathode material to their soluble form (Eq. 3) [5]. As Fe3+ was generated via Eq. 3,
it then acted as an oxidation agent to dissolve small amounts of Cu foil in the waste
battery materials (Eq. 4). Unreacted Fe3+ is then reduced to Fe2+ at the cathode
(Eq. 5) and the cycle continues until all the metals have been leached. The cathode
also reduced dissolved Cu2+ forming a deposit on the cathode mesh (Eq. 6).

Li NixMnyCozO2(s) + Fe2+(aq) + 4H+(aq) →
Li+(aq) + xNi2+(aq) + yMn2+(aq) + zCo2+(aq) + Fe3+(aq) + 2H2O

(3)

2Fe3+(aq) + Cu(s) → Cu2+ + 2Fe2+(aq) (4)

Fe3+(aq) + e− → Fe2+(aq) (5)

Cu2+(aq) + 2e− → Cu(s) (6)

During the leaching process, the overall reaction (Eqs. 1–6) can be condensed
as shown in (Eq. 7) where the EC-Leach allows a decrease in acid consumption.
However, as protons were consumed, 4 mL 4 M H2SO4 was pumped to catholyte to
maintain the pH value < 2 and avoid Fe precipitation.

Li NixMnyCozO2(s) + 3H+(aq) →
Li+(aq) + xNi (2+)(aq) + yMn(2+)(aq) + zCo(2+)(aq) + 3/2H2O + 1/4O2(g)

(7)

After filtration and washing of the remaining solids, 1110 mL and 1000 mL of
leachates were collected from each cell. The obtained leachate was a dark burgundy
solution at pH 1.45. In thismanuscript, discussions and product processes were based
on the 1110 mL leachate product. Efficiency of the leaching process is provided in
Table 1. Leaching efficiencies of metals of interests such as Li, Mn, Co and Ni were
high. Efficiency results higher than 100% are due to the errors in instrument and
operations. Over 97 wt.% Li, Mn, Co, and Ni were recovered in the leachate. Ni and
Co concentrations were 24.6 g/L and 27.6 g/L, respectively. Li andMn compositions
were 6.1 g/L and 5.7 g/L, respectively. Impurity metals Al and Fe were greater than
1100 mg/L. 88.3 wt.% of Fe was extracted in leachate, taking account of the amount
of Fe initially added to the catholyte. During EC-leach, the cathode was plated with a
Cu layer, leaving only 1.2% of original Cu in leachate, removing 98% of the leached
Cu. This effectively eliminates a process step to remove Cu. In conclusion, it proved
that the EC-leach process could effectively extract Li, Mn, Co, and Ni to leachate,
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recover Cu on the cathode, and leave graphite as a solid which could be recycled
after leaching.

Ni Extraction Through Ion-Exchange

500 mL from the leachate solution generated in Sect. 3.1 was tested for Ni separation
through IX without adjusting pH. The flowrate was controlled at 0.5 mL/min which
was the optimized flow rate based on the column bed volume [14]. After Cu, which
was removed during the leaching process, Ni possesses the strongest affinity to the
resins, comparedwith othermetals in leachate. AmberSep™M4195 resins have been
widely employed to process leachates different that LIB leachates for the separation
of individual metals Ni, Co, Li, Pb, Fe, and Mn using various processing mediates
[14–16].

Following the operations described in Sect. 2.3, three liquid products were
obtained: effluent, wash, and eluate (Fig. 2). Under mild acid conditions, Ni favor-
ably bonded to the resins while other metals passed through the columns allowing
the selective loading of the resin. The effluent contains the remainder of metals with
76% of Ni removed. Then, the binding of Ni to the resins was relieved by elution with
2 M H2SO4. Between loading and elution, the loaded column needs to be washed to
remove retained leachate and avoid contamination of the eluate. Table 2 summarized
the metal compositions in products after loading 500 mL leachate. Metals were not
perfectly balanced due to errors in analysis and metal retentions in columns. The
effluent was a Co-rich solution containing 66.5% of Co and 23.8% of Ni of the

Fig. 2 Pictures of leachate IX products, including eluate, effluent, and wash (from left to right)
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Table 2 Metal compositions in leachate IX separation products (unit: mg)

Product Li Cu Al Mn Fe Co Ni Zn

Effluent 2048.4 0.0 377.3 1596.4 403.8 8171.1 3282.5 3.9

Wash 320.5 0.0 56.4 317.9 60.6 1127.2 2782.3 0.3

Eluate 3.2 3.0 0.0 3.8 0.7 40.9 6553.7 0.0

loaded leachate, which could be processed in Co extraction in future experiments.
Eluate was the Ni extraction product containing 47.5% of Ni in leachate. This Ni-rich
solution had a Ni purity of 99.2% (metal basis). The wash solution had a pH of 0.93
and thus could be reused as part of catholyte in future EC-leach operation.

Eluate products from similarly processed leachate solutions were mixed with this
batch and processed for NiSO4 crystal generation (Table 3). After solid NiSO4 was
separated, it left a saturated NiSO4 solution. Green NiSO4 powders (Fig. 3) were
formed after dried in oven at 75 °C overnight. The NiSO4 powder had a Ni purity

Table 3 Compositions of Ni-rich solution mixture and saturated Ni solution and NiSO4 powder
after evaporation

Product Li Cu Al Mn Fe Co Ni Zn

Ni-rich solution/mg 6.7 9.7 1.3 6.3 6.4 89.1 16459.8 0.1

Saturated solution/mg 0.1 0.0 0.0 0.3 0.0 0.0 1273.2 0.0

NiSO4 powder/mg 3.1 0.0 0.00 9. 6 0.00 16.1 13625.1 0.0

NiSO4 powder (Metal basis) (%) 0.02 0.00 0.00 0.07 0.00 0.12 99.79 0.00

Fig. 3 NiSO4 produced
from Ni-rich solutions after
evaporation
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of 99.8% (metal basis). Ni in the powders was 31.93 wt.% of the total NiSO4 solids
generated, which was higher than the battery-grade Ni purity requirement (22.3
wt.%, CoreMax Nickel Sulfate-Battery Grade). The weight percentage of Ni in the
NiSO4 products was highly dependent on the amount of residual water retaining in
the powder.

Conclusions

A multi-step process including electrochemical leaching and IX separation with
low chemical consumption was demonstrated in this work. Starting from BM, the
electrochemical leaching could effectively dissolve Li, Mn, Co, and Ni into leachate
and deposit Cu on electrode. The leaching method works well with BM from a
wide variety of battery types (Ni or Co rich). The acidic leachate could be utilized
directly in the IX columns to separate Ni component. IX products included a Ni-rich
solution with Ni purity > 99%, a Co-rich phase for future Co extraction, and a wash
solution which could be recycled in future leaching operations. After evaporation,
high-quality NiSO4 powder could be produced. Ni component in the received NiSO4

powder had a higher concentration than that in battery-grade NiSO4.
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Development of Technology for Recycling
Large-Capacity Lithium-Ion Batteries
for EV, ESS
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and Suk-hyun Byun

Abstract The use of lithium secondary batteries for electric vehicles is increasing
rapidly. In order to recycle batteries for electric vehicles, the discharge process is
essential. The lithium-ion battery pack that is 227 kg and is series with 12 modules
is composed of 20% cover materials, 14.4% plastics, and 59% battery cells. Each
module which is series with 11 unit cells is composed of 18% frame body, 12%
heat-reduce plate, and 70% battery cells. The waste LIBs pack was prepared by
physical treatment, including hand disassembly, electric discharging, drying, and
crushing. In the leaching process, 1mol/L H2SO4 and 10vol% H2O2 are added to
the sulfuric acid reduction leaching and waste water reduction leaching process,
and Al, Cu, Fe, etc. contained as impurities are controlled to be less than 10mg/L by
precipitation as a pH adjustment. The solutionwith controlled impurities is applied to
the solvent extraction system process with PC88A to selectively separate and extract
manganeses, cobalt, and nickel. Finally, lithium left in the solution was concentrated
to 18g/L and then, was precipitated as Li2CO3 with efficiency over 88%.

Keywords Lithium-ion battery · Electric vehicle · Recycling · Discharge ·
Dismantling

Introduction

The lithium-ion batteries used in electric vehicle are composed of one pack. This
pack is composed of several modules, and each module is composed of several
cells. The weight of battery pack is above 400 kg, but the weight percent of cell
is only 60%. The other 40% is not lithium-ion cells but another components such
as battery management system (BMS), power relay assembly (PRA), safety plug,
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cable, cooling system and pack case. Recycling technologies for valuable metals
such as cobalt, nickel, manganese and lithium are now commercialized, but non-
battery components in battery pack of electric vehicles are not fully recycled [1]. In
order to complete the recycling of spent battery pack in electric vehicles, recycling
of non-battery components is necessary in addition to lithium-ion cell recycling.
So in this study, we introduced the physical treatment processes such as dismantle-
ment, crushing, grinding, magnetic separation, and size separation for non-battery
components recycling.

Unlike the currently commercialized small lithium-ion battery recycling process,
large-capacity lithium-ion battery pack dismantling and sorting process takes a lot
of time and high process cost, so the interest of domestic recycling companies is
low. Due to the composition change to secure stability due to the enlargement
of lithium-ion batteries, Mn and Ni components are predominant rather than Co
components, so the economic feasibility of recycling is low. There is room to gain
an edge in the competition. Belgium, China, and Korea are currently competing
for recycling of small waste lithium-ion batteries, and in the case of large-capacity
lithium-ion batteries, the amount of rare metals used will increase. It will be possible
to increase the competitiveness of the related industry by contributing to securing
it. As the amount of waste lithium-ion batteries generated by electric vehicles is
expected to gradually increase in the future, there is a limit to the existing small-
sized lithium-ion battery treatment methods. It is necessary to establish recycling
system through classification by composition and characteristics of waste lithium-
ion batteries. Currently, the composition of waste lithium-ion batteries is diversely
distributed into LCO-based, LMO-based, NCM-based, etc., but a recycling system
for each composition has not been established [2]. Therefore, it is difficult to develop
a recycling process. In order to solve the problem of reliance on imports of cathode
active material while the secondary battery industry is developed like Korea, an effi-
cient large-sized lithium secondary battery recycling technologymust be established.
Active exchanges between companies that produce batteries and research institutes
participating in process development are required. The cathode material used in
secondary batteries for automobiles has to be used with materials that can secure the
long-term reliability and safety of the battery among various characteristics [3].

However, in the long term, in order for electric vehicles to realize the performance
of an internal combustion engine vehicle with a driving distance of 500 km or more
per charge, it is necessary to develop a new concept battery that is higher than the
current lithium secondary battery. Further development of core component materials
such as cathode materials is required.
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Discharge system and storage rack 10set Discharger System(163V, 10A)

Fig. 1 Lithium-ion battery storage and discharge system for electric vehicle

Discharge System

In order to recycle batteries for electric vehicles, the discharge process is essential.
This is because batteries for electric vehicles require high-output power, so high-
voltage, high-capacity batteries are used. In order to dismantle or crush it, a discharge
process is required.

The initial voltage before discharging of the electric vehicle module was 35.45 V,
and the voltage was lowered to 5.77 V after 6 h of starting discharging by connecting
this pack to the discharger. After that, the discharger was removed and the voltage
measured again the next daywas 6.55V, and the discharger was connected to perform
discharging again. After 30 min of discharging, the voltage measured was 1.078 V,
and it was continuously discharged, but it was confirmed that it did not drop signifi-
cantly to 0.941 V even after 1 h. As a result, it was found that an additional discharge
is required for a complete discharge.

The installed EV discharge system can discharge 10 units at the same time. The
display and buzzer can be used during discharging when discharging is complete.
By applying 10 dischargers, the EV pack can be discharged at the same time, so that
50 units/day discharge system is possible (Fig. 1).

Dismantling Process

The spent lithium-ion battery packs were obtained from the domestic car manu-
facturer as a prototype that will be sold to the automobile market. The lithium-ion
battery pack that is 227 kg and is series with 12 modules is composed of 20% cover
materials, 14.4% plastics, 59% battery cells. The dismantling of lithium-ion batteries
for electric vehicles takes the most time in the process of separating them into cells.

Each module which is series with 11 unit cells is composed of 18% frame body,
12% heat-reduce plate, 70% battery cells. The waste LIBs pack was prepared by
physical treatment, including hand disassembly, electric discharging, drying, and
crushing. Spent LIBs module was first treated manually disassembly to frame, each
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Table 1 Dismantling time and parts for battery packs for electric vehicles

No Before dismantling Tool Tmie (sec) After dismantling

1 10 mm bolt 8ea 60

2 10 mm bolt 12ea
cross-bolt 5ea

30

3 10 mm bolt 14ea
13 mm bolt 2ea
cross-bolt18ea

660

4 10 mm bolt 34ea 480

5 10 mm bolt 54ea
cross-bolt 32ea
insulated scissors

3,080

battery cell, and Al cooling plate. The frame and Al cooling plate can be reused
at manufacturing step. Battery cell was treated manually disassembly with press
machine, of which it was separated with Al laminate casing, cathode and anode
materials, and separator. The cathode and anode materials were soaked in distilled
water for electric discharging for 1 h at 25 °C. After dehydration and drying, electric
discharged cathode and anode materials were subjected to crushing and screening.

After separating the waste lithium-ion battery for ESS, the final product, the cell,
was dismantled. As for the main material constituting the waste lithium-ion battery
for ESS, the cell accounted for 59.0%, similar to the car pack, followed by the case
with iron, accounting for 21.3%. The weight and composition ratio of the anode
electrode, cathode electrode, and separator contained in the cell, which occupies
59.0%, are shown in Table 2. This is similar to the previously analyzed electric
vehicle battery, and it can be seen from the analysis result of the cathode active
material that an NCM ternary cathode electrode material having a composition of
1:1:1 was used.

For the effective recycling of waste lithium-ion batteries for ESS, it is necessary
to develop pretreatment technology that considers risk factors such as explosion and
fire that may occur when separating/disassembling unit cell into components such
as can, electrodes, electrolytes, and separators.

The following results were obtained by disassembling the lithium-ion battery cell
for electric vehicle (Table 2).
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Table 2 Dismantling rate of
battery packs for electric
vehicles

Classification Weight (kg) Ratio (%)

Cell 160.99 59.0

Al 7.04 2.6

Cu 7.15 2.6

Fe 58.06 21.3

PCB 0.35 0.1

Valuable resources (%) 233.59 85.6

Plastic 39.25 14.4

Etc 0.08 0.0

Total waste (%) 39.33 14.4

Total 272.92 100.0

Table 3 Cell decomposition results for electric vehicles

Classification Cathode Cathode active material Al foil

Cell (639.6 g)

358 g 286.4 g 71.6 g

Anode Graphite Cu foil

218 g 174.4 g 43.6 g

Case separator Terminals

63.5 g 56.8 g 48.5 g
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Spent EV/ESS-Batteries Recycling

Lithium-ion batteries for electric vehicles and lithium-ion batteries for ESS can be
implemented by designing the recycling process in the same way as in Fig. 2.

This research aims to introduce the results of a commercialization process study
on the stable dismantling and heat treatment of waste mixed batteries by mixing
lithium-ion batteries, lithium primary batteries, manganese alkaline batteries, nickel
hydride batteries, etc. First, in the case of lithium-based mixed batteries, the ratio
of lithium-ion batteries and lithium primary batteries is mixed at 4:1, a stable heat
treatment furnace is used to explode at a temperature higher than 400°C, and then
the crushing and grinding process is conducted. This heat treatment furnace allows
disposal of 200 kg/batch waste cells. Also, through a stable heat treatment process,
electrolytes in the battery that are harmful to the human body can be evaporated and
removed, while separating separators and plastics that adversely affect crushing and
grinding can be removed.

The obtained powder is injected into the leaching equipment system. In the
leaching process, 1 mol/L H2SO4 and 10 vol% H2O2 are added to the sulfuric acid
reduction leaching and wastewater reduction leaching process, and Al, Cu, Fe, etc.,
contained as impurities are controlled to be less than 10mg/L by precipitation as a pH
adjustment. The solution with controlled impurities is applied to the solvent extrac-
tion system process with PC88A to selectively separate and extract manganeses,
cobalt, and nickel. After recovering cobalt and manganese, the nickel was recovered
as Ni(OH)2 by precipitation process or nickel was extracted by solvent extraction
process at pH higher than 6.4. Finally, lithium left in the solution was concentrated to

Fig. 2 Process diagram of lithium-ion battery pack for electric vehicles
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18 g/L and then was precipitated as Li2CO3 with efficiency over 88%. The remaining
12% of lithium was precipitated as Li3PO4 at room temperature with efficiency over
90%. Therefore, the recovery efficiency of lithium was more than 96%. For non-
lithium-based batteries, a solution with controlled impurities is obtained through
the wastewater reduction process and then subjected to a solvent extraction process.
Zinc metal and manganese zinc sulfate can be obtained by solvent extraction using
D2EHPA as the extractant. In this new development process approximately 90%
of the valuable metals such as cobalt, manganese, nickel, lithium, and zinc was
recovered.

Copper, aluminum, and plastic separated during crushing become reusable
through a physical sorting process, and a mechanical sorting system is established
to ensure the complete separation by material.

To separate the active material from the lithium-ion battery used in electric vehi-
cles, crushing, pulverization, and sorting are employed. Then, a high-purity nickel
and cobalt solution is produced through leaching, impurity removal and electrolytic
extraction. The recycled nickel and cobalt sulfate are used as raw materials to manu-
facture new lithium secondary batteries. Based on the hydrometallurgical process,
we have obtained a complete recycling and commercialization technology for waste
lithium secondary batteries from electric vehicles (Fig. 2).

By applying the discharging, dismantling, crushing, and separation processes of
lithium-ion battery packs for electric vehicles, we built an industrial facility with a
capacity of 50 units/day yielding a process that can dismantle 15,000 units/year. The
technology can be applied for large-capacity industries treating waste lithium-ion
battery packs from electric vehicle.

Conclusions

The use of lithium secondary batteries for electric vehicle is increasing rapidly.
Discharge process is essential for recycling large-capacity, high-capacity lithium
secondary batteries for automobiles. Recycling of lithium-ion batteries for elec-
tric vehicles requires pretreatment processes such as dismantling. After dismantling
and crushing the lithium-ion battery, it can be treated in a process similar to the
small battery treatment process. In general, a leaching process using sulfuric acid
and hydrogen peroxide is used for the leaching process of the lithium-ion battery
active material. In the separation process of the leaching solution, a solvent extrac-
tion process is used to recover manganese, cobalt, nickel and lithium. After the
solvent extraction process, it is made of cobalt, nickel sulfate and metals through a
crystallization process and an electrowinning process to recover cobalt and nickel
metals.
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Setting New Standards for Circular
Economy in the Cement Industry

Michael Klitzsch and Martin Geith

Abstract In the past, recycling of refractory linings from the cement industry has
not been possible due to contamination impregnating the linings during the cement
production process. These contaminations lead to production issues and negative
effects on the refractoriness when spent material is reused as raw material. RHIM
has developed and patented a treatment method to reduce the contamination of spent
refractories which technically enables their reuse. Linings based on this technology
have a reduced CO2 footprint of up to 20%. However, a business model based on a
circular economy requires additional developments to be implemented in the organi-
zation. As spent refractory linings are classified as waste, the legal framework of the
supply chain must be adapted. A changed supply chain setup enables the sourcing
and cross-border shipment of spent refractories. With the introduction of products
containing recycled material to the market, the perception of these “waste” products
must be positively changed.

Keywords Recycling · Cement industry · Refractory industry · Sustainability ·
Circular economy ·Washing treatment · Recycling · Cement industry · Refractory
industry · Sustainability · Circular economy ·Washing treatment

Introduction

Cement, the most important inorganic binder for the construction industry, is
produced in large cement plants with a capacity of up to 10,000 tons/day. During
operation of cement plants, volatile compounds evaporate in the hottest area of the
kiln and are transported into cooler areas. This effect leads to a formation of so-called
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alkali-/sulfate-circles in the cement kiln atmosphere. This results in a strong penetra-
tion of the volatile compounds into the open pores of the brick structure, followed by
condensation and in the worst case corrosion of the refractory material. Additionally,
in the last decades, the common fuels as coal-dust or gas were replaced more and
more often by secondary fuels such as crushed plastics, used car-tires or even animal
meal, resulting in a further increase of volatile compounds and the thermochemical
load on refractory linings.

Recently, the idea to reuse the broken-out spent linings of cement rotary kilns was
developed. Through this measure, the replacement of virgin magnesia with spent
cement rotary kiln material a positive environmental effect would result. To ensure
a stable refractory recycling business in the cement industry, both the production
method and the final properties of the bricks containing recycled material must be
carefully evaluated.

Recycling of Material from Cement Rotary Kilns

To evaluate the chemical load, a full chemical analysis was carried out byXRF acc. to
ISO12677 of a basicmagnesia–spinel refractorymaterial, retrieved froma rotary kiln
from a European cement plant. The alkalis Na and K, the main elements penetrating
the pores of the refractory lining during cement plant operation, were measured
quantitatively by ICP-OES acc. to ISO 26845, SO3 was measured quantitatively by
elementary analysis acc. to DIN 51,085, and Cl was measured quantitatively by titra-
tion. To obtain amore detailed analysis, the used refractorymaterial was crushed into
different grain sizes and each grain size fraction was analyzed in detail individually.
Through these procedures, the accumulation effects can be easily identified. Table 1
shows the result of the analysis for the volatile components. The overall amount of
alkali salts of 3.79% was quite high, and the highest contamination was measured in
the coarsest and finest fractions. As main elements K, Cl, and SO3 could be found,
while the Na content was quite low.

Table 1 Analysis of a spent material from cement rotary kilns with different grain fractions

Grain size (mm) m (%) m salts (%) g Na (%) g K (%) g Cl (%) g SO4 (%)

3.15–5.00 27.20 4.48 0.06 0.88 0.70 2.85

1.00–3.15 36.90 2.72 0.03 0.49 0.61 1.59

0.50–1.00 10.35 2.79 0.03 0.42 0.70 1.65

0.315–0.50 5.20 3.30 0.06 0.76 0.77 1.71

0.10–0.315 10.30 4.31 0.08 1.00 1.16 2.07

<0.10 10.05 6.63 0.13 1.68 2.22 2.61

sum 100.0 3.79 0.05 0.77 0.87 2.10

m…weight amount of specific grain size,m salts…cumulatedweight content of volatile compounds
(Na + K + SO3 + Cl), g Na, K, Cl, SO4… weight content of volatile substances
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Fig. 1 TG/DTA analysis of a cement rotary kiln material

To obtain a more detailed understanding of the contained mineralogical
compounds, a DTA/TG analysis of the spent material was carried out and is shown
in Fig. 1. The weight loss indicates that the penetrating volatiles form mainly
CaSO4. CaCO3. Na2SO4. K2SO4 and KCl. In an X-ray diffraction analysis, this
result was verified, showing also CaSO4. KCL, and additionally K-Langbeinite
(K2Mg(SO4)2.6H2O as the main phases.

To evaluate the usability of such highly contaminated spent material in recy-
cled brick production, refractory bricks for the lining of cement rotary kilns were
produced. The produced bricks were comprised of between 10 and 50% of recycled
material and were produced and burned in a tunnel kiln at 1600 °C. At this temper-
ature, it was expected that the volatiles, contained in the recycled material, would
react with the brick components or evaporate into the kiln atmosphere during heat
up.

In this trial series, it was observed that the volatile substances were melting prior
to evaporation. This resulted in a high tendency for the individual bricks to stick
together, which disabled the automatic unloading procedure, which is required in
state-of-the-art refractory production plants.Due to this effect, the amount of recycled
material was limited to a maximum content of 20%, thereby reducing the occurrence
of stuck bricks and ensuring the essential automatic operation in production.

Bricks containing 20% recycled material were pressed on a hydraulic press and
fired at 1600 °C in a tunnel kiln and then investigated in detail. To evaluate the brick,
the following properties were measured, bulk density and open porosity acc. to ISO
5017, cold crushing strength acc. to ISO 10059–1 and refractoriness under load acc.
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Table 2 Physical properties of bricks using recycled material versus bricks containing virgin
magnesia

Recycled material content BD (g/cm3) Por (%) CCS (MPa) RUL T0.5(°C)

0% 2.95 15.3 68 1520

20% 2.90 17.6 65 1396

BD, por…bulk density, porosity acc. to ISO 5017, CCS…cold crushing strength acc. to ISO10059-
1, RUL /0,5… refractoriness under load T0.5 acc. To ISO 1893

to ISO 1893. Test results are shown in Table 2. It was shown that the bricks containing
recycledmaterial had a decrease in the bulk density and cold crushing strength, while
the open porosity increased. Furthermore, the refractoriness under load T0.5 value
decreased significantly.

Due to the evaporation of volatile substances, during production of bricks
containing recycled material an impact on the environment was expected. Especially
during burning, the formation of a typical odor in the exhaust gas was observed,
volatile components could be proven analytically. The observations during brick
production caused by evaporation of the volatile substance require further measures
to enable a safe use of basic magnesia–spinel recycled material from cement rotary
kilns. To enable this from H&S, environmental, and quality perspective, a method to
“clean” the used cement rotary kiln lining needed to be developed.

Development of a Treatment Method for Recycling Material

To “clean” the material, various treatment methods were tested. While most of the
contaminations show a good solubility inwater, awashing treatmentwas identified as
most efficient. To develop thewashing treatment, five used linings fromcement rotary
kilns across Europe were chosen. The contamination (overall salt content) of these
five materials varied between 2.4% and 7.1%. Initially, it was investigated with one
used lining, which grain size of the bricks should be treated. Therefore, the received
used linings were crushed into 2 grain sizes and washed 5 times with fresh water
for 10 min in a concrete mixing machine. Table 3 shows that the cleaning efficiency
increases with a reduction of the grain size. The content of volatile substances of the
washed grain size 0–5 mm was significantly lower compared to 0–40 mm. Thus, the
following investigations took place with 0–5 mm grain size.

For industrial purposes, washing the material 5 times with fresh water is not very
efficient, a parameter study considered washing time, water to recycling material
ratio, and the number of washing steps was carried out. It was determined that
a washing process which was comprised of two steps with a water to recycling
material ratio of 1 and a washing time of 20 min was identified as best compromise
between washing effort and washing yield. These parameters were used to treat the
five European used linings. Figure 2 shows the achieved reduction of contaminations.
One box represents the variation of the reduction within the five different materials
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Table 3 XRF analysis of untreated and washed recycling material, (1) after determination of LOI,
(2) tested on the unannealed sample

Untreated material Washed material 0–40 mm Washed material 0–5 mm

LOI (%) 2.48 2.44 0.71

MgO (%)(1) 83.65 83.47 87.36

Al2O3 (%)(1) 11.73 12.44 10.22

CaO (%)(1) 1.41 1.15 0.99

SiO2 (%)(1) 0.99 1.15 0.36

K2O (%)(2) 1.40 0.80 0.11

Na2O (%)(2) 0.19 0.02 0.00

SO3 (%)(2) 1.82 1.39 0.69

Cl (%)(2) 1.05 0.52 0.04

Fig. 2 Reduction of salt contents received by washing treatment of five different cement rotary
kiln recycling materials

whichwere investigated. The average reduction of contained salts was approximately
70%, and specific contaminations were reduced by between 55 to 85%. It could also
be shown that the washing process was most efficient for Cl- (90% reduction). The
lowest washing efficiency was observed for sulfate.
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Table 4 Physical properties of bricks using washed material versus bricks containing virgin
magnesia

Recycled content BD (g/cm3) Por (%) CCS (MPa) RUL T0.5(°C)

0% 2.95 15.3 68 1520

20% 2.93 16.2 77 1502

BD, Por…bulk density, Porosity acc. to ISO5017,CCS…Cold crushing strength acc. to ISO10059-
1, RUL /0.5… Refractoriness under load T0.5 acc. To ISO 1893

Properties of Bricks Containing Recycled Material
for the Lining of Cement Rotary Kilns

The washed spent material, containing reduced amounts of volatiles, was used to
produce refractory bricks. To enable a direct comparison, the same recipes and
process parameters that were used with untreated spent material were processed.
Table 4 provides an overview of the properties obtained. By reducing the contained
volatile substances through washing the spent material, an improvement of the brick
properties was obtained. Both, bulk density, and open porosity were significantly
improved. A significant improvement was observed in the refractoriness under load,
and with a T0.5 value of 1502 °C, the property values of a virgin refractory magnesia–
spinel brick were achieved. In the trial’s series, it was proven that a pretreatment of
spent refractory material leads to a significant improvement in the properties of
the newly produced refractory bricks. Furthermore, the production of the bricks
was improved as the tendency of the bricks to stick together during firing was
reduced and a positive environmental effect was observed, with a reduction in pollu-
tion from volatile substances. Nevertheless, to ensure a “green” brick production,
manufacturing plants were equipped with desulfurization units to clean the exhaust
gas.

As the washed material substitutes traditional raw materials (magnesia), the
product carbon footprint (PCF) of bricks containing recycled material decreases
significantly. Table 5 shows the PCF according to ISO 14044 of a “traditional” and
a brick containing 20% recycled material. It shows that the burning and dissociation
of magnesite (MgCO3) to magnesia and CO2 has the highest impact on PCF. The use
of washed material avoids the CO2 emissions related to the burning and dissociation
of magnesite. The reduction rate depends on the substitution rate. A substitution rate
of 20% reduced PCF of the final product (brick) by 12%. The calculations on PCF
are assured by Denkstatt, a consulting company for sustainability and environment.

Development of a New Business Model

Previously, bricks containing recycled material were considered as cheap and low-
quality products in the cement industry. Tomarket this product, a new businessmodel
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Table 5 PCF (in tons of CO2 per ton of finished product) of traditional refractory brick for the
cement industry and bricks containing recycled material

Sources of product carbon
footprint

PCF of traditional
product

PCF of recycling
containing product

CO2 reduction (%)

Burning and dissociation
of MgCO3 -> MgO +
CO2

1.2 1.0 −17

Production of finished
product

0.1 0.1 0

Others (PCF of external
raw materials,
transportation)

0.4 0.4 0

SUM = PCF of finished
product

1.7 1.5 −12

and branding was developed. The new branding of the bricks containing recycled
material refers to the low carbon footprint of the product. The new business model
is based on circular economy, shown in compare Fig. 3.

In general, a circular economy is based on the principles of minimizing waste,
pollution, carbon emission, and usage of natural resources, keeping products and
materials in use, and regenerating natural systems. That means, that this business
model approach requires a collaboration with the customer. When breaking out the
spent lining, the cement plant is required to take the initial steps to support the
quality of the recycled product. The spent lining is separated into different recycling
grades according to the mineralogical composition of the bricks, shown in Fig. 3

Fig. 3 Circular economy business model
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process step “sorting and declaration”. In addition, the circular economy approach
requires that the refractory producer takes possession of the pre-sorted material for
additional treatments and recycling purposes. This collaboration ensures a high-
quality recycling product. The promotion of the business model is based on two
pillars. The management of cement producers is incentivized by the possibility to
reduce the carbon footprint of the supply chain, and cement plants have the advantage
of a new disposal route for their spent linings.

Development of the Organization

The implementationof circular economy to anorganization requires changes onmany
levels inside the organization. The most important change comes with the desired
use of spent linings. Spent lining bricks are legally classified as waste. Thus, permits
for the shipment, collection, and treatment of waste must be acquired. These permits
are also associated with many constraints by the authorities. This effects the supply
chain and operational setup. Employees must be trained on the legal aspects and
organizational changes are required to deal with waste efficiently. On the other hand,
the treatment and the products are also accompaniedwith challenges. The sorting and
cleaning, and the washing processes also generate byproducts which cannot be used
in the production of cement rotary kiln bricks. Furthermore, the disposal of these
byproducts would disrupt the whole business model. Thus, ways to utilize these by-
products must be developed. This results in a new playground for R&D within an
organization.
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Abstract Rio Tinto’s Aluminium division operates smelters in Canada, primarily in
the Saguenay–Lac-Saint-Jean region in Quebec, where its entire aluminium produc-
tion line generates two specific calcium sulphate (CaSO4) by-products. The aqua-
catalysed hydrated lime (CHAC) is the by-product of the sulphur scrubber at the coke
calciner plant, and the neutralised synthetic anhydrite (SA) is derived from the indus-
trial processes of the chemical transformation of calcium fluoride into aluminium
fluoride, which is used in the manufacture of electrolysis bath for aluminium produc-
tion. Since 2015, several research projects have been developed at the Rio Tinto-
Arvida Research and Development Center, in collaboration with local universities,
to evaluate the potential of these by-products as a liming agent for various agroecosys-
tems and as a certified calcium-rich fertiliser for lowbush blueberries, our regional
flagship. The aim of this paper is to present the research and development programme
that has led to the agricultural recycling of these two by-products.
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Introduction

Rio Tinto is committed to being part of the solution to address the challenges of
climate change. Thus, many efforts must be made to minimise industrial environ-
mental impacts and provide major benefits to the surrounding communities. One of
the key elements in achieving these objectives is, of course, the complete manage-
ment of industrial residues. The Saguenay-Lac-Saint-Jean (SLSJ) region, in Quebec,
Canada, is an important hub for Rio Tinto’s aluminium production. The Jonquiere
smelter site (SLSJ) generates annually more than 400 kt (kilotonnes) of by-products
from its operations, of which 80 kt of synthetic anhydrite (SA) are produced by the
fluoride plant and 17 kt of by-product from the SO2 scrubber system of the coke
calciner kiln (CCK) plant.

By-product recycling in agriculture is a promising avenue to increase the
company’s environmental performance, reduce greenhouse gas (GHG) emissions,
and participate in the regional circular economy. In addition to aluminium (Al)
production, lowbush blueberry production is also a characteristic flagship of the
SLSJ region, accounting for nearly 50% of the marketed volumes in Canada [1].
However, lowbush blueberry production costs are increasing while selling prices
are decreasing. Soil conditions in which lowbush blueberries are grown often have
calcium (Ca) deficiencies [2], and gypsum is commonly applied to ensure good Ca
nutrition of lowbush blueberries [3].

Cash crop producers in our region are also reluctant to lime their soils, as the calcic
materials available on the market are often found outside the region, making these
latter very expensive. Flue gas desulphurisation gypsum (FGDG) is well known in
countrieswhere electricity generation is obtained fromcoal combustion andhundreds
of thousands of tonnes of FGDG are applied each year in agriculture [4]. In addition
to being considered as an amendment to correct soil acidity, several authors have
raised the agri-environmental benefits of using FGDG. Indeed, FGDG is an excellent
source of calcium (Ca) and sulphur (S) for plants, improves soil physical properties,
and reduces soil erosion and phosphorus (P) losses by leaching [5, 6]. Thus, the
use of neutralised synthetic anhydrite (SA), as a Ca source in blueberry fields, and
CCK scrubber by-product, as a liming agent for cash crops, could therefore be an
excellent way to reduce production costs since these products are available locally
and at a lower cost compared to other calcic fertilisers and amendment sources.
Subsequently, developing a regional symbiosis between these important industries
in the SLSJ region, regarding the supply of agricultural inputs, seemed obvious!

Although elsewhere in the world, the use of SA and FGDG is well documented,
it was nevertheless, necessary to convince local authorities that these Al industry by-
products were environmentally safe, comparable to other calcic products already in
use and, above all, had interesting agronomic attributes. Therefore, to determine the
agri-environmental impacts of the use of our by-products in agricultural settings, and
to define the use conditions, the Arvida Research and Development Center (ARDC)
has implemented a major research and development programme in collaboration
with Laval University, Université du Québec à Chicoutimi (UQAC) and several
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local private companies. The aim of this paper is to briefly present the research and
development programme that has led to recovering the unrecoverable in agronomic
products.

By-Product Descriptions

Calcium sulphate (CaSO4) is mainly stable in the form of three elements which
differ according to their degree of hydration: gypsum (CaSO4 · 2H2O), basanite
(CaSO4 · ½ H2O), and anhydrite (CaSO4). The most abundant form of gypsum is
found in its natural state (geological deposit), and anhydrite is mainly produced by
the dehydration of gypsum or basanite. Gypsum is also one of the first fertilisers used
and applied in agriculture for over 250 years [4]. Calcium sulphate can also be of
synthetic origin and are generally residues resulting from industrial processes such
as the AlF3 production process and residues from gas desulphurisation processes.
This is the case for the fluoride plant and the CCK at Rio Tinto’s Jonquière smelter
site.

Synthetic Anhydrite

The fluoride plant has been in operation since 1985 and has a production capacity
reaching 110 kt of aluminium fluoride (AlF3) per year. The latter is an important
additive used by aluminium smelters. Synthetic anhydrite (CaSO4) is the solid by-
product of this plant and originates from the chemical transformation of fluorite or
fluorspar (CaF2), into AlF3. Anhydrite is produced in the gasifier where spathfluor
and sulphuric acid (H2SO4)(l) react to produce hydrofluoric acid (HF)(g), according
to the following reaction.

CaF2(s) + H2SO4(l) → 2HF(g) + CaSO4(s)

At the gasifier exit, SA is neutralised with lime (CaO) [7]. For every tonne of
AlF3 produced, 2.4 t of SA are generated. It consists of more than 95% CaSO4 and
its purity, well above 90%, is comparable to that of a geological deposit [8]. Calcium
and sulphur concentrations are 28% and 23%, respectively. These are characterised
by a white colour, a bulk density of 1.4 g cm−3, and a fine particle size where 80%
of the particles are smaller than 6.4 mm (Table 1).
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Table 1 Main features of
synthetic anhydrite (SA) and
aqua-catalysed hydrated lime
(CHAC)

Composition SA CHAC

Chemical properties (%)

Anhydrous calcium sulphate (CaSO4) >95 45–50

Calcium fluoride (CaF2) 1–4%

Calcium dihydroxide (Ca(OH)2) 35–40

Calcium oxide (CaO) <1

Calcium carbonate (CaCO3) 2–3

Silica dioxide (SiO2) <0.3

pH 5–11 12–12.5

Physical properties (%)

Bulk density (g cm−3) 1.4 0.42

Particle size passing 12.5 mm (% d.b.) >95 >95

Moisture content (%) 0.05 0.05

Agronomic properties

Calcium (Ca) 28 35

Sulphur (S) 23 5

Sulphate (SO4) 67 35

Neutralising power (eqCaCO3) 87

Metallic trace elements (%)

Aluminium (Al) 388 1.314

Arsenic (As) 5 7

Cadmium (Cd) 0.5 0.5

Cobalt (Co) 2 3

Chromium (Cr) 5 4

Copper (Cu) 6 2

Iron (Fe) 558 1 036

Mercury (Hg) 0.42 0.02

Lead (Pb) 5 6

Zinc (Zn) 10 48

Aqua-Catalysed Hydrated Lime

The Rio Tinto-Arvida Research and Development Center has developed a new
SO2 scrubbing process called the aqua-catalysed hydrated lime (CHAC) process.
Sulphur capture is achieved by injecting hydrated lime into the gas channel between
the furnaces and CCK scrubbers. The reagent chemical reaction with the SO2 gas
released during coke calcination allows the neutralisation of SO2 when the reagent
is injected into the process gases. The CHAC residue consists of CaSO4, calcium
sulphite (CaSO3), and hydrated lime (Ca(OH)2) captured by the bag filters together
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with the coke dust and is found in approximate proportions of 45–50%, 0.5–1%, 35–
40%, and 5–10%, respectively (Table 1). CHAC is a grey powder with a very fine
grain size, high dryness (99.5% dry matter), and 98% of the material passes through
a sieve mesh of <0.150 mm, thus classifying the material as a fine hydrated lime. The
Ca, S, and residual lime contents give this material very interesting properties for
crop nutrition, but also for soil acidity correction. The level of trace elements, poly-
cyclic aromatic hydrocarbons, volatile organic compounds, and dioxins and furans,
in our two calcium by-products, complies with the regulator requirements [9] (BNQ
2015) (data not shown).

Research and Development Programme Description

Since 2017, incubation, greenhouse, experimental field plot, and industrial-scale
trials have been conducted in several local agroecosystems where varying doses of
SA and CHAC have been applied. Soil, water, air, and crop quality parameters have
been measured at different crop development stages. However, only experimental
field and industrial-scale plot trials of SA application in lowbush blueberry fields
and CHAC recycling in cash crops will be presented in this paper.

Material and Methods

Field Scale Trials

Although SA has already been used as a fertiliser for potato crops, and CHAC as a
liming agent in cash crops, their actual requirements and agricultural value for crops
still need to be determined. To establish standardised reference grids for these calcic
products, field scale trials were conducted by Laval University, using different crops
and soils in Canada. A total of six experimental field sites have been established since
2020 to test both limed and non-limed products in different crops and soils (alfalfa,
corn, broccoli, and millet crops). Rio Tinto participated in these research activities
with both CHAC and SA products using doses of 3 and 9 t ha −1 in alfalfa and corn
fields and in broccoli and millet fields, respectively. Soil and biomass samples were
taken for all crops during the different agronomic cycles in each experimental unit.
The full results of this experiment will be presented in another scientific paper, as all
the data have not been collected and analysed yet.

Since 2017, a total of three experimental sites have been established, two in
commercial lowbush blueberry fields (2017, 2020) and one at the UQAC Blueberry
Research and Teaching Station (BRTS) (2021). All of these sites are located in the
SLSJ region. The lowbush blueberry is produced according to a two-year production
system, one year of vegetative growth and one year of harvest. A first experimental
site was established in 2017 where three increasing doses of SA (0, 1.5, 3, 4.5 t
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Fig. 1 Lowbush blueberry experimental designs: a 2017 field scale trial; b 2021 industrial-scale
trial

ha−1) were applied on a field, which was divided into four distinct experimental
blocks (Fig. 1a). The same process was done in 2020 and 2021, but where seven
increasing doses of SA (0, 3, 6, 9, 12, 15, 18, and 21 t ha−1) were applied. For each
site, the SA applications were carried out in the spring of the vegetation year and
following an experimental device where each treatment was repeated three times.
Each experimental block also had a control treatment that had not received any
application of anhydrite. Soil and biomass samples were randomly collected from
each experimental field plot, before and after application. Fresh lowbush blueberry
yields were determined in each experimental plot by harvesting a 1-m2 area. The
2021 site will be harvested in summer 2022.

Part of this project is also being conducted by the UQAC team (BRTS), whose
objective is to determine the effects of SA application on GHG emissions, soil and
plant nutrient status, blueberry yields, and plant biomass. The experimental design
was installed in May 2021 on 10-m2 plots and consisted of the application of two
increasing doses of SA (0, 6, 12 t ha−1), replicated in four blocks on two experimental
sites. On site 1, soil-surfaceGHGemissionsweremonitored using non-flow-through,
non-steady chambers (area: 55 × 55 cm) (Fig. 2) [10]; nitrous oxide (N2O), carbon
dioxide (CO2), andmethane (CH4) fluxes as well as cumulative area-based emissions
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Fig. 2 Non-flow-through,
non-steady chamber for the
greenhouse gas emission
monitoring

were compared following a regular sampling frequency over the 2021 and 2022
growing seasons (May to October).

The GHG concentrations in air samples were analysed using a gas chromatograph
equippedwith an electron capture detector forN2Oand aflame ionisationdetector, for
CH4 and CO2. The soil water quality was also monitored using lysimeters inserted at
60-cm depths. On sites 1 and 2, a complete soil chemical characterisation (exchange-
able elements)was performed. Soil nitrate and ammoniumexposuresweremonitored
using anion/cation exchange membranes during the 2021 and 2022 growing seasons
[11, 12]. Plant biomass was estimated using the point intercept method [13]. Plant
foliar nutrient status, blueberry fresh fruit yields, and plant biomass were monitored
in a 1-m2 area during the vegetative growth year (2021), harvest year (2022) and
both vegetative and harvest years, respectively. Results will be available at the end
of this experimentation in 2022.

Industrial-Scale Trial

To evaluate the transport, handling, spreading, and required equipment for the appli-
cation of CHAC and SA doses, industrial-scale tests were implemented in larger
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plots. To test CHAC, applications have been conducted in more than 15 cash crop
fields (meadow, cereals, canola, soya, and alfalfa) since 2018. The different crop lime
requirements were determined according to the water pHwater and pHbuffer, where a
reduction factor was calculated from the material neutralising power in comparison
with agricultural lime (CaCO3) [14]. Doses between 1.4 and 2 t ha−1 of CHAC were
applied. The effect of CHAC applications on soil properties, crop quality and appli-
cation rate have been monitored and compared to a controlled area not subjected
to CHAC application. Large-plot tests were also conducted with SA in a blueberry
field, in the Lac-St-Jean region, in the spring of 2021 during the vegetative season.
Four treatments representing increasing doses of SA (0, 8, 12 and 16 t ha−1) were
applied according to an experimental design in three blocks (Fig. 1b). The large plots
were 1-ha in size and separated from each other by 10-m borders. Soil and biomass
samples were randomly collected, from each large plot, before and after SA applica-
tion. Lowbush blueberry fresh fruit yields, soil, and biomass will be measured during
the summer of 2022.

Legal Authorisation

UnderCanadian agricultural laws and regulations, industrial residues canbevalorised
in the agricultural sector through direct application as fertilisers (fertilisers, soil
conditioners, or amendments) or through a formulated fertiliser. Therefore, to be
recognised for agricultural use, a residuemustmeet the requirements of theFertilisers
Act (R.S.C., 1985, c. F-10) or the BNQStandard [9]. In 2019, an application for regis-
tration was therefore filed to have SA recognised as a commercial fertiliser, in accor-
dancewith the specific requirements of theCanadianFood InspectionAgency (CFIA)
safety standards, guaranteed minimum analyses, and labelling standard. Thus, the
quality of our product and the control of our production are ruled according to a very
rigorous protocol. An application is underway for the registration of CHAC with the
BNQ standard. In addition, an environmental authorisation has already been obtained
from local regulators for all CHAC experimentations.

Preliminary Results

Studies on small plots in the lowbush blueberry experimental site established in
2017 (Fig. 1a) showed significant results in some foliar nutrient concentration
following application of different SA doses (0, 1.5, 3, 4.5 t ha−1). The increase in
SA doses leads to an increase in foliar concentrations of P, K, and S with a p value
<0.05 (Table 2). Foliar Ca concentration, chlorophyll index, and fresh fruit yield
suggest a positive response to the amendment following increased SA application,
but statistically, the results did not show significant differences (Table 2).
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Table 2 Effect of increasing the dose of SA on quantitative diagnosis of the foliar concentration
of P, K, Ca, and S, the chlorophyll index, and fresh fruit yields in small plots scales

SA dose (t ha−1) 0 1.5 3 4.5 F values (P)a

Foliar concentration in P (%) 0.114a 0.125a 0.133a 0.131a 5.02 (0.017)

Foliar concentration in K (%) 0.494a 0.572a 0.662a 0.703a 8.96 (0.002)

Foliar concentration in Ca (%) 0.473 0.440 0.517 0.529 2.42 (0.116)

Foliar concentration in S (%) 0.112a 0.183a 0.217a 0.249a 16.73 (0.0001)

Chlorophyll index 36.00 37.13 37.28 37.83 0.36 (0.778)

Fresh fruit yield (kg ha−1) 4 971 3 588 4 737 6 300 0.5 (0.754)

aTreatment effect are significant at α = 0.05

Fig. 3 Spatial correspondence between yield a and nutrient balance b in large plot scales

The SA application test conducted on a large-scale research plot revealed an
improvement in plant nutrient balance in certain high-yielding areas of the field. The
two georeferenced maps of yield and compositional nutrient diagnosis (CND) show
a spatial correspondence (Fig. 3). The better the nutrient balance (R2 of CND is low),
the higher the yield.

Finally, industrial-scale trials showed that CHAC application had a positive effect
on soil pHwater and pHbuffer under different crop ecosystems, and thiswill be confirmed
in 2024 at the end of the field scale trials led by Laval University. An increase in
soil pH between spring (before application) and fall (following application) was
observed in all crop soils studied without causing crop damage. However, the main
objective of these trials, carried out with the help of local farmers, was to allow them
to validate whether the CHAC and SA were suitable for their machinery, to calibrate
their equipment according to needs and to verify the effectiveness of these fertilisers
on their own crops.
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Summary

Rio Tinto’s synthetic anhydrite (SA), composed of more than 95% of CaSO4, was
developed according to a very rigorous research programme and quality control
protocol that led to its approval by the CFIA. This fertilising by-product was also
awarded by the 2020 Quebec Circular Contest in the Large Business category,
standing out among 40 applications across Quebec. Preliminary results from the
research programme showed a measurable improvement in the nutrient status of
blueberry plants, as shown by an improved P, K, and S uptake and increased chloro-
phyll index, and a tendency to increase blueberry yields when using doses of 1.5
and 4.5 t ha−1. Aqua-catalysed hydrated lime (CHAC) has also demonstrated that it
could be used to correct soil acidity and ensure good plant growth. The industrial-
scale trials allowed farmers to validate whether our agronomic products could be
used, in the right dose, with their equipment and thus offer an alternative quality
product at a lower cost. Aluminium is the third most abundant metal on earth. This
silvery metal is not only practical and popular for making products from beverage
cans to Tesla Roadsters, it plays a central role in soil acidity. In addition to being a
Ca and S rich fertiliser and soil amendment, RTA’s calcic products could help miti-
gate phytotoxic conditions due to an excess of soluble Al in acidic soil and promote
deeper plant rooting. Finally, once considered as buried residues representing a heavy
environmental legacy and sources of considerable management costs, these RTA by-
products (SA and CHAC) are now reused in agricultural markets and circulating in
the Quebec economy.
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Maximizing the Efficiency of By-Product
Treatment by Multi-metal Recovery
and Slag Valorization

Gustav Hanke, Jürgen Antrekowitsch, Fernando Castro, and Helmut Krug

Abstract Complete utilization of everymaterial mined seems to be a highly obvious
strategy to save natural resources and avoid residues to be dumped. In fact, examples
where this is practiced are very limited. Often residues out ofmetal production are not
fully exploited and contain still considerable amounts of various valuable elements
when being dumped. Using the full potential of mined material would significantly
support the metal supply, while optimizing the CO2 balance, as much of the afford of
winning a metal is already done, especially the mining. Not only the CO2 footprint,
but also the avoidance of residues is an omnipresent topic nowadays. Pyrometal-
lurgical treatment is unavoidably linked to slags. Regarding a zero-waste solution,
these slags have high potential to be used as construction materials. Referring to this,
zero-waste solutions for residues from primary zinc and lead production were tested,
emphasizing the potential of this strategy.
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Introduction

Treating residues from metal producing industry for metal extraction is getting more
and more attention [1]. However, such residues are not only of interest as secondary
resources for metal winning, but also because of increasing challenges of landfilling
due to the ever-growing environmental awareness. With this, costs for dumping are
increasing and requirements are getting stricter.

Residues fromnonferrousmetal production often contain considerable amounts of
variousmetals [2]. This is because the corresponding ores, in opposite to iron ores for
example, usually contain many different metals. Whilst the main metal and in some
cases a second or third one is won, many of the present metals are not recovered and
end up in the waste material. The metal contents within these materials can be even
higher than in primary ores, but can cause major problems for methods of mineral
processing due to grain size, phase distribution, etc. However, a big part of the effort
of winning metals, namely the mining, is already done for these materials, making it
even more obvious to use the materials full potential and with this, to minimize the
overall CO2 footprint.

Modern efforts of using metallurgical residues as secondary resources often face
the problem of causing again large amounts of new residues. Even if a residue
is treated successfully for metal winning, the handling of the non-metal fraction
causes challenges again. The only possibility to avoid dumps is to use every frac-
tion produced during a process. For some residues, like blast furnace slag, the use
as construction material is very common, whereas in many cases, especially in
nonferrous metallurgy, there is no possibility of valorization so far.

Natural sand is an often underestimated resource. It must fulfill different criteria
such as grain size distribution and grain shape to be used in construction. Due to
the low price of sand, gravel, etc., transport distances also have to be short. Sand is
not yet being classified as critical resource, but following the exponentially growing
building activities, it will most likely become critical in future. This, together with
the avoidance of dumps in general, makes the use of all kinds of technical materials
for construction a highly reasonable strategy.

Materials

The main part of research to date and presented here has been done on residues
from hydrometallurgical zinc winning process. Main component of these residues
is jarosite, a sulfate mineral which is being formed in order to remove iron out
of sulphuric acid solution used to leach zinc from the roasted concentrate [3, 4].
Commonly, the whole residue is also called jarosite, even though it contains not only
the precipitation product (jarosite phase), but also other residues formed during the
overall metal winning process. Treatment of the jarosite residue is of interest due
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to different reasons. Because of its hazardous properties, dumping is an increasing
problem for many plants. As existing dumps will be full in near future and there will
be no permissions for new ones. From another point of view, the jarosite residue bears
several valuable metals, especially zinc, lead, and silver, in some cases also copper,
gold, indium, and germanium. Recovery of these elements using a roast-reduction
process was tested extensively with promising success up to 1000 kg scale [5, 6].
Further trials in smaller scale were performed not only to win the valuable metals, but
also to evaluate the usability of the produced slag as construction material. Initially,
its suitability as substitute for natural sand in Portland cement-based concrete was
tested.

A second residue, whose treatment for multi-metal recovery has been studied, is
slag out of lead production. The slagwas taken fromahistorical dumpof a former lead
and zinc smelter, which used the imperial smelter furnace technology [2]. The dump
located in Macedonia is considered as potential source for pollution, mainly because
of its lead and arsenic content [7]. To date, the work on this material focused on the
pyrometallurgical treatment of this specific slag to recover zinc and minor amounts
of lead. The process is based on selective reduction on a lead bath, producing a liquid
slag which can be modified to meet requirements for further utilization. Trials on its
applicability of the remaining slag as construction material will be part of upcoming
research in near future. Also, in this case, the aim is to realize a zero-waste solution
and to minimize the overall CO2 footprint of lead and zinc production.

Characterization of Jarosite Material

As the main part of the material is a precipitation product, the grain size is generally
very small, with about 90 wt% passing 25µm and 60 wt% passing 10µm. However,
due to agglomerations and the measurement by sieve analysis, the grains size distri-
bution is suspected to be even smaller. Characterization of such small-grained mate-
rial quickly reveals the limits of common methods such as light microscopy and
even scanning electron microscopy [8]. Table 1 shows the main elements of interest
measured by X-ray fluorescence analysis. Zinc, lead, and silver are the most valuable
phases in jarosite residues. Copper is often present, but of lesser importance due to
the low amount. Indium can be of interest in some specific jarosite residues.

Table 1 Chemical analysis (XRF) of a typical jarosite material [8]

Component Fe Zn Pb Cu Si Ca S Ag In

Wt% 25.3 5.4 5.8 0.8 2.7 3.2 11.3 0,026 0,012
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The main components, identified mainly by scanning electron microscopy
and X-ray diffraction analysis, are obviously jarosite phases. The typical
endmember formed in the process is natrojarosite (NaFe3(SO4)2(OH)6) or ammo-
niojarosite ((NH4)Fe3(SO4)2(OH)6). To a minor extend also, hydroniumjarosite
(H3O)Fe3(SO4)2(OH)6) and plumbojarosite (PbFe6(SO4)4(OH)12) can be present.
Contrary to expectations out of the overall hydrometallurgical zinc winning process,
the jarosite phase proved also to bear considerable amounts of zinc and lead, which
are the twomost important valuable elements. Silver can theoretically also be present,
even though it was not clearly identified [9]. Other phases bearing these elements
are zinc sulfide, zinc ferrite, lead oxide, sulfate, and sulfide. Silver is often present
in inclusions together with copper and lead in various phases, especially in silicates
(quartz and feldspar) [6].

Characterization of Lead Slag

The granulated slag is fine grained, with about 95 wt% passing 3 mm. Grains of
agglomerated slagwith diameters up to 20mmcan be found. The glassy and homoge-
nous matrix consists of a CaO-SiO2-FeO phase. Main valuable elements are zinc
(7.9 wt%) and lead (2.4 wt%) (Table 2). Beside the amorphous matrix, zinc oxide,
iron zinc oxide, ferrous sphalerite, iron silicate, calcium arsenate, and pyrite were
identified using X-ray diffraction analysis and scanning electron microscopy. These
phases are present as irregular-shaped inclusions. Lead appears mainly as oxide or
sulfide as droplets with diameters of up to 75µm.Metallic lead is rare. Zinc is mainly
bound to the matrix, where it makes up to 7 wt%. Other zinc phases, such as zinc
sulfide may be found, but are very rare [2, 10, 11].

Table 2 XRF analysis of the investigated lead slag [10]

Component MgO Al2O3 SiO2 CaO MnO Fe Zn Pb Cu S As

Wt% 1.8 5.7 18.6 12.8 1.5 38.1 7.9 2.4 0.7 2.7 0.2
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Pyrometallurgical Treatment of Jarosite Material

Due to the dominance of the jarosite phase, and very limited amount of other phases,
results gathered by the detailed characterization do not allow any scope for concentra-
tion bymeans of mineral processing. Nevertheless, small scale trials in grain size and
magnetic separation andflotationwere performed in parallel.Despite smaller concen-
trations of single elements, the findings from the characterization were confirmed
and no noteworthy concentration was achieved [8].

Prior to metallurgical treatment, the material was pelletized with a disc pelletizer.
This was necessary, mainly formaking sample handling easier and to avoid carryover
of material with the off gas, but also to allow a better gas flow. Besides water, no
additives were necessary to form stable pellets with a diameter of about 3–10 mm.

The investigated pyrometallurgical process for multi-metal recovery consists of
two steps. First the material is calcinated, to remove volatile compounds, especially
hydroxides and sulfur. This could be done in a top-blown-rotary-converter or short-
drum-furnace. The second step is the reduction in an electric furnace where all
valuable metals are won. Zinc evaporates and can be caught in the off gas after
reoxidation as ZnO. Lead and silver (copper, gold) are collected in the liquid lead
bath at the bottom. The slag is theoretically free of heavy metals and has a fayalitic
composition, meaning that iron is in this case not part of the metal product but of the
non-metal product (slag).

Use of Slag from Jarosite Treatment

The slag frompyrometallurgical jarosite treatmentwas tested for its potential in being
used as sand replacer in concrete. During the reduction step, after the successful
separation of slag and metal (Zn, Pb, Ag, Cu…), the fayalitic slag was quenched
in water and sieved to three grain sizes, <1 mm, 1–2 mm, and 2–4 mm. Every
grainsizewas introduced to concrete (with Portland cement 32.5 and normalized sand
EN196) in three different ratios, replacing natural, normalized sand. As reference,
one concrete sample was produced only with Portland cement and sand (Table 3).
Water was added until the result of the flow table test reached a value between 160
and 180 mm.

For the utilization as construction material, the mechanical strength (compression
and flexural) and chemical resistance (leachability) were tested.

Compressive resistance determination was done on 12 cubic samples (5 × 5 cm)
for each condition and flexural strength evaluation on 6 samples 16 × 4 × 4 cm per
condition.

After 7 and 28 days of curing at 20–23 °C, the tests on flexural and compression
strength were performed on the produced samples. For eluate testing, samples after
28 days of curing time were used.
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Table 3 Mixtures prepared for mechanical and chemical testing

Reference % Cement % Sand % slag < 1 mm % slag 1–2 mm % slag 2–4 mm

1 25 75 0 0 0

2 25 72 5 0 0

3 25 65 10 0 0

4 25 55 20 0 0

5 25 72 0 5 0

6 25 65 0 10 0

7 25 55 0 20 0

8 25 72 0 0 5

9 25 65 0 0 10

10 25 55 0 0 20

Pyrometallurgical Treatment of Lead Slag

The proposed technology for multi-metal recovery is very similar to the treatment
of jarosite material concerning the reduction step. However, due to the composition
of the lead slag, calcination is not necessary. Often iron is already present as fayalite
out of primary lead winning, forming ideal conditions for the re-melting on a lead
bath [11].

After removing zinc and lead, the liquid slag can be optimized by additives to
fulfil the requirements of a sand substitute.

Results

Results from Jarosite Material Treatment

The pyrometallurgical two-step process proved its applicability for jarosite material
successfully in different scales. Using only the second step (reduction) is possible,
but leads to a big loss of metal to the slag phase due to the sulfur content. Temperature
is a critical parameter in both process steps. For calcination, it must be high enough
for volatilizing SO2, water, and hydroxides but must not be too high to avoid the loss
of valuable components, such as PbO.

For the reduction step, the temperature must be high enough for melting all the
material, but again, unwanted vaporization of components must be avoided. Addi-
tionally, due to energetic and economic reasons, the temperature should be as low as
possible. The success of the trials was measured by analyzing remaining contents of
valuables, especially lead and zinc, in the slag. With remaining 2–3 wt% each, the
values did not get as low as expected according to other similar trials (Table 4).
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Table 4 Chemical
composition of the produced
slag from jarosite treatment
(X-ray fluorescence analysis)

wt%

FeO 59.2

SiO2 25.1

CaO 2.07

ZnO 2.73

PbO 2.12

Fig. 1 SEM-BSE image of
slag from jarosite treatment.
Bright spots are lead and iron
containing phases

After detailed investigations of the slag, using a scanning electron microscope, it
becomes clear that especially the remaining lead is present as metallic droplets in
the slag (Fig. 1). This indicates problems in the settling behavior of the liquid metal.
Therefore, the problem does not relate to the chemical process of separation, but to
the technical implementation, respectively the furnace. Due to turbulent conditions,
the separation of slag and metal was obviously not as clear as expected. In further
optimized trials, it has been shown that remaining values of lead and zinc distinctly
lower than 1 wt% each are feasible.

Use of Slag from Jarosite Treatment

The tests on slag–concrete samples showed very promising results, especially in
mechanical properties. The samples containing slag were at least comparable, but
in many cases even higher in their flexural and compressive strength compared to
the slag-free reference sample. This touches especially the samples containing slag
with grain sizes 1–2 mm and 2–4 mm. Also, the differences were higher after 7 days
of curing time. Interestingly, the amount of slag in each sample did not show big
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Fig. 2 Results from flexural
strength testing of
cement–slag concrete

Fig. 3 Results from
compression strength testing
of cement–slag concrete

differences for grainsizes < 1 mm and 2–4 mm, whereas the strength of samples with
grainsizes 1–2 mm increased with higher amount of slag (Figs. 2 and 3).

For the leachability testing, one sample of each slag grain size containing 20
wt% of slag was crushed (<10 mm) and mixed with distilled water in a proportion
solid:liquid 1:10. Referring to international standards for inert landfilling, only the
leachability of lead did not match the limits, with 0.93 mg/kg exceeding the limit
of 0.5 mg/kg nearly twice (Table 5: Results from leachability testing.). However, as
mentioned above, the slag contained comparably high amounts of remaining lead
present as metallic inclusions, which is due to technical reasons during the trial.
However, this value does not exceed the limits for deposition of residues in non-
hazardous wastes landfills. For some other elements, there is some limited leaching
but not exceeding the respective limits.
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Table 5 Results from
leachability testing

Parameters Analytical
methods

Specification
[mg/kg]

Result
[mg/kg]

As US EPA 200.8,
CSN EN ISO
17294–2

0.5 <0.01

Ba 20 4.4

Cd 0.04 0.003

Cr total 0.5 <0.01

Cu 2 <0.05

Hg 0.01 <0.002

Mo 0.5 0.38

Ni 0.4 <0.01

Pb 0.5 0.93

Sb 0.06 0.01

Se 0.1 <0.01

Zn 4 <0.1

Chloride CSN EN ISO
10304–1

800 30

Fluoride 10 3

Sulphate 1000 48

Phenol index CSN ISO 6439 1 <0.10

Dissolved
organic
carbon

CSN EN 1484 500 36

Results from Lead Slag Treatment

Small-scale trials proved the pyrometallurgical technique being applicable for treat-
ment of lead slag.Yields of zinc and leadwere >85wt%and>95wt%.The slag shows
more the 60 wt% of the material present as fayalite. Some optimizations regarding
basicity have been done. In one case, sand was added to reach a fayalite percentage
of more than 80 wt%. Minimizing the lead content in the slag allowed values after
standard leachingwhich are below the official regulations. Further investigations will
focus on optimizing the slag composition and with this the fayalitic part as well as
the influence of cooling conditions after slag tapping.

The usability of this slag as construction material was not yet evaluated, but this
will be a focus of further research, and investigations similar to those for the slags
from jarosite treatment will follow.
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Summary

The potential of jarosite material was clearly shown. Not only for the winning of
valuable metals, but also in producing a slag, applicable as construction material. In
both cases, it can contribute to save natural resources and to avoid waste material.
Furthermore, also historical dumps could be treated to remove the dump or to make it
available for other, even more problematic materials, which still cannot be recycled.

The applicability of the pyrometallurgical process is out of question. Critical in
this case is of course the energy required for the process. However, together with
the global efforts of developing and optimizing sources for green energy, electricity
will become greener and get ever closer to CO2 neutrality. With this, technologies
relying on electrical energy will do so as well.

Tests on using slag out of jarosite treatment as replacer for sand in concrete showed
very satisfying results. In terms of mechanical properties, it is even slightly better
than concrete using natural sand only. Leaching tests were not as successful in the
first run. However, lower amounts of sand being replaced by slag will most likely
also reduce the leaching of lead. Furthermore, in a second analysis with slag from
another but similar test, only with a lower remaining lead content, the necessary
requirements were fulfilled, even when replacing higher amounts of natural sand.

Further research will focus on increasing the lead and zinc yield of the pyromet-
allurgical process (and with this, smaller contents in the slag) and additional tests on
the leachability of the produced concrete.

Multi metal recovery of lead slag showed also very promising results. However,
concerning a zero-waste solution, the slag must also become a usable product. For
this, test work on its usability as construction material will take place.
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Treatment of Eggshell and Olive Stones
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Abstract This paper presents the results of characterization, thermal, and chem-
ical treatments made over natural eggshells (ES) and olive stones (OS) samples.
The main goal was to perform an analysis to assess the potential of treated ES and
OS to remediate heavy metals from polluted soils with mining tailings (PSMT).
Sample powders of ES, OS, and PSMT were mechanically treated and characterized
with chemical analysis, X-ray diffraction, Fourier transform infrared spectroscopy
(FT-IR), thermogravimetric, and differential thermogravimetric techniques (TGA &
DTG). ES was subjected to a calcination test. OS samples were thermally treated
and chemically modified with thiol. PSMT was characterized using specific gravity,
average particle size, and environmental indicators. FT-IR analysis indicated the
presence of CaCO3, Li2CO3, K2CO3, and KNO3 functional groups in ES and OS.
The XRD analysis of ES samples showed the presence of one mineralogical phase
(CaCO3). Diffraction patterns in the OS could not be identified due the amorphous
condition of the sample. ES calcination tests presented a mass loss near 47% (w/w).
The process to obtain chemically modified pre-oxidized biochar from OS reported
pyrolysis mass loss of 80.59%, pre-oxidized mass loss of 35.43%, and an addition of
0.14 g during the chemical treatment. Equilibrium diagrams showed that Cd+2 and
Hg+2 are most likely in the PSMT soil solution (aqueous phase), whose cations could
be removed via cation exchange of the calcinated ES. The mercaptoethanol content
in the chemically modified pre-oxidized biochar could be effective in removing the
Hg content in PSMT.

Keywords Eggshell · Olive stones · Calcination · Thermal treatment · Chemical
modified · Agricultural recycling · Environmental effects · Processing extraction ·
Secondary recovery

M. C. Gómez-Marroquín (B) · D. E. Carbonel-Ramos · J. F. Huarcaya-Nina ·
S. J. Esquivel-Lorenzo · A. Ceroni-Galloso · H. D. Chirinos-Collantes
National University of Engineering, 210 Túpac Amaru Ave, Rímac, Lima 25, Peru
e-mail: mgomezm@uni.edu.pe

H. Colorado
CCComposites Laboratory, Universidad de Antioquia UdeA, Calle 70 No. 52-21, Medellin,
Colombia

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_23

213

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_23&domain=pdf
mailto:mgomezm@uni.edu.pe
https://doi.org/10.1007/978-3-030-92563-5_23


214 M. C. Gómez-Marroquín et al.

Introduction

Mining is one of the most important economic activities around the world, involving
a great investment and natural resources demand [1]. In the areas where they are
developed, mining activities can have large economic, environmental, and social
impacts [2], and therefore, if not managed properly, mining can have a detrimental
effect on human health and wild life [3]. Latin America has one of the largest metal
land reserves. In recent years, Peru has become an emerging economy, amongst the
strongest in South America [4]. According to the National Society of Mining, Oil
and Energy, the mining sector in Peru is responsible for 10% of the gross domestic
product, 60% of total exports, 16% of private investment, and 19% of taxes paid by
companies [5]. Despite its main contribution to the economy, themining sector repre-
sents a considerable toll on the environment. In 2019, the number of Mining Envi-
ronmental Liabilities (MEL) sites in Peru was of at least 8448, most of them without
an identified responsible person. The regions of Ancash, Apurímac, Arequipa, Caja-
marca, Huancavelica, Junín, Pasco, and Puno, concentrate the greatest number of
MEL sites in the country [6]. Mining activities have a distinct impact on heavy metal
soil contamination, which is an important topic to be addressed since can cause many
physical and biochemical changes in the structure of soil microorganisms [7]. The
use of chicken eggshell is an effective and economically feasible technique in soil
remediation mainly due to its large specific surface area that allows cation exchange
and increases soil pH [8]. Biochar-based olive stones also represent a promisingmate-
rial for soil remediation. Olive stones are generated in large quantities in the olive
oil industry as waste products. Nowadays, the use of these biomasses can signify a
considerable cost reduction due to their easy application in remediating polluted soils
with mine tailing (PSMT) [9]. Olive stones can be subject to carbonization processes
(i.e., pyrolysis and pre-oxidation) to obtain biochar. This biochar can later be chemi-
cally modified with thiol to increase its capacity to remove mercury from PSMT. The
thiol promotes the formation of mercaptans into the biochar [10]. In this research,
we characterized and thermally treated natural eggshell and olive stones. In addition,
olive stones were chemically treated. The main objective was to assess the potential
of these natural materials for heavy metal remediation in PSMT. Eggshells were
treated via calcination, while olive stones were treated in two ranges of particle size
via pyrolysis and pre-oxidation. The added value in different environmental applica-
tions to these huge quantities of agriculture wastes still represents a great challenge
for the researchers; however, the use of biomasses such as eggshell and olive stones
(natural, calcinated, or chemically modified) can be regarded as a feasible alternative
for environmental remediation in comparison with other conventional methods.
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Experimental Procedures

In this research, we performed the mechanical preparation, characterization, and
thermal treatment of two types of biomasses: Peruvian Red Chicken Eggshell (ES)
and Peruvian Black Olive Stones (OS), both collected from domestic consump-
tion. ES samples were separated of their eggshell membranes, cleaned with distilled
water, dried at 100 °C for 2 h, and ground in ceramic mortars to obtain powders of
100%-100 mesh. OS samples were cleaned with a detergent dissolution and potas-
sium hydroxide to remove organic impurities. Then, they were rinsed with distilled
water, dried at room temperature, ground in a grain mill, and ceramic mortars to
obtain particles of 25%-100 mesh. PSMT was obtained by grid sampling from a site
called “FIGMM UNI Zone A”; located in the campus of the Geological, Mining
and Metallurgical Engineering College of the National University of Engineering in
Lima, Perú. Sample powders of ES, OS, and PSMT were mechanically treated and
characterized with chemical analysis, X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), thermogravimetric (TGA), and differential thermo-
gravimetric (DTG) techniques. ES was subjected to a calcination test. OS samples
were thermally treated and chemically modified with thiol. Finally, a series of test to
characterize the PSMT were conducted: specific gravity, average particle size, and
environmental indicators.

Chemical Compositions

To determinate the chemical composition of the ES, OS, and PSMT, samples were
analyzed with the following techniques: energy dispersive X-ray fluorescence spec-
trometry with an EDX 800HS spectrometer, SHIMADZU; flame atomic Absorption
spectrophotometry with an AA 7000 spectrometer, SHIMADZU; UV–visible spec-
trophotometry with a UV-1800 spectrometer, SHIMADZU; and elemental analyzer.
All experiments were made at room temperature (22.2 °C) and 65% of relative
humidity. Elemental analysis (from Na to U) was performed with X-ray fluores-
cence spectrometry using a semi-quantitative analysis under vacuum atmosphere,
with a 100 g sample. OS sulfur analysis was conducted in a LECO carbon analysis
with organic application for sulfur and carbon in plant, feed, grain, and flour.

XRD Studies

XRD of raw materials (ES, OS, and PSMT) was performed in an ADVANCE D8
X-ray diffractometer, BRUKER. This equipment scanned with a goniometer (radius
240 mm), and the patterns were collected in the 2 θ range of 5° to 90° with 0.02°
increment and a divergence slit size of 0.6°. The diffractometer has copper anodes
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(λ = 1.5406 Å, Cu K-α; λ = 1.39 225 Å, Cu K-β) and operates with 40 kV voltage
and 30 mA current. We analyze the crystalline phases and/or inorganic compounds
in the tested samples qualitatively (by comparison with the ICSD database) and
quantitatively (using the Rietveld method).

FT-IR Spectra

FT-IRwas conducted toES andOS samples.All spectrawere obtained on aShimadzu
IR-affinity FT-IR spectrophotometer with a Pike Technologies MIRacle ATR. IR
spectra was performed on a wave number range from 500 cm−1 to 4000 cm−1 with
a 4 cm−1 resolution and 45 scans. We use a pure CaCO3 standard from the FT-IR
spectrometer database to compare the CaCO3 contained in the ES sample.

TGA and DTG Evaluations

For TGA and DTG analysis, a Perkin Elmer TGA 4000 device was used. ES and OS
samples were grounded and mechanically homogenized in mortars until reaching
a granulometry of approximately 100%–100 mesh (about 0.149 mm). ES and OS
sampleswere placed in a desiccator for 6 h prior theTGAandDTGevaluations. Then,
32.971 mg and 16.723 mg of ES and OS samples were analyzed. TGA analysis and
DTG analysis were programmed according to the following conditions: 3–10 °C/min
heating rate, initial and final temperature of 30° and 900° C, isothermal period of
5 min at 900 °C, and inert gas flow of nitrogen (N2) at 50 mL/min. To compare the
estimation of the decomposition temperature, samples were heated from 30 °C and
900 °C at a heating speed of 10 °C/min for 5 min. During the test were measured the
derivative weight %, (%/min) and weight (%) of the DTG and TGA. Pure CaCO3

standard from the laboratory database was used to compare the contained CaCO3 in
the ES sample.

Thermal Treatment of Biomasses

The thermal treatment of ES and OS samples was carried out in an electric muffle
furnace to a maximum temperature of 1000 °C. Several controls were made for
ensuring the correct performance of the electric furnace: (a) preparing a heating speed
profile of the reactor to be used for the tests, (b) recording the temperatures and times
reached since room temperature until the maximum test temperature (900 °C), and
(c) preheat crucibles to 200 °C for about 3 h. Samples of 100 g ES and OS were
grounded and mechanically homogenized in mortars, until reaching a granulometry
of approximately 100%–100mesh (about 0.149mm).Aproximity analysis ofOSwas
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performed to determine moisture, volatile matter, ash, and fixed carbon percentage
according to ASTM standards (7582, D2013, and D346). For the ES calcination, 1 g
was heated in triplicate (three samples of 1 g ES, each in their respective crucible)
at 900 °C for 5 h in the electric muffle furnace. The pyrolysis of 1328.2 g of OS
was carried out in a vacuum pyrolysis reactor (67,461 kPa abs), at a heating rate of
16 °C/min and target temperature of 500 °C during a 3-h period. The biochar pre-
oxidation was conducted in a muffle furnace under air atmosphere, with a heating
ramp of 2 °C/min, from room temperature to 250 °C, later followed by an isothermal
ramp at 250 °C for 1 h, and then cooling to room temperature. We reserve 20 g of
the resulting biochar. The pre-oxidized biochar was homogenized into two particle
sizes ranges, one less than 250 μm and the other between 500 μm and 250 μm.
To chemically modify the biochar, we placed 1 g of the pre-oxidized sample in a
flask with 4 ml of 2-mercaptoethanol (99%), 2.8 ml of acetic anhydride (98.5%),
and 0.2 ml of sulfuric acid (95%) for each gram of pre-oxidized biochar. The flask
was stoppered and stirred for 18 h at 80 °C. The obtained product was filtered and
washed with distilled water up to a pH between 5.5 to 6.5 and then dried in an oven
for 12 h at 35 °C. The entire procedure was realized in a fume hood.

Sampling, Physical Properties, and Environmental Indicators
of PSMT

PSMT was sampled using the sampling grid technique. Each delimited gride had
about 1 m side. The total removed volume of PSMT was 48 m3. The specific gravity
was calculated using the pycnometermethod. For the average particle size estimating,
a series of ASTM meshes (m14, m20, m30, m40, m50, m70, m100, m140, m200,
m270,m400) and a background of -m400were used. Tomeasure some environmental
indicators in the PSMT, a multiparameter (HI 98,194, HANNA) was calibrated.
PSMT solution (100 g/L) was stirred for 30 min at room temperature (22.2 ºC)
in a magnetic hotplate stirrer (MSH 20D, Daihan). These measurements were pH,
voltage (mV), oxidation–reduction potential (ORP), electrical conductivity (EC),
total dissolved solids (TDS), resistivity, salinity, σ seawater, dissolve oxygen (DO),
atmospheric pressure (AP), and temperature (T).

Results and Discussion

Chemical Compositions

Chemical compositions of ES, OS, and PSMT are shown in Table 1, Table 2, and
Table 3, respectively.
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Table 1 Chemical composition of ES

Elements % ppm (mg/kg) Reference methods

Ca 35.52 Sample treatment: Nitric acid digestion
Quantitative analysis: APHA 3111BNa 0.28

K <0.00

Al <0.40

Si <0.20

Table 2 Chemical composition of OS

Elements % ppm (mg/kg) Reference methods

Ca 1.59 AOAC 999.11 (Sample treatment)
APHA 3111B (Quantitative analysis)Na 0.32

K 0.16

Mg 103.55

Fe 709.43

Mn <2.00

Cr <2.00

Cu 6.66

Hg <500.00

Ni <6.00

Zn <0.80

Al <40.00

Ti <10.00

P 26.60 Nitric acid digestion (sample treatment)
APHA 4500-p (quantitative analysis)

S 0.039% Note. Form No 203–821-321

Values <2 ppm, <500 ppm, <6 ppm, <0.8 ppm, <40 ppm and <10 ppm represent the detection limits
for Mn, Cr, Hg, Ni, Zn, Al, and Ti, respectively

ES samples mainly contain Ca (Table 1), which is lower than the stoichiometric
amount (40.00%). In 100 g (molecular weight of CaCO3) of ES, the CaCO3 content
is near 88.80%. This value is similar to the usual content of CaCO3 in ES (85%–95%
CaCO3) [11].

In comparisonwith the other tracemetals, OS contains a high grade ofCa (1.59%).
Ca, Na, and K are common metals in ES and O. However, the K and Na contents
in the ES samples are higher than in the OS samples. Therefore, ES could be used
directly as an acidity corrector in the PSMT. The S content in OS (0.039%), although
low, could provide them with a similar behavior to mercaptans (see the curve area
of the sulfur percentage in the OS sample in Fig. 3b).
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Table 3 Chemical composition of PSMT

Elements % ppm (mg/kg) ECAs (1)

(mg/kg)
Reference methods

Sb 559.37 Sample treatment: Nitric acid digestion
Quantitative analysis: APHA 3111B(1)

As 0.83 50

Cd 116.88 10

Cu 0.26

Cr <2.00 400

Sn <200.00

Ag 170.27

Pb 3.13 140

Se <60.00

Zn <0.80

Hg <500.00 6.6

Mo < 0.20

Values <2mg/kg, <200mg/kg, <60mg/kg, <0.8mg/kg and 500mg/kg represent the detection limits
of the methods for Cr, Sn, Se, Zn, and Hg, respectively
(1) Peruvian soil environmental quality standards for residential soils and parks (D.S N° 011–2017-
MINAM) (Estándar de Calidad Ambiental para suelo, by its acronym in Spanish)

In Table 3, PSMT exhibits a multi-elemental chemical composition with high Pb
percentage (3.13%). According to the Peruvian soil environmental quality standards,
for residential soil and parks, the cadmium content is higher than the regulation. Hg
content, however, cannot be compared since the detection limit is higher that the
value in the Peruvian regulation. As, Cr and Pb did not exceed the quality standards.
The Peruvian legislation has not yet established environmental quality standards for
Sb, Cu, Sn, Ag, Se, or Zn.

FT-IR Spectra

FT-IR ES and OS spectra are shown in Fig. 1, where the ES, pure CaCO3, and OS
FT-IR spectra shows compounds such as calcium, lithium, potassium carbonates, and
potassium nitrate. Table 4 shows a list of coincident absorbance bands of ES (gray
line in Fig. 1a) and CaCO3 (blue line in Fig. 1a) at 879, 824, 798, and 796 cm−1

that indicate the presence of CaCO3, Li2CO3, K2CO3, and KNO3 functional groups,
respectively. There is only one coincident band at 807 cm−1 that corresponds to the
Polyimide K group in FT-IR spectrum of ES and pure CaCO3 [12]. In Fig. 1b, the
ES and OS FT-IR spectra have two absorbance bands that are coincident at 879 and
824 cm−1 according to the Shimadzu spectrum library. In the three analyses, the
FT-IR spectrometer cannot identify the spectrum reflections in the bands of their
functional groups, specifically in the range of 1000 to 2000 cm−1.
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Fig. 1 FT-IR spectra of a ES and pure CaCO3, and b OS and ES samples

Table 4 Information about FT-IR bands of main functional groups of ES, pure CaCO3, and OS

Samples Score Shimadzu Library Note found/title

OS, ES and 879 7—inorganic D_ CaCO3/Calcite

Pure CaCO3

OS, ES and 824 10—inorganic D_ Li2CO3/Lithium

Pure CaCO3

Eggshell-ES 807 45—IRs Polymer1 PL1,/Polyimide K

Pure CaCO3

Eggshell-ES 798 9—inorganic D_K2CO3/Potassium

Pure CaCO3

Olive stones-OS 796 16—Inorganic D_KNO3,/Potassium

Pure CaCO3

Eggshell-ES 788 205—IRs Agrichemicals Methyldymron/M

Pure CaCO3 784 173—IRs Agrichemicals Bethrodine/Bethrodine

Eggshell-ES 778 69—Polymer D_Additive 7/Polymer

Pure CaCO3

Eggshell-ES 776 103—IRs Agrichemicals Cyprodinil/Cyprodinil

Pure CaCO3 775 179—IRs Agrichemicals Pyributicarb/Pyrite

XRD Studies

The XRD analysis results of ES and OS samples are shown in Figs. 2 and 3.
Figure 2 shows the presence of only one mineralogical phase in ES, CaCO3. From

Fig. 3a is difficult to identify any diffraction patterns due the amorphous condition
of the OS sample. The latter can be related to the presence of organic impurities that
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Fig. 2 XRD analysis of ES sample

Fig. 3 XRD analysis of a OS sample and b sulfur analysis

were not separated during the cleaning stagewith potassiumhydroxide and distillated
water. TheXRDanalysis results of the PSMTsamples are shown in Fig. 4 andTable 5.

TGA and DTG Evaluations

Results of TGA and DTG analysis from the ES and OS samples are shown in Fig. 5
and Table 6.

In Fig. 5a, DTG of ES (blue line) and pure CaCO3 (green line) exhibit peaks at
834.48 and 805.96 °C. The decomposition temperature of the ES sample (88.80%
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Fig. 4 XRD analysis of the PSMT sample

Table 5 Diffraction patterns used to quantify the crystal phases in the PSMT sample

Ref. code Score Compound name Scale
factor

% Chemical formula

01–087-2096 73 Silicon oxide 0.890 90.50 SiO2

01–085-1289 34 Lead oxide 0.020 0.50 PbO

98–060-5711 23 Silver antimony
sulfide

0.018 0.10 Ag S2 Sb

01–079-2206 38 Lead iron aluminum
arsenate sulfate
hydroxide-beudantite

0.066 –7.40 Pb (Fe 2.54 Al 0.46) ( As 1.07
O4) ( S 0.93 O4) ( OH)6
PbFe3(AsO4)(SO4)(OH)6

98–001-0422 31 Pyrite 0.015 1.40 Fe1 S2

98–000-0439 21 Copper tin (41/11) 0.008 0.10 Cu41 Sn11

Fig. 5 TGA and DTG of a ES and pure CaCO3 and b OS samples
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Table 6 TGA and DTG results from ES and OS samples and pure CaCO3

TGA DTG

Samples Initial
mass, mg

Heating rate, °C/min Volatile
matter, %

Weight/mass
loss, %

Decomposition
temperature, °C

ES 32.971 10 47.00 53.00 834.48

pure CaCO3 32.971 10 44.00 56.00 805.96

OS 16.723 3 84.00 16.00 314.71

CaCO3) is higher than for the pure CaCO3 (decomposition temperature about 700 °C
to 750 °C). Moreover, TGA of both samples observed a little deflection between the
red lines in relation to the green lines (Fig. 5a, b), taken place near 250 °C due to
the impurities present in the ES sample. TGA and DTG of OS presented a mass loss
near 84% (w/w) and average moisture of 9.29%. In Fig. 5b, the OS sample evidenced
a peak at 314.71 °C (maximum decomposition temperature) after a heating rate of
3 °C/min for about 5 min [13].

Calcination of the ES Sample

According to the reaction: CaCO3(s) = CaO(s) + CO2(g), the calcination of the ES
sample confirmed a generation of 53% CaO. Both ES TGA analysis and calcination
tests observed a mass loss near 47% (w/w).

Thermal Treatment of the OS Sample (Proximity Analysis)

Proximity analysis presents 9.01% moisture, 84.06% volatile matter, 4.90% ash and
2.03% fixed carbon. As Na (1.59%) and fixed carbon (2.03%) quantities are low, it
will be necessary to active the OS carbon content using a chemical route [14].

Route for Obtaining Chemical Modified Pre-Oxidized Biochar
from OS Sample

Table 7 depicts a summary of results for the pyrolysis, pre-oxidation, and chemical
modification processes.

Chemically modified pre-oxidized biochar (w/w) was constituted of 50 g of
average particle size ≤250 μm, 75.40 g of an average particle size range between
≥500 μm and ≤250 μm, and 40 g of average particle size ≥500 μm. The chem-
ical treatment to the pre-oxidized biochar, to form chemically modified pre-oxidized
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Table 7 Route for obtaining chemically modified biochar from OS

Pyrolyzed
mass, g

Biochar
mass, g

% Biochar
(w/w)

Pre-oxidized
biochar
mass, g

%
Pre-oxidized
biochar
(w/w)

Chemically
modified
pre-oxidized
biochar
mass, g

%
Chemically
modified
pre-oxidized
biochar
(w/w)

1328.20 257.80 19.41 164.54 64.57 165.40 100.00

biochar, increased the mass content in 0.14 g. Results suggest that the presence of
mercaptoethanol in the chemically modified pre-oxidized biochar could be effective
method for removing the Hg content in the PSMT sample.

Physical Properties and Environmental Indicators
of the PSMT

PSMT samples had an average particle size of 96.24 μm and specific gravity
of 2890 kg/m3. The environmental indicators values are: 158 mV/pH, 4.37 pH,
306.9 mV (ORP), 88.5% DO, 7.57 ppm DO, 5906 μS/cm, 5526 μS/cm4, 0.0002
M�.cm, 2953 ppm TDS, 3.21 PSU, 0.3σt, and 21.06 °C. Equilibrium diagrams and
Eh and pH values are very useful to identify the chemical speciation of inorganic
compounds. Looking for the intersection of the Eh (158 mV) and pH (4.37) values
in the Cd–O-H and Hg-O–H equilibrium diagrams, we could find that Cd+2 or Hg+2

are in the soil solution (aqueous phase). Natural and Calcinated ES could remove
this Cd+2 and Hg+2 through a dissociation of the Ca+2 contents, promoting a basic
medium through cation exchange with other metal ions [15].

Conclusions

In the FT-IR spectra, the ES and pure CaCO3, and OS absorbance bands at 879, 824,
798 and 796 cm−1 indicate the presence of CaCO3, Li2CO3, K2CO3, andKNO3 func-
tional groups, respectively. The XRD analysis of ES samples showed the presence of
one mineralogical phase (CaCO3). Diffraction patterns in the OS could not be identi-
fied due the amorphous condition of the sample. DTG analysis showed ES exhibited
peaks at 834.48 °C. Decomposition temperature of the ES sample was higher than
that of pure CaCO3, (decomposition temperature of 700 to 750 °C). TGA and DTG
analysis of OS presented a mass loss near 84% (w/w), with an average moisture of
9.29%. TGA and ES calcination tests presented a mass loss near 47% (w/w). The
proximity analysis showed a low content (2.09%) of fixed carbon in the OS, which
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indicate that it will be necessary to activate the contained carbon in the OS via chem-
ical route. The process to obtain chemically modified pre-oxidized biochar from OS
reported a pyrolysis mass loss of 80.59%, pre-oxidized mass loss of 35.43%, and
an addition of 0.14 g during the chemical treatment. According to the Peruvian soil
environmental quality standards for residential soils and parks, the PSMT sampled
has cadmium content higher than the regulation limits, while As, Cr, and Pb did not
exceed the quality standards. Hg content could not be compared since the detection
limit is higher that the value in the Peruvian regulation. The PSMT sample had an
average particle size of 96.24 μm and a specific gravity of 2890 kg/m3. Equilib-
rium diagrams showed that Cd+2 cations are most likely in the PSMT soil solution
(aqueous phase). This compound could be removed by the cation exchange prop-
erties of calcinated ES. The mercaptoethanol content in the chemically modified
pre-oxidized biochar could be effective in removing the Hg content in PSMT.
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Utilization of Copper Nickel Sulfide Mine
Tailings for CO2 Sequestration
and Enhanced Nickel Sulfidization

Fei Wang, David Dreisinger, Glenn Barr, and Chris Martin

Abstract Globalwarmingmitigation strategies include reducingCO2 emissions and
encouraging the use of battery-powered electrical vehicles. Nickel in olivine which
is an important mineral of many nickel sulfide mines and suitable for permanent CO2

sequestration is regarded as non-recoverable and discarded inmine tailings aswastes.
Enhancing nickel sulfide production from hitherto non-recoverable resources could
help increase battery supply. This work shows that a copper nickel sulfide flotation
mine tailing in Minnesota could be used for directly accelerated mineral carbonation
and concurrent nickel sulfidization. In addition to converting magnesium and iron
silicates tomineral carbonates for permanent CO2 storage, nickel in olivine is concur-
rently converted to nickel sulfide for potential recovery. The mineral carbonation of
olivine is the dominant chemical reaction process and provides the precondition for
nickel sulfidization.Apre-concentration step of olivine from tailings is recommended
to enrich olivine and nickel contents for potential application.
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Introduction

The current world is working to mitigate global warming. The United States expects
to achieve carbon neutrality by 2050 [1]. Accelerated mineral carbonation could be
an important method in achieving the target of reducing CO2 emissions and to perma-
nently store CO2 as stable mineral carbonates [2]. The Duluth Complex is the largest
single resource of nickel, copper, cobalt, and precious metals in North America. The
over 9.5 billion tonnes of mineralised material occur in mafic and ultramafic rocks.
The potential flotation tailings of the complex contain approximately 25% olivine in
average, i.e., 2.4 billion tonnes, and thus can make significant contributions to reduce
CO2 emissions via mineral carbonation.

In addition to reducing CO2 emissions, encouraging battery-powered electrical
vehicles instead of fossil fuel-powered traditional vehicles is also important to miti-
gate global warming. Metals including nickel and cobalt are significant elements
for batteries. Most of the residual nickel and cobalt of the Duluth Complex tail-
ings are present as replacement ions in the basic silicate mineral olivine and thus
are considered as non-recoverable by flotation. This situation is quite common for
many Ni-hosted sulfide deposits. Thus, enhancing recovery of the non-recoverable
nickel and cobalt could play a significant role in both reducing CO2 emissions and
improving battery supply. The previous work [3] on high-purity olivine (forsterite)
has confirmed the possibility of converting nickel contained in olivine to nickel
sulfides by utilizing mineral carbonation, as shown in Fig. 1. Mineral carbonation
provides the precondition to release nickel ions for sulfidization and magnesium

Fig. 1 Schematic diagram of mineral carbonation of olivine and concurrent nickel sulfidization [3]
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and ferrous ions for concurrently permanent CO2 sequestration. The supply of a gas
mixture containing 95% CO2 and 5% H2S can be used to achieve the selectivity of
nickel conversion and mineral carbonation.

However, the effect of the high iron content of the Duluth Complex tailings
on mineral carbonation and nickel conversion is not known and tailings have not
been tested. This work is to characterize the Twin Metals Minnesota LLC Duluth
Complex-hosted Maturi deposit tailings for carbon sequestration capacity and to
test the sulfidization during carbon sequestration in order to provide a pathway to
enhanced metal recovery.

Materials and Methods

Materials

The tests refer to two types of Maturi tailings: one contains the life of mine average
olivine content of the deposit, described in the following context as low olivine
group (LOG); the other contains a relatively high olivine content corresponding to
several specific sizeable zones in the deposit, described in the following context as
high olivine group (HOG). The chemical compositions of HOG and LOG samples
together with high-purity forsterite as comparison are shown in Table 1, analyzed
via inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Both the
HOG and LOG tailings contain nickel in 0.08% and copper in 0.03%, respectively.
As can be seen, although the nickel content in the tailings is lower than nickel of
the high-purity forsterite in previous work, the nickel in olivine of the tailings is
similar to the nickel content in the forsterite. The iron content is higher than 11%
compared to 7% of the high-purity forsterite. The theoretical mineral carbonation
capacity, calculated based on total contents of magnesium, iron, and calcium, is 0.29
tonne CO2 per tonne HOG and 0.26 tonne CO2 per tonne LOG tailing, respectively.

The mineral composition through the quantitative X-ray diffraction (QXRD)
method is shown in Table 2. The dominant mineral of both HOG and LOG samples
is plagioclase, accounting for 48% and 55%, respectively, followed by olivine occu-
pying 35% and 26%, respectively. The third gangue mineral is pyroxene (diopside)
accounting for 7% and 8% for HOG and LOG samples, respectively. Each of the rest
gangue minerals is less than 2% of the tailings. The sulfur content shown in Table 1

Table 1 Chemical compositions of the high olivine group (HOG) and low olivine group (LOG)
samples and high-purity forsterite, wt%

Sample Ni Cu Fe S C Mg Si Co Al Cr Mn Ca Ti

HOG 0.082 0.030 12.34 0.063 0.069 7.6 19.4 0.0087 7.9 0.047 0.14 5.1 0.55

LOG 0.083 0.031 11.12 0.068 0.11 6.0 20.0 0.0072 8.6 0.038 0.14 5.6 0.67

Forsterite 0.27 – 7.09 0.00 0.00 27.4 20.8 – 0.09 0.21 0.08 0.11 –
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Table 2 Mineral compositions of the HOG and LOG samples through the quantitative X-ray
diffraction (QXRD) analysis

Mineral Ideal formula HOG LOG

Ankerite-Dolomite Ca(Fe2+,Mg,Mn)(CO3)2–CaMg(CO3)2 0.4 0.8

Biotite K(Mg,Fe2+)3AlSi3O10(OH)2 1.7 1.2

Clinochlore (Mg,Fe2+)5Al(AlSi3O10)(OH)8 1.3 1.3

Pyroxene (Diopside) CaMgSi2O6 7.0 7.9

Ferroactinolite Ca2Fe52+Si8O22(OH)2 0.5 1.0

Olivine (Mg,Fe)2SiO4 35.2 25.7

Ilmenite Fe2+TiO3 1.6 2.2

Iron-alpha α-Fe 2.2 2.1

Magnetite Fe2+Fe3+2O4 1.4 1.5

Plagioclase NaAlSi3O8–CaAl2Si2O8 48.2 54.9

Quartz SiO2 0.5 0.7

Talc Mg3Si4O10(OH)2 – 0.7

Total 100.0 100.0

is in forms of chalcopyrite and cubanite, followed by pentlandite and pyrrhotite. This
may result in an initially high molar ratio of Fe/Ni for the tailings, higher than 30
for the high-purity forsterite, regarding nickel sulfide chemical analysis of selective
sulfidization of nickel over iron.

It is expected that olivine is the major mineral involved in mineral carbonation
based on the previous research on raw natural silicate samples [4]. Correspondingly,
the theoretical maximum mineral carbonation capacity needs to be re-calculated
based on olivine content where each mole olivine containing two moles of biva-
lent metal elements can sequester two moles of CO2 gas. The corrected mineral
carbonation capacities for HOG and LOG are 0.17 and 0.12 tonne CO2 per tonne
sample, respectively. The scanning electron microscope with an energy dispersive
X-ray detector (SEM–EDX) analysis further confirms that the Fe/Mg molar ratio
of the olivine is approximately 2.6 ~ 3.1, much higher than the ratio in high-purity
forsterite (0.075). According to the peer work [5], mineral carbonation of olivine
containing high Fe/Mg molar ratio may need slightly reductive atmosphere to be
accelerated.

Methods

The samples were the tailings after copper sulfide and nickel sulfide flotation. Each of
theHOG and LOG samples was homogeneously divided into 3 different charges with
different particle size distribution, through grinding and passing sieves of 200 mesh,
325 mesh, and 400 mesh, respectively. As a result, six sub-samples were obtained
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Fig. 2 Particle size distribution of HOG and LOG samples

and identified as HOG-38, HOG-45, and HOG-75 for the HOG, and LOG-38, LOG-
45, and LOG-75 for the LOG, respectively. The particle size distribution (PSD) of
the six samples is shown in Fig. 2. There was no obvious difference in PSD overall
trend between HOG and LOG samples, although LOG samples were slightly finer
than the corresponding HOG samples. The P80 values were 23–25 μm for HOG-38
and LOG-38, 36 μm for HOG-45 and LOG-45, and 52–53 μm for HOG-75 and
LOG-75, respectively. The mineral carbonation and sulfidization tests were carried
out in a 600mL stainless steel autoclavewith a sampling kit. Themineral carbonation
tests were conducted under the conditions of 175 °C, PCO2 = 34.5 bar, 10% pulp
density, addition of 1.5 m NaHCO3 with a reaction time up to 8 h. The mineral
carbonation tests with concurrent nickel sulfidization were carried out under the
identical conditions except for temperature at 150 °C and gas mixture supply of 5%
H2S and 95%CO2 (PH2S= 1.4 bar+ PCO2 = 26 bar) because ofmaximum pressure
limitation of H2S regulator. The calculations of mineral carbonation efficiency and
nickel conversion efficiency are based on Eqs. (1) and (2).

α = (θ2 − θ1)

m × ( 12.0144.01 − θ2)
× 100% (1)

β = (m2 × δ2 − m1 × δ1)

m1 × (1− δ1)
× 100% (2)
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where α is the mineral carbonation efficiency; m1 and m2 are the weights of solid
sample before and after reaction, respectively; θ1 and θ2 are the total carbon content of
solid sample before and after reaction, respectively; m is the theoretically maximum
mineral carbonation capacity; β is the nickel conversion efficiency; δ1 and δ2 are the
nickel in sulfides content of solid sample before and after reaction and analyzed by
bromine–methanol digestion-ICP AES [6, 7], respectively.

The chemical compositions of the mineral samples and solutions were analyzed
by ICP-AES. QXRD analysis was used to determine the mineral composition of the
HOG and LOG samples. Detailed PSD analyses were obtained through laser sizing
using a Malvern Mastersizer 2000 instrument. The changes in mineral compositions
of the samples were analyzed by regular XRD analysis using a Rigaku MultiFlex
XRD instrument with Cu-Kα radiation over the range of 3°–90° of 2θ. The total
carbon and sulfur contents were determined by LECO CS3200 instrument. The
nickel sulfide analysis was analyzed by bromine–methanol digestion-AAS. SEM–
EDXanalysis using an FEIQuanta 650 instrumentwas used to investigate the process
of the mineral carbonation and nickel sulfidization.

Results and Discussion

Mineral Carbonation

As shown in Fig. 3, the effect of particle size on the mineral carbonation efficiency
is significant. The finer the particles of the tailing samples, the easier the mineral
carbonation process owing to the larger specific surface area supporting the chem-
ical reaction. Besides, when the mineral carbonation capacity was based on the total
contents of magnesium, iron, and calcium as the traditional way shown in Fig. 1a1,
b1, the mineral carbonation efficiency of HOG samples was higher than the results of
LOG samples, 45% for HOG-38 compared to 32% for LOG-38 at 8 h. The difference
in carbonation efficiency between HOG and LOG samples was gradually reduced
for the coarser particles, 32% for HOG-45 vs. 26% for LOG-45, followed by 21%
HOG-75 vs. 20% for LOG-75 at 8 h. In fact, the mineral carbonation efficiency
should be further optimized based on the olivine content in tailings, since previous
research shows that carbonation of olivine is the dominant chemical reaction and that
the mineral carbonation capacity should be corrected based on the olivine content for
natural silicate mixtures [4]. As shown in Fig. 3a2, b2, the effect of particle size on
the corrected mineral carbonation efficiency was further magnified; 79% of olivine
for HOG-38 has been reacted at 8 h while only 37% of olivine for HOG-75 reacted;
similarly for LOG samples, 68% for LOG-38 compared to 43% for LOG-75. In
addition, the mineral carbonation efficiency based on olivine was much higher than
based on the traditional way. This indicates that olivine was the dominant mineral
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Fig. 3 Effect of particle size of the HOG a and LOG b samples on mineral carbonation efficiency
and role of olivine on mineral carbonation: theoretical carbonation capacity based on the total
contents of Mg, Fe and Ca (a1 and b1) and based on olivine content (a2 and b2)

involving mineral carbonation, which supports the previous research. The concen-
tration of magnesium, iron and the other bivalent metals in aqueous solution was less
than 0.8 mg/L. All the released bivalent elements from olivine during carbonation
precipitated as mineral carbonates.

The results of XRD analysis (Fig. 4) further support the role of olivine during
the mineral carbonation. With an increase in reaction time, the peak intensity of
olivine gradually decreased and correspondingly the peak intensity of the produced
mineral carbonates (magnesite–siderite) gradually increased. Together with forma-
tion of mineral carbonates, the amount of produced quartz also gradually increased
owing to the reaction of olivine. There was no obvious change in the other minerals
including plagioclase and pyroxene. SEM images of carbonatedHOG-38 can confirm
the experimental and XRD results. The outer surface (Fig. 4a, b) shows the forma-
tion of massive crystalline mineral carbonates, while plagioclase and ilmenite were
untouched. The transverse surface (Fig. 4c, d) reveals that the unreacted olivine
was surrounded by crystalline carbonates with a porous void between the carbon-
ates layer and the olivine. There was no obvious formation of carbonates outside
of plagioclase and pyroxene. It is also noted that the olivine in Maturi tailings was
slightly more resistant to carbonation compared to the high-purity forsterite because
of the high Fe/Mg ratio of the olivine in tailings (average 2.84 vs. 0.075 for the
high-purity forsterite). The mineral carbonation efficiency of HOG-38 olivine was
79% compared with the complete reaction for the high-purity forsterite under the
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Fig. 5 Amount of sequestered CO2 gas through mineral carbonation and the increase of carbon
content in residues

identical conditions: 175 °C, 34 bar CO2 partial pressure, 1.57 m2/g surface area
(1.53 for the high-purity forsterite), and 1.5 M sodium bicarbonate for 8 h reaction.
A slight reductive atmosphere might be needed to accelerate the mineral carbonation
of the Maturi tailings.

Nevertheless, the mineral carbonation progress can be also described as the
amounts of sequestered CO2 gas per tonne of tailings as shown in Fig. 5. With the
increase in reaction time, the carbon content gradually increased from less than 0.1%
for raw tailings to 3.23% for HOG-38 and 2.18% for LOG-38 at 8 h. All the increased
carbon was the sequestered CO2 in mineral carbonates. Correspondingly, the amount
of sequestered CO2 gas gradually increased up to 131 kg per tonne HOG-38 tailings
and 83 kg per tonne LOG-38 tailings.

Mineral Carbonation with Concurrent Nickel Sulfidization

In addition to CO2 sequestration, the mineral carbonation process of the tailings
can be utilized for nickel conversion from silicates to sulfides for potential enhanced
recovery. Themineral carbonation efficiency and the corresponding sequestered CO2

gas are shown in Fig. 6. Compared with Fig. 3 and Fig. 5, the mineral carbonation
efficiency based on the olivine content and the amount of sequestered CO2 gas
were markedly decreased from 79% and 131 kg CO2 per tonne tailing to 34% and
57 kg CO2 per tonne tailing for HOG-38 samples. The coarse samples had even
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Fig. 6 Mineral carbonation efficiency and the sequestered CO2 amount of HOG a and LOG
b samples during carbonation and concurrent sulfidization

lower carbonation progress, e.g., 11% and 18 kg CO2 per tonne tailing for HOG-75
samples. Similar results were shown for LOG samples. It may be because of the high
molar ratio of Fe/Mg in olivine that increased the sensitivity ofmineral carbonation to
temperature andCO2 partial pressure. As shown in Fig. 7, the decrease of temperature

Fig. 7 Comparison of mineral carbonation and sulfidization between high-purity forsterite and
HOG-38 tailings
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Fig. 8 Nickel conversion efficiency and sulfidized nickel amount during mineral carbonation and
concurrent sulfidization process for HOG a and LOG b tailings

and CO2 pressure resulted in decrease by 49% of mineral carbonation efficiency for
HOG-38 samples whereas only up to 22% of mineral carbonation efficiency was
reduced for high-purity forsterite. It is important to maintain the carbonation and
sulfidization at high temperature and CO2 pressure.

Together with mineral carbonation where CO2 converted to mineral carbonates,
some nickel in silicates also converted to nickel sulfides as shown in Fig. 8. The
nickel conversion efficiency gradually increased with reaction time andwith increase
in mineral carbonation efficiency. The highest nickel conversion efficiency for HOG
and LOG samples was 15% and 9%. Correspondingly, up to 121 g and 76 g nickel per
tonne tailings was converted from silicates to sulfides for HOG and LOG samples,
respectively. As for selectivity of sulfidization, since there were iron sulfides and
high iron content in raw tailings, the initial molar ratio of Fe/Ni was very high at
average 100; the mineral carbonation and sulfidization process gradually lowered
down the molar ratio of Fe/Ni in sulfidized residues to around 20. It means that the
amount of nickel converted to nickel sulfidewas increasingwith sulfidization process
and was higher than the amount of iron converted from olivine. In other words, the
sulfidization process was selective of nickel over iron.

Through the comparison of mineral compositions among raw tailings, carbonated
residue and sulfidized residue for HOG-38 as shown in Fig. 9, it can be seen that there
was obvious formation of mineral carbonates and quartz during sulfidization but the
extent of reaction was lower than that in the carbonation only. The XRD results are
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Fig. 9 Comparison of changes in mineral compositions of HOG-38 tailings during mineral
carbonation and nickel sulfidization through XRD patterns

identical with the experimental data for sulfidization tests. In addition, the SEM–
EDX analysis further proved the decrease in the extent of reaction with smaller
amounts of mineral carbonates. The carbonated olivine surrounded by crystalline
carbonates with a porous void was not found. The mineral carbonation efficiency
may be dominantly owing to the reaction of superfine particles.

With considering that olivine was the dominant mineral for mineral carbonation
of tailings and the other minerals were not reacted, it would economically to pre-
concentrate olivine from the tailings to reduce the capital costs. The pre-concentration
step would also benefit the effective nickel sulfidization.

Conclusion

The overall finding of the study performed on the Maturi flotation tailings is encour-
aging.Thework confirms that the tailings canbeutilized to sequesterCO2 gas through
accelerated mineral carbonation and to concurrently convert nickel silicate to nickel
sulfide for potential recovery. The mineral carbonation of olivine is the dominant
chemical reaction process and provides the precondition for nickel sulfidization. The
other minerals are not significant for mineral carbonation. Although the olivine in
the tailings contains high Fe(II) content, each tonne tailings can still sequester up to
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131 kg CO2 at pure compressed CO2 pressure supply; at gas mixture of 95%CO2 and
5%H2S and lower temperature, up to 15%of nickel from tailings can convert to nickel
sulfide, up to 121 g nickel per tonne tailings, together with sequestered 57 kg CO2

per tonne tailings. Further studies are still needed including pre-concentrating olivine
from the tailings and using gas mixture containing reductive gas during mineral
carbonation to facilitate the reaction process.

Acknowledgements The authors thank Twin Metals Minnesota LLC for financial support. Blue
Coast Research Ltd is also thanked for preparing the samples for this study.

References

1. The White House. Fact Sheet: President Biden Sets 2030 Greenhouse Gas Pollution Reduction
Target Aimed at Creating Good-Paying Union Jobs and Securing U.S. Leadership on Clean
Energy Technologies. Whitehouse.Gov 6 (2021). Accessed 2nd September 2021

2. Wang F, Dreisinger DB, Jarvis M, Hitchins T (2018) The technology of CO2 sequestration by
mineral carbonation: current status and future prospects. Can Metall Q 57:46–58

3. Wang F, Dreisinger D, JarvisM, Hitchins T, Trytten L (2021) CO2 mineralization and concurrent
utilization for nickel conversion from nickel silicates to nickel sulfides. Chem Eng J 406:126761

4. Wang F, Dreisinger D, Jarvis M, Hitchins T (2021) Kinetic evaluation of mineral carbonation
of natural silicate samples. Chem Eng J 404:126522

5. Wood CE, Qafoku O, Loring JS, Chaka AM (2019) Role of Fe(II) content in olivine carbonation
in wet supercritical CO2. Environ Sci Technol Lett 6:592–599

6. Penttinen U, Palosaari V, Siura T (1977) Selective dissolution and determination of sulphides in
nickel ores by the bromine-methanol method. Bull Geol Soc Finl 49:79–84

7. Klock PR, Czamanske GK, Foose M, Pesek J (1986) Selective chemical dissolution of sulfides:
an evaluation of six methods applicable to assaying sulfide-bound nickel. Chem Geol, 157–163



Removal Behavior of Benzohydroxamic
Acid from Beneficiation Wastewater
via Fe(III) Chelation and Precipitation
Flotation Process

Guihong Han, Yifan Du, Yanfang Huang, Wenjuan Wang, Shengpeng Su,
and Bingbing Liu

Abstract Benzoximic acid (BHA) is a commonly used collector in mineral
processing industry. The accumulation of BHA in water will cause serious damage
to environment. Therefore, how to efficiently treat the residual BHA in mineral
processing wastewater is an important issue in the mineral processing industry. In
this study, Fe(III) was used as chelating agent to separate BHA from wastewater by
precipitation flotation. The optimum flotation conditions of BHA and Fe(III) were
obtained by optimizing the chelation and flotation processes. The results showed
that the chelating efficiency was the highest when the chelating pH was 7 and Fe(III)
was 40 mg/L. When the addition amount of surfactant CTAB is 4 mg/L and the gas
flow rate is 40 mL/min, the flotation removal rate of BHA reaches 90%, and the
COD removal rate of the solution is 73%. The treated solution meets the first-class
standard of industrial waste water discharge.

Keywords Benzohydroxamic acid · Organic contaminant · Precipitate flotation

Introduction

The rapid development of beneficiation mining produces a large amount of benefici-
ation wastewater. Mineral processing wastewater contains a large amount of mineral
processing agents, leading to the increase of its chemical oxygen demand (COD) [7].
Benzohydroxamic acid (BHA) is a highly efficient collector for zinc ore and tungsten
ore, which is widely used in metallurgical industry [6, 11]. Generally, when these
agents such as BHA enter the water environment, it may even contain biotoxicity
endangering ecosystems, fishery, and human health [1]. Thus, tremendous hazardous
beneficiationwastewaters containing low concentration ofBHAorganic contaminant
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needs urgent treatment [12]. However, most of the treatment methods for BHA, such
as adsorption and catalytic degradation, are faced with the characteristics of high
cost, high energy consumption and low efficiency, which urges us to look for new
treatment methods for wastewater containing BHA.

Precipitation flotation is a commonly used method in wastewater treatment in
recent years, which originated from the mineral processing industry [3, 8]. Precipita-
tion flotation technology is to produce fine precipitate particles by adding precipitator
or chelating agent through chemical reaction [13]. The particle surface properties of
the target substance and the surface tension of the liquid are changed by the action
of the surfactant, and then bubbles are introduced to separate the target substance
from the solution [14, 15]. Compared with other methods, precipitation flotation
requires fewer flotation agents, has a wider application range, and has a more stable
flotation effect, which has a satisfactory effect on the treatment of low concentra-
tion wastewater [10]. However, the selection of appropriate chelating precipitator for
BHA becomes an important step to precipitate flotation. Fortunately, it is reported
that soluble BHA can form insoluble metal chelates with the addition of metal ions
under weakly basic conditions [2, 4]. This makes it possible to remove soluble BHA
from wastewater by mature and simple flotation technology.

In this paper, the efficient removal of BHA organic pollutants from industrial
mineral processing wastewater by chelating, flocculation, and precipitation flotation
process was studied. The dissolved BHA was firstly chelated by Fe(III) to form
a hydrophobic precipitate, and then, the precipitate was removed by flotation in
a microbubble column. The process flow of precipitation flotation was optimized
through experiments, and the mechanism of chelation was also briefly explored.

Experimental

Materials

In thiswork, the simulatedBHA-bearingwastewaterswere prepared using the analyt-
ically pure BHA (Aladdin Biological Technology Co., Ltd., China) as raw mate-
rial. Chelating reagent of Fe(III) solutions was prepared from iron chloride hexahy-
drate (FeCl3·6H2O, Tianjin Kemiou Chemical Reagent Co., Ltd., China). Sodium
hydroxide (NaOH, Sinopharm Chemical Reagent Co., Ltd. China) and sulfuric acid
(H2SO4, SinopharmChemical Reagent Co., Ltd. China) were used to adjust the solu-
tion pH.Cetyl trimethyl ammoniumbromide (CTAB,AladdinBiologicalTechnology
Co., Ltd., China) was employed as a collector, and nonylphenol polyoxyethylene
ether (NP-40, Aladdin Biological Technology Co., Ltd., China) was used as frother
during the flotation process of BHA-Cu sediments. All the chemical reagents were in
analytical grade, and deionized water was used to prepare the simulated wastewaters
and stock solutions.
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Experimental Procedures

Figure 1 shows the schematic diagram of the chelation and precipitation flotation
process. Precipitation reagent of Fe(III) was added into 500 ml simulated BHA
wastewater in a beaker, then the mixed solutions were blended by a magnetic stirrer
with 150 rpm (Shanghai Rex Instrument Factory, China) for 30 min at 20 °C. CTAB
surfactant was applied to enhance the hydrophobic property of the BHA-bearing
particles in the solution. Afterward, the suspension liquid was transferred to the
microbubble flotation column, and a certain amount of NP-40 foaming agent was
further added to promote foamproduction and the adhesion of particles to air bubbles.
The organic contaminant BHA and additive Fe(III) were concentered in the foams.

The turbidity and COD of treated solution were measured by Turbidity meter
(WGZ 2000, Shanghai Xinrui Instruments & meters Co. Ltd. China) and potassium
dichromate method (Chinese standard of HJ 828–2017). The removal efficiency of
COD of the aqueous solution is defined as the following Eq. (1):

Fig. 1 Schematic diagram
of chelation and precipitation
flotation process BHA simulates wastewater 

Fe(III)

pH regulator

stirring

BHA-Fe (III) precipitate 

Stage 1

stirring

CTAB

Particles flocculation

Stage 2

NP-40
Flotation

Purified water BHA-Fe

Stage 3
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RCOD = (1− VPCODp

V0COD0
)× 100% (1)

where RCOD is the removal efficiency of COD, %; CODp and COD0, respectively,
represent the value of COD before and after chelation precipitation, mg/L; V0 and
Vp, respectively, represent the volume of the solution before and after chelation
precipitation or flotation, mL.

The UV–vis analysis (TU-1901, Beijing Purkinje General Instrument Co., Ltd.,
China) was used to determine the BHA at the wavelength of 330 nm. The flotation
products and residual solutionwere sampled and analyzed, and the removal efficiency
of BHA in the precipitation flotation process was determined according to Eq. (2).

R f =
(
1− V f C f

V0C0

)
× 100% (2)

where Rf represents the flotation removal efficiency of BHA, %; C0 and Cf, respec-
tively, represent the concentrations of BHA before and after flotation, mg/L; V0 and
Vf, respectively, represent the volume of the solution before and after flotation, mL.

Results and Discussion

Chelation Precipitation of BHA by Fe(III) Addition

The first task to precipitate BHA flotation is to form chelating precipitation of
free BHA in solution under a complex solution environment. Therefore, a series
of initial pH values and Fe(III) dosages were investigated for the solution to explore
the chelating process and determine the best conditions for the chelation. The
corresponding results are shown in Fig. 2.

The chelating efficiency of BHA was significantly affected by the pH and Fe(III)
content added in the solution. As shown in Fig. 2a, with the increase of pH,
the chelating efficiency of BHA and Fe(III) firstly increased and then gradually
decreased. At pH of 7, the chelating efficiency of BHA by Fe(III) is the highest.
With the increase of Fe(III) concentration in the solution, the collision between
Fe(III) and BHA molecules in the solution is strengthened, and the chelating effi-
ciency also increases. When the initial concentration of Fe(III) in the solution is
increased to 30 mg/L, the chelation of BHA by Fe(III) reaches saturation. As the
concentration of Fe(III) in the solution continues to increase, the combination of
OH- with excessive Fe(III) in the solution is strengthened and generates Fe(OH)3.
The pH of the solution changes, resulting in the reduction of chelating efficiency.
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Fig. 2 a Effect of Fe(III) concentrations on the chelation efficiency of BHA; b removal efficiency
of COD after chelation

Resultantly, the optimal chelating procedurewas conducted at pH of 7with Fe(III)
content of 30 mg/L. At this condition, the removal efficiency of BHA and COD in
the solution is 89.23% and 70.31%, respectively.

Discussion on the Chelation Precipitation and Flocculation
Mechanisms

To further analyze the interaction between BHA and Fe(III) during the chelation
reaction under the optimized chelating conditions, the chelated sediments were
lyophilized and measured by FTIR. FTIR analysis of BHA and chelated BHA-Fe
was shown in Fig. 3.

It can be seen from Fig. 3, the C-N peak at 1152 cm−1 andN–O peak at 1100 cm−1

in BHA-Fe flocs after chelation reaction have no deviation compared with the BHA
solid particles. However, the stretching superposition vibration peaks of O–Hmoves
from 3310 cm−1 to 3447 cm−1. The stretching vibration peak of N–H in the complex
shifts from 3062 cm−1 to 2810 cm−1 before chelation and the C=N peak of BHA
was separated andmoved to 1585 cm−1. This indicates that the coordination between
BHA and Cu ions is carried out on the oxygen or nitrogen atoms [9]. In addition,
the stretching vibration peak of C-N shifts from 1162 cm−1 to 1150 cm−1, and the
benzene ring skeleton also moves to a higher wavenumber. And the vibration peak
of Fe–O appears at 475 cm−1. Based on the FTIR analysis, the equation of Fe(III)
chelating reaction with BHA is described as follows:

Fe3+ + (3)
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Zeta Potential Analysis of Chelating Granules

In the flotation process, the surface potential of precipitated particles in solution
has a great influence on the flotation efficiency [5]. Therefore, to explore the surface
potential of precipitated particles produced by the chelation process, effect of surfac-
tant on Zeta potential at the surface of flocs under a various chelating pH range was
studied. The result is shown in Fig. 4.

According to Fig. 4a, the Zeta potential of the particles is negative at pH range
of 7–10. With the increase of pH, the content of OH- in the solution increases and
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Fig. 4 a Zeta potential on the surface of flocs under different chelating conditions; b surface
potential of the particles after CTAB addition under the optimal chelating conditions



Removal Behavior of Benzohydroxamic Acid … 247

the electronegativity increases. Under the optimal chelating conditions, the surface
Zeta potential of the particles is −6.48 ± 0.99 eV. Figure 4b shows the surface Zeta
potential of the particles after adding surfactant CTAB as the regulator under the
optimal chelating conditions. As a cationic surfactant, CTAB has a positive charge
and can neutralize the surface potential of the precipitated particles. Therefore, with
the increase of CTAB addition, the surface potential of the particles changes from
negative to positive. The particle surface potential is 0.075 eV as 0.4 mg/L CTAB
is added, and this potential is very close to the “0 electric point.” In such a case,
the attraction force between particles is greater than the repulsive force, and the
flocs have a better aggregate effect, which is conducive to the subsequent flotation
separation.

Flotation Removal of the BHA-Fe Floccules

After adding CTAB, column flotation equipment was used to treat the chelated solu-
tion. Under the chelating conditions of pH 7, Fe(III) 30 mg/L, and CTAB 0.4 mg/L,
the effects of NP-40 dosage, air flow rate, and flotation time on the removal of BHA
were investigated, and the corresponding results are shown in Fig. 5.

Figure 5a shows the BHA removal rate and COD content of the solution after
40 min flotation with addition of foaming agent NP-40. With the increase of the
concentration of NP-40 added, the flotation efficiency is gradually enhanced. When
the concentration of NP-40 is 0.7 mg/L, the flotation efficiency reaches the highest
and the removal efficiency of BHA in the solution is 89.83%, while the COD in
the solution is 42.39 mg/L. After that, when the content of NP-40 is increased, the
removal efficiency of BHA in the solution remains stable, while the COD begins
to rise gradually since superfluous NP-40 is residual in the solution. Therefore, the
optimal NP-40 dosage is 0.7 mg/L.

Figure 5b shows that the flotation efficiency gradually increases with the increase
of the flow rate through the flotation. When the gas flow rate is 80 mL/min, the
removal rate of BHA is 89.97% and the COD in the solution is 43.4 mg/L. After
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Fig. 5 a Effect of NP-40 addition on BHA removal rate and COD in flotation solution; b effect of
flotation gas flow rate on BHA removal rate and COD in solution after flotation; c effect of flotation
time on COD and turbidity of solution after flotation
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that, the flotation efficiency remains stable when the flow rate continues to increase.
Therefore, the optimal flow rate in the flotation process is 80 mL/min.

Under the optimal chelating conditions, the amount of NP-40 is 0.8 mg/L and the
flow rate is 80 mL/min, the changes of turbidity and COD content of the solution
with the flotation time are shown in Fig. 5c. With the increase of flotation time, the
turbidity and COD of the solution decrease at first and then gradually flattening out.
When the reaction time reaches 30 min, the turbidity of the solution is 0.47 NTU
and the COD is 42.15 mg/L. After that, the turbidity and COD of the solution remain
stable when the reaction time continues to increase. Therefore, the flotation time is
selected as 30 min.

Conclusions

In this study, based on the easy chelation of soluble organic BHA and Fe(II), a
facile and efficient removal method of BHA organic contaminants from the indus-
trial beneficiation wastewaters via the chelation, flocculation, and precipitation flota-
tion process was proposed. The microbubble flotation technology was successfully
applied to separate the BHA-Fe sediments from the wastewaters using CTAB as
surfactant and NP-40 as frother. Over 87% BHA has removed under the optimal
chelation, flocculation and flotation conditions: chelation with Fe(III) concentration
of 30 mg/L at pH of 7 for 30 min; flocculation with CTAB concentration of 0.4 mg/L
for 20 min; followed by flotation with NP-40 of 0.7 mg /L and air flow rate of
80mL/min for over 30 min. After flotation treatment, 70.32% of CODwere removed
from the wastewater, the COD content of the solution is reduced to 42.15 mg/L, and
the turbidity is 0.47 NTU. The industrial BHA-bearing wastewaters after precipita-
tion flotation treatment met the wastewater direct emission requirements. Eventually,
precipitation flotation can effectively treat wastewater containing organic BHA.
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Recovery of Molybdenum
from Metallurgical Wastewater
by Fe(III) Coagulation and Precipitation
Flotation Process

Bei Zhang, Bingbing Liu, Yuanfang Huang, Guihong Han, Yifan Du,
and Shengpeng Su

Abstract Molybdenum (Mo) is an irreplaceable alloying element of steel, resulting
in the vigorous development of Mo metallurgy industry. However, abundant Mo-
bearing wastewaters with low concentrations are concomitantly generated, which is
difficult to recycle and gives rise to the waste of resources. In this work, recovery
of Mo from metallurgical wastewater by Fe(III) chelation and precipitation flotation
process was investigated. The effects of pH value, Fe(III), HA dosage, and reaction
time on the Mo recovery efficiency from wastewater were systematically studied.
The results showed that the molybdate in the solution can be coagulated by Fe(III)
to form precipitation. HA can effectively increase the sizes of precipitation particles
and improve flotation separation of Mo. After optimization, over 99.6% Mo was
removed under the optimal coagulation and flotation condition. This technology can
realize the effective recovery of molybdate from wastewater.

Keywords Molybdenum ·Metallurgical wastewater · Precipitation flotation ·
Recovery · Flocculation precipitation

Introduction

Molybdenum is one of the essential trace elements for the survival of plants and
animals, and it is also an important strategic resource in the development of the
national economy [1, 2]. However, in the mining and metallurgical processing of Mo
minerals, there is a large amount of ultra-low concentration Mo-containing wastew-
ater, which is difficult to recover, resulting in a serious waste of resources and Mo
pollution [1–3]. Moreover, according to the pollutant discharge standard for the
inorganic chemical industry issued in 2015, the total Mo content in the industrial
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wastewater discharge process should not be higher than 0.5 mg/L. Therefore, it is
imperative to study an economical and efficient method to recover molybdate from
ultra-low concentration Mo-containing wastewater.

The most stable valence states of Mo in the natural environment are + 4 and +6,
and it mainly exists in the form ofMoO4

2− in natural water and industrial wastewater
[3]. At present, the methods of recovering Mo from Mo-containing wastewater are
mainly chemical precipitation [4–6], ion exchange [7–10], solvent extraction [11–
13], and adsorption [14–17]. However, the chemical precipitation method is only
suitable for the treatment of high concentration solution, and the treated solution still
contains a large amount of molybdate, which cannot meet the required discharge
standards [4, 5]. The solvent extraction method is easy to form the second phase
in the process of recovering Mo, resulting in secondary pollution [11, 12]. The ion
exchangemethod and adsorptionmethod arewidely used in the treatment of ultra-low
concentration Mo-containing wastewater, but the materials required are expensive
and difficult to recover [7, 8, 14, 15].

Precipitation flotation is an effective method to remove ions from low concentra-
tion wastewater, in which the flocculant is added into the solution and reacts with
MoO4

2− to generate fine precipitation particles, and they are removed by flotation
[18]. It has the advantages of simple process, low cost, and short reaction time [19,
20]. In this study, the precipitation flotation method was used to study the floccu-
lation of precipitated particles by adding HA in the process of Fe3+ treatment of
molybdenum wastewater. The effects of pH value, amount of HA, reaction time,
and other parameters on the molybdenum recovery rate in wastewater were studied.
The technology can realize the effective recovery of molybdate from wastewater and
reduce its harm to the environment and humans body.

Materials and Methods

In this work, the MoO4
2− solution is prepared from sodium molybdenum dihy-

drate (Na2MoO4·2H2O, Tianjin Yongda Chemical Reagent Co., Ltd.). The Fe3+ is
used for in-situ preparation of metal hydroxyl coagulant adsorbents, and it is from
iron chloride hexahydrate (FeCl3·6H2O, www.rhawn.cn). Humicacid (HA, Tianjin
Yongda Chemical Reagent Co., Ltd.) is used as a flocculating agent to increase
particle sizes. Cetyl Trimethyl Ammonium Bromide (CTAB, www.rhawn.cn) is
used as the collecting agent to recover the precipitation particles from the solu-
tion. Sodium hydroxide (NaOH, Tianjin Yongda Chemical Reagent Co., Ltd. China)
and hydrochloric (HCl, Sinopharm Chemical Reagent Co., Ltd. China) are used to
adjust the pH value of the solution. Notably, all the chemical reagents are analytical
grade, and deionized water is used to prepare the solution.

Figure 1 shows the experimental flowsheet for removal ofMo fromwaste solutions
by precipitation flotation. Firstly, MoO4

2− reacts with Fe3+ to form fine precipitate
under the condition of adding alkali; then, HA addition can increase the particle size

http://www.rhawn.cn
http://www.rhawn.cn
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Fig. 1 Experimental flowsheet for removal of Mo from waste solutions by precipitation flotation

of precipitated particles. Finally, a collector is added to change the hydrophilicity of
the particle surface and the precipitated particles are recovered by flotation.

Results and Discussion

Precipitation Transformation of Molybdate with Adding
of Fe(III)

In this paper, Fe(III) is used as a precipitant to study the precipitation of molyb-
date under different pH values. The experimental conditions are as follows: initial
Mo concentration of 10 mg/L, temperature of 25 °C, rotation speed of 150 r/min,
n(Mo):n(Fe) of 1:5. After reaction for a while, the solution is filtrated through 0.22
um microporous water system filter membrane. The supernatant of the solution is
taken for analysis of ion contents. The experimental results are shown in Fig. 2.

It can be seen that pH value has a great influence on the precipitation of molybdate
in solutions. As the pH value is at a lower value of 3, there is no obvious solid
formation in the solution, and the precipitation rate of molybdate is only about 25%.
With the increase of pH value from 3 to 9, the molybdate precipitation rate firstly
increases and then decreases with a maximum value at pH of 5, which the molybdate
precipitation rate is 94.1%. When pH > 5, the precipitation rate of molybdate in the
solution begins to decrease, which is mainly due to the Fe3+ added is in the form of
Fe(OH)3 under alkaline conditions. Moreover, when the pH is over 4, the content of
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Fig. 2 Effect of pH value on precipitation and transformation of molybdate radical. a Recovery
rate b Residual amount of iron (n(Mo):n(Fe) of 1:5; stirring speed of 150 r/min; temperature of 25
°C)

iron in the solution is always lower than 0.5 mg/L, which meets the iron emission
standard required in the Three Wasting Discharge Standard. Therefore, the pH value
of 5 is recommended for the following experiments.

Influence of HA Addition on the Precipitation

As can be seen from Fig. 2, the molybdenum precipitate rate reaches the maximum at
pH of 5, while there is still 0.766 mg/L Mo residual in the solution, which could not
meet the industrial discharge standard of molybdenum. Moreover, the precipitation
particles in the solution are relatively small, and it is difficult to recover through
filtration, sedimentation, centrifugal, and other methods. HA can chelate with iron to
form a flocculent precipitate with larger particles [21]. Therefore, in this work, HA
is added as a flocculant to increase the particle size of sediment for recovery. After
adding HA, adjusting the solution again to pH of 5. The reaction conditions are as
follows: initial Mo concentration of 10 mg/L, temperature of 25 °C, rotation speed
of 150 r/min, n(Mo):n(Fe) of 1:5, and pH of 5. The experimental results are shown
in Figs. 3 and 4.

Figure 3 shows the influence of HA addition on precipitation particles at pH of 5.
As can be seen, the particle size in the solution is only 5.1 µm without HA addition,
and it is difficult to recover the precipitation from the solution. After adding HA,
the particle sizes of the precipitated particles in the solution increase dramatically.
The particle sizes of the precipitated particles reach the maximum of 83.75 µm as
HA content is 35 mg/L. However, the particle sizes of precipitated particles in the
solution begin to decrease when the HA is over 35 mg/L.

In addition, HA addition can also increase the molybdate precipitation rate in the
solution and reduce the content of iron ions, as shown in Fig. 4. With the addition
of HA, the precipitation rate of molybdate increases gradually. When HA content is
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Fig. 3 Influence of HA addition on precipitation particles. ((n(Mo):n(Fe) of 1:5; stirring speed of
150 r/min; temperature of 25 °C; pH of 5)
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Fig. 4 Influence of HA addition on precipitation and transformation of molybdate. a Recovery rate
b Residual amount of iron ((n(Mo):n(Fe) of 1:5; stirring speed of 150 r/min; temperature of 25 °C;
pH of 5)

increased from 0 to 35 mg/L, the molybdate precipitation rate increases from 94.1%
to 99.9%. The reason is that part of molybdate in the solution reacts with iron ions
to form complex ions with charge. In addition, HA addition makes the complex iron
reactwithHAandprecipitate, resulting in the improvement of the precipitation rate of
molybdenum.What is important is that the molybdenum content in the solution after
flocculation with HA and Fe is only 0.023 mg/L, which is in line with the industrial
emission standards. Figure 4(b) displays the residual content of iron after flocculation
with HA and Fe. As observed, the residual iron content decreases continuously with
the increase of HA dosage from 0 to 75 mg/L. All the iron contents in the purified
solution after flocculation are below 0.5 mg/L.
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Flotation Recovery of Precipitated Products

Surfactant is of great significance to precipitation flotation. It can change the
hydrophobicity of precipitate and improve the hydrophobicity of particulate matter,
to facilitate the combination of precipitate and bubble in the flotation process. Surfac-
tants are divided into cationic, anionic, and nonionic types. BecauseHA is electroneg-
ative in solution, cationic surfactant CTAB is used in flotation research. Specific
experimental conditions are as follows: initial Mo concentration of 10 mg/L, temper-
ature of 25 °C, rotation speed of 150 r/min, precipitant dosage n(Mo):n(Fe) of 1:5,
pH of 5, HA addition of 35mg/L. The experimental results are shown in Figs. 5 and 6.

As can be seen fromFig. 5, themolybdate precipitation rate decreases slightly after
the addition of surfactant. This is mainly because the cationic surfactant reacts with
the carboxyl group of HA deprotonation. In the flocculation process, the interaction
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Fig. 5 Influence of CTAB addition on the flotation recovery of precipitation. a Recovery rate b
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sites of iron ion and HA are the carboxyl functional group. Therefore, when the
concentration of cationic surfactant in the solution increases, it preempts the binding
sites in the free composite particles and HA, leading to some molybdate radicals
being free in the solution, and thus, the precipitation rate of molybdate radicals is
reduced. In addition, the content of iron ions in the solution is always lower than
0.5 mg /L.

Figure 6 shows the influence of CTAB addition on the turbidity and liquid residue
after precipitation flotation. As observed, the precipitation flotation has a satisfactory
effect at the addition amount of cationic surfactant of 20 mg/L. Under this condition,
the turbidity of the solution is 1.325. However, there is still 80 ml liquid residue in
the column after flotation separation. It’s indicated that the solution loss is lower and
the separated precipitate has a lower water content, which is conducive to further
treatment.

Conclusions

(1) pH value has a great influence on the precipitation of molybdate in solution.
The molybdate precipitation rate reaches the maximum at pH of 5, and the
corresponding molybdate precipitation rate is 94.1%. Moreover, the content of
iron in the solution is always lower than 0.5 mg/L, meeting the iron emission
standard required in the Three Wasting Discharge Standard.

(2) HA addition can increase the particle size of the precipitated particles in
the flocculation process. The particle size of precipitated particles reaches
83.75 µm when the addition of HA is 35 mg/L. HA addition can also increase
the molybdate precipitation rate in the solution and reduce the content of iron
ions. As HA content is 35 mg/L, the molybdate precipitation rate reaches
99.9%.

(3) Flotation experiment demonstrates that the precipitation flotation has a satis-
factory effect when the addition amount of cationic surfactant is 20 mg/L,
and the turbidity of the purified solution is only 1.325. It’s indicated that the
separated precipitate has a lower water content, which is conducive to further
treatment.
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Recent Trend on the Studies of Recycling
Technologies of Rare Earth Metals

Osamu Takeda, Xin Lu, and Hongmin Zhu

Abstract There is uncertainty in the supply of rare earth resources. Technical devel-
opments on the resource saving of rare earths and the alternate materials are impor-
tant challenges, and the development of recycling technologies is also important for
securing stable supply of rare earth resources. The waste of neodymium magnet
that is the industrially-important product containing rare earth metals is currently
recycled by a hydrometallurgical method. However, the hydrometallurgical method
generates a large volume of waste solution and consumes a large amount of energy.
In order to develop an environmentally-sound recycling process, various studies on
pyrometallurgical methods have been conducted. One of the authors developed the
molten metal extraction method and the flux remelting method. The pyrometallur-
gical methods are anticipated as the recycling processes with small waste generation
and low energy consumption. Research and development on environmentally-sound
recycling technologies for rare earths has to be advanced from environmental aspects
as well as economic aspects.

Keywords Recycling · Rare earths · Pyrometallurgical methods

Introduction

The import prices of neodymium (Nd) and dysprosium (Dy) in Japan are shown
in Fig. 1 [1, 2]. The prices of Nd and Dy in January 2005 were approximately 9
dollars·kg−1 and 50 dollars·kg−1, respectively. They drastically increased in 2011 due
to the shortage of resource supply and reached approximately 470 dollars·(kg-Nd)−1

and 3700 dollars·(kg-Dy)−1 at maximum. The import prices gradually decreased
because of the diversification of resource supply and the advancement in the
technological developments of resource savings and alternative materials.

O. Takeda (B) · X. Lu · H. Zhu
Graduate School of Engineering, Tohoku University, 6-6-02 Aramaki-Aza-Aoba, Aoba-ku,
Sendai 980-8579, Japan
e-mail: takeda@material.tohoku.ac.jp

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_27

259

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_27&domain=pdf
mailto:takeda@material.tohoku.ac.jp
https://doi.org/10.1007/978-3-030-92563-5_27


260 O. Takeda et al.

Fig. 1 Import prices of Nd and Dy in Japan. The share of China in the global ore production is
also shown

The share of China in the production of rare earth ore and materials (oxides
and metals) significantly increased in 1990s, and the share in the ore production
reached approximately 98% in 2010. The detail of resource problem is described
in a review [3]. The risk on the resource supply of rare earths was acknowledged
by some specialists, but the preparation for the shortage of resource supply was
insufficient. After the generation of the shortage, the resource supply was diversified
in the world. The share of China in the global ore production gradually decreased
and that was 63% in 2019. However, the resource supply of heavy rare earths such
as Dy that are indispensable for high-performance magnets has not been diversified
because the economically-competitive mines for heavy rare earths are concentrated
in China.

Recently, the production volume of rare earth ore in Myanmar drastically
increases. The share of Myanmar in the global ore production reached 12% in 2020
(Fig. 2 [4]). The rare earth ore mined in Myanmar is transported to China, and the
rare earths are separated and refined there. Although China is the biggest supplier of
rare earth ore in the world, China enlarges the import of rare earth ore because the
domestic demand expands. The trend of import by China is now attracted attention.

As described above, there is uncertainty in the supply of rare earth resources.
Technical developments on the resource savings of rare earths and the alternate
materials are important challenges, and the development of recycling technologies
is also important for securing stable supply of rare earth resources. The present
article focuses on the recycling of the waste of Nd magnet that is the industrially-
important product containing rare earth metals. Recent trend on research and devel-
opment of recycling technologies of rare earth metals is briefly introduced. The
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Fig. 2 a Reserves of rare
earths and b annual mine
production of rare earths in
2020 (USGS Mineral
Commodity Summaries
2021)

Total
240 kt

Total
120 Mt

(a) Reserves (2020)

(b) Mine production (2020)

China
(37%)

China
140 kt
(58%)

Australia
(7.0%)

Mada-
gascar
(3.3%)

Myanmar
(12%)

USA
(16%)

Australia
(3.5%)

Russia
(10%)

Brazil
(18%)

Vietnam
(19%)

India
(5.8%)

USA
(1.3%)

research conducted by the authors, particularly the development of pyrometallurgical
processes for recycling, is also introduced.

Current Status of Recycling of Rare Earths

In order to understand the recycling of rare earths, it is important to understand the
metallurgy of rare earth metals. The detail is described in a book [5]. The reviews
by Tanaka et al. [6] and Binnemans et al. [7] overview the entire status of recycling
of rare earth-containing wastes. The detail of pyrometallurgical recycling methods
including newly-developed processes is reviewed in a review [3].

Recycling technologies for rare earth metal wastes including Nd magnet wastes
are classified as follows: (1) “materials recycling methods” in which scrap materials
are charged into smelting processes as raw material, (2) “alloy recycling methods”
in which the materials are regenerated into master alloys for magnet production, and
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(3) “magnet recycling methods” in which magnet alloys are reused in their current
form. The detail of classification is explained in a review [3].

The industrial recycling method practically adopted is a hydrometallurgical
method (the materials recycling methods classified above) in which the waste is
entirely dissolved by acids, and the solution is returned to a primary metallurgical
process producing virgin materials [8]. The hydrometallurgical method is advanta-
geous in the removal of highly-concentrated impurity and the mutual separation of
rare earths. However, because not only rare earth elements but also iron as the major
component is dissolved by acids, a large volume of waste solution is generated, and
the environmental burden is high. Furthermore, the secondary raw materials such as
an in-house magnet scarp and a sludge generated in fabrication process of magnet
are mixed in primary raw materials, and they are reduced by molten salt electrol-
ysis which consumes a large amount of energy. As a result, the recycling process is
currently operated in some countries in which the environmental regulations are not
strict and the energy cost is low.

The hydrometallurgical method abovementioned cannot be adopted in developed
countries in which the environmental regulations is strict. Therefore, various studies
on the development of pyrometallurgical methods [9–14] have been conducted.
Recently, the processes using molten oxides as the extracting agent of rare earth
oxides are actively studied [15–19].

Studies Involving the Authors

The flow of recycling processes for Nd magnets developed by one of the authors is
shown inFig. 3. Processes shown inFigs. 3a and 3b “moltenmetal extractionmethod”
[20] classified as the materials recycling methods and “flux remelting method” [21]
classified as the alloy recycling methods, respectively.

In themoltenmetal extractionmethod, Nd in themagnet scrap is directly extracted
in metallic state without oxidation. The principle is schematically shown in Fig. 4.
Rare earth metals are selectively extracted from the magnet scrap using molten
collector metals such as magnesium (Mg) and silver (Ag). The scraps of Mg and
Ag can be also used as the collector metals. Namely, a waste is recycled using
another waste. This technology is termed as “scrap combination” and regarded as
an environmental technology. As an example of results in the extraction experiment
using molten Mg, Nd was extracted from Nd magnet alloy containing 31 mass%
of Nd with 95% of extraction ratio [22]. Pure Nd was then obtained by removing
Mg from Mg–Nd alloy in vacuum evaporation. Previously, Xu et al. also developed
the molten metal extraction method with a different approach [23]. Even currently,
similar studies are conducted by various researchers [24–26].

In the flux remeltingmethod, rare earth oxides contained in Ndmagnet are reacted
with molten fluorides, in which the formed rare earth oxyfluoride is removed by
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Fig. 3 Recycling processes
for Nd magnets developed by
one of the authors. a Molten
metal extraction method and
b flux remelting method
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dissolving into the molten fluorides. The principle is schematically shown in Fig. 5.
The refined alloy is used as themaster alloy for themagnet fabrication. The separated
rare earth oxide in the molten fluoride is recycled as rare earth metal by molten
salt electrolysis. This method is simple, and most of component in magnet alloy
is recycled without oxidation. The energy consumption is relatively low, and the
industrial availability is high. As an example of results in the refining experiment,
oxygen concentration in Nd magnet alloy was decreased from approximately 5000
to 200 mass ppm [21]. In this method, most of components in magnet alloy is not
returned to an upstream step in the primarymetallurgical process, but that is converted
to a master alloy for the magnet fabrication, which enables a drastic energy saving in
recycling. This method is anticipated as a recycling process with a short cyclic path.
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Fig. 4 Schematic
illustration of principle in the
selective extraction of rare
earths by molten metal (Mg
is shown as an example of
the collector metal)
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Fig. 5 Schematic
illustration of principle in the
dissolution removal of rare
earth oxide by molten flux
(LiF–NdF3 is shown as an
example of the flux)

Nd2O3 (s) + 2NdF3 (l) = Nd4O3F6 (s)
Nd4O3F6 (s) = 4 Nd3+

in flux+ 3 O2
in flux+ 6 F in flux

Nd2O3

Nd3+ O2Molten
salt

Molten alloy
Nd

Fe

B

F
Li+

Nd3+

Nd

Fe

B

F F

Future Perspective

Nd magnet is indispensable for advanced mobilities such as hybrid vehicles and
electric vehicles, wherein rare earth metals are critical elements. Namely, rare earth
metals are indispensable for green technologies. On the other hands, mining and
smelting of rare earth metals cause heavy environmental burden in the mining and
smelting places [3]. Research and development on environmentally-sound recycling
technologies for rare earths has to be advanced from environmental aspects as well
as economic aspects.



Recent Trend on the Studies of Recycling Technologies of Rare … 265

References

1. Shirayama S, Okabe TH (2011) Current status of rare earth elements and their recycling
processes. J. Soc. Automotive Engineers Jpn 65:87–94 (in Japanese)

2. Industrial rare metal, annual review, No. 129 (2013), p 40; No. 130 (2014), p 42; No. 131
(2015), p 38; No. 132 (2016), p 46; No. 133 (2017), p 37; No. 134 (2018), p 39; No. 135
(2019), p 46; No. 136 (2020), p 38. Arumu Publisher, Tokyo (in Japanese)

3. Takeda O, Okabe TH (2014) Current status on resource and recycling technology for rare
earths. Metall Mater Trans E 1A:160–173

4. US. Geological Survey (2021) Mineral commodity summaries (USGS, 2021)
5. Takeda O, Uda T, Okabe TH (2014) Rare earth, titanium group metals, and reactive metals

production. In: Seetharaman S (ed) Treatise on process metallurgy, vol 3, Elsevier Inc., Oxford,
UK, pp 995–1069

6. Tanaka M, Oki T, Koyama K, Narita H, Oishi T (2013) Recycling of rare earths from scrap.
Handb Phys Chem Rare Earths 43:159–210

7. Binnemans K, Jones PT, Blanpain B, Gerven TV, Yang Y, Walton A, Buchert M (2013)
Recycling of rare earths: a critical review. J Clean Prod 51:1–22

8. Nakamura E (2006) Recycling of rare earths. In: Harada K (ed) Alternate materials and
recycling of rare metals. CMC Publishing, Tokyo, pp 296–304 (in Japanese)

9. Adachi G, Murase K, Shinozaki K, Machida K (1992) Mutual separation characteristics for
lanthanoid elements via gas phase complex with alkaline chlorides. Chem Lett 21:511–514

10. Uda T, Jacob KT, Hirasawa M (2000) Technique for enhanced rare earth separation. Science
289:2326–2329

11. Uda T (2002) Recovery of rare earths from magnet sludge by FeCl2. Mater Trans 43:55–62
12. Asabe K, Saguchi A, Takahashi W, Suzuki RO, Ono K (2001) Recycling of rare earth magnet

scraps: Part I, carbon removal by high temperature oxidation. Mater Trans 42:2487–2491
13. Shirayama S, Okabe TH (2018) Selective extraction and recovery of Nd andDy fromNd–Fe–B

magnet scrap by utilizing molten MgCl2. Metall Mater Trans B 49B:1067–1078
14. Oishi T, Konishi H, Nohira T, Tanaka M, Usui T (2010) Separation and recovery of rare

earth metals by molten salt electrolysis using alloy diaphragm. Kagaku Kogaku Ronbunshu
36:299–303 (in Japanese)

15. Saito T, Sato H, Ozawa S, Yu J, Motegi T (2003) The extraction of Nd from waste Nd–Fe–B
alloys by the glass slag method. J Alloys Compd 353:189–193

16. TokitaY, Shibata E, Iizuka J,Nakamura T (2013) Separation of rare earth elements and recovery
of Fe–B alloy from neodymium magnet using molten flux. In: Abstracts of spring meeting of
the mining and materials processing Institute of Japan, pp 99–100 (in Japanese)

17. HoshiH,MiyamotoY,FurusawaK (2014)Technique for separating rare earth elements fromR–
Fe–B magnets by carbothermal reduction method. J Jpn Inst Metals 78:258–266 (in Japanese)

18. Abrahami ST, Xiao Y, Yang Y (2015) Rare-earth elements recovery from post-consumer hard-
disc drives. Trans Inst Min Metall C 124:106–115

19. Bian Y, Guo S, Jiang L, Liu J, Tang K, Ding W (2016) Recovery of rare earth elements from
NdFeB magnet by VIM-HMS method. ACS Sustain Chem Eng 4:810–818

20. Okabe TH, Takeda O, Fukuda K, Umetsu Y (2003) Direct extraction and recovery of
neodymium metal from magnet scrap. Mater Trans 44:798–801

21. Takeda O, Nakano K, Sato Y (2014) Recycling of rare earth magnet waste by removing rare
earth oxide with molten fluoride. Mater Trans 55:334–341

22. Takeda O, Okabe TH, Umetsu Y (2006) Recovery of neodymium from a mixture of magnet
scrap and other scrap. J Alloys Comp 408–412:387–390

23. Xu Y, Chumbley LS, Laabs FC (2000) Liquid metal extraction of Nd from NdFeB magnet
scrap. J Mater Res 15:2296–2304



266 O. Takeda et al.

24. Chae HJ, Kim YD, Kim BS, Kim JG, Kim T (2014) Experimental investigation of diffusion
behavior between molten Mg and Nd–Fe–B magnets. J Alloys Compd 586:S143–S149

25. Moore M, Gebert A, Stoica M, Uhlemann M, Löser W (2015) A route for recycling Nd from
Nd–Fe–B magnets using Cu melts. J Alloys Compd 647:997–1006

26. Akahori T, Miyamoto Y, Saeki T, Okamoto M, Okabe TH (2017) Optimum conditions for
extracting rare earth metals from waste magnets by using molten magnesium. J Alloys Compd
703:337–343



Leaching of Rare Earth Elements
from Phosphogypsum Using Mineral
Acids

Sicheng Li, Monu Malik, and Gisele Azimi

Abstract Rare earth elements (REEs) are critical metals for modern and emerging
green technologies. Their increasing demand and limited supply have sparked the
research on their recovery from secondary resources. The current study is focused
on developing a hydrometallurgical process for the extraction of critical REEs from
a waste byproduct, called phosphogypsum, and on elucidating the mechanism of
the extraction process. Three types of mineral acids are used for the leaching, and
a systematic study is utilized to assess the effect of operating parameters and to
determine the optimum operating conditions. Thermodynamic modeling and solu-
bility investigation shows the strong correlation between phosphogypsum solu-
bility and leaching efficiency and the leaching process mechanism. Characterization
results indicate that REEs can exist as isomorphous substitutions and/or separate
phases inside phosphogypsum crystal. Based on these results, the destruction of
phosphogypsum lattice is required to achieve improved extraction.

Keywords Circular economy · Hydrometallurgy · Leaching · Phosphogypsum ·
Process optimization · Rare earth elements

Introduction

Around the world, there is a growing push towards renewable energy generation
and electrification of the transportation sector. With the increasing demand for wind
turbines and electric vehicles, some rare earth elements (REEs) that are the building
block of permanent magnets have been identified as critical elements [1]. The global
market size of REEs was valued at $2.80 billion (USD) in 2018, and the demand

S. Li · M. Malik · G. Azimi (B)
Department of Chemical Engineering and Applied Chemistry, Laboratory for Strategic Materials,
200 College Street, Toronto, ON M5S 35, Canada
e-mail: g.azimi@utoronto.ca

G. Azimi
Department of Materials Science and Engineering, University of Toronto, 184 College Street,
Toronto, ON M5S 34, Canada

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_28

267

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_28&domain=pdf
mailto:g.azimi@utoronto.ca
https://doi.org/10.1007/978-3-030-92563-5_28


268 S. Li et al.

for REEs was predicted to increase by 10.4% annually between 2019 and 2025
[2]. Considering the increasing demand, some REEs such as dysprosium (Dy) and
neodymium (Nd) were predicted to face supply shortages in the foreseeable future
[1]. Concerns regarding the availability of these REEs are due to their limited geolog-
ical resources, adverse effects of primary-resource mining, and extraction complex-
ities [3]. Therefore, many countries around the world have initiated activities to
extract these elements from alternative sources. Industrial waste streams, such as
phosphogypsum (PG), are considered as one of the potential supply sources.

The PG is the byproduct of phosphoric acid production in the fertilizer industry
by digesting a concentrated slurry of pulverized phosphate ores using sulfuric
acid (reaction (1)) [4]. The PG mainly consists of calcium sulfate dihydrate
or gypsum (CaSO4·2H2O), calcium sulfate hemihydrate (CaSO4·0.5H2O), and
anhydrite (CaSO4).

Ca10(PO4)6F2 + 10H2SO4 + 20H2O → 6H3PO4 + 10CaSO4 · 2H2O + 2HF (1)

The average concentration of REEs is around 0.01–0.4 wt% in PG [5]. Although
the REE concentration per unit of PG is low, the total amount of REEs that can be
extracted from this secondary resource is appreciable considering the vast supply
of PG, with 100–280 million tonnes global annual generation [6]. Also, clean PG
after trace metals removal (including REEs) could be used in the construction and
fertilizer industries, thus offering added benefits. However, currently, only around
15%of PG is productively used in construction and agriculture industries, and the rest
is landfilled or stored in stacks, losing the commercial benefits and causing potential
environmental concerns [7].

The extraction process is one of the major steps in the REEs recovery, which
conventionally relied on pyrometallurgy and/or hydrometallurgy, and the latter is
preferred [8, 9]. Previous studies have the disadvantages of either low leaching effi-
ciency, long leaching time, or high temperature [10, 11]. Besides low REE leaching
efficiency, the occurrence of REEs in PG is another challenge. Although a few studies
suggested some possibilities, the conclusions are still controversial [12]. Further-
more, because of the difficulty in determining the REEs occurrence, there is a lack
of study on the mechanism behind the leaching process.

In the current study, a systematic investigation was performed to extract REEs
(Y, Nd, Dy, and Ce) from a Canadian PG using three common mineral acids over a
wide range of conditions. Solubility analysis, thermodynamic modeling, and kinetic
analysiswere used to explain the extraction trends and to identify the leaching process
mechanism. The fundamental studies and novel findings from this study shed light
on the physicochemical mechanisms behind REE leaching from PG, helping usher
in an efficient extraction process that can be extended to any type of PG feeds with
various REE concentrations.
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Methods and Materials

Feeds and Materials

Phosphogypsum was obtained from Nutrien Ltd.’s fertilizer operations located in
Redwater, Alberta, Canada. Concentrated hydrochloric acid (ACS Reagent Grade,
36.5–38.0 wt% Assay), nitric acid (ACS Reagent Grade, 68.0–70.0 wt% Assay),
and sulfuric acid (ACS Reagent Grade, 95.0–98.0 wt% Assay) were purchased from
VWR.

Experimental Procedure

The as-received PG sample contains moisture; thus, it was dried at 40 °C for 24 h,
followed by grinding by mortar and pestle to a fine powder. The leaching experi-
ments were conducted inside 250 mL Erlenmeyer flasks placed inside a temperature-
controlled water bath (Fisher Scientific ISOTEMP 4100 H21P) with continuous stir-
ring at 500 rpm. The pre-determined amounts of solid PG and the acid solution were
added, based on the desired solid to liquiud (L/S) ratio. The flask was covered with
a rubber stopper to prevent the loss of water by evaporation. Samples were taken at
the end of leaching time, the leaching solution was diluted with 5 wt% HNO3 using
a Hamilton Microlab 600 diluter/dispenser system (Hamilton Company, Reno, NV,
USA), and the concentration was measured using ICP-OES.

Characterization

The concentration of REEs in raw PG was determined through aqua-regia diges-
tion (MARS6 Xpress microwave digestion system) followed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) measurements. As PG is sourced
from mineral ores, it contains some primary radionuclide. To quantify the concen-
tration of the radioactive elements (thorium: 232Th and uranium: 238U) in PG, the
concentration of digested PG was measured by inductively coupled plasma mass
spectrometry (ICP-MS, Thermo Scientific iCAP Q).

Design of Experiments and Empirical Model Building

For all three mineral acids, factorial design of the experiment (DOE) and empir-
ical modeling were utilized to assess the effect of the operating parameters on the
REE leaching efficiency. The studied factors were selected as: leaching temperature
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Table 1 List of experimental factor levels for the leaching response surface trials

Experimental factor Units – 1 level 0 Level +1 Level

X1: Leaching temperature °C 45 65 85

X2: Acid concentration mol L−1 0.5 1.5 2.5

X3: Liquid to solids ratio mL g−1 10 20 30

(X1), acid concentration (X2), and liquid to solid (L/S) ratio (X3). The coded levels
corresponding to each parameter are listed in Table 1.

For all three acid systems, a full factorial design was designed, and the experi-
mental data from each trial was fitted with an empirical model (Eq. 2) with variance
assessment at α = 0.05 significance level. The model parameters were fitted by
multiple linear least squares regression (Eq. 3).

ŷi = β̂0 + β̂1X1 + β̂2X2 + β̂3X3 + β̂12X1X2 + β̂13X1X3

+ β̂23X2X3 + β̂11X
2
1 + β̂22X

2
2 + β̂33X

2
3 (2)

β̂ = (
XTX

)−1(
XTYi

)
(3)

where y
∧

i is the extraction efficiency, X1 to X3 is the experimental parameters, β
∧

is
model parameter vector including each of the model parameters (β

∧

0, β
∧

1, β
∧

2, β
∧

3, …),
X is the matrix, and Yi is the response vector.

Results and Discussion

Characterization Results of Raw PG

As shown in Fig. 1a, the total content of REEs in raw PG is 295.21 mg/kg, and
the concentrations of the radioactive elements (U and Th) are low, at 32.17 and
1.36 mg/kg, respectively. Considering the economic value of elements and the abun-
dance in PG, Nd, Y, Dy, and Ce are mainly focused. Figure 1b indicates the concen-
trations of other elements in PG, and calcium (Ca) and sulfur (S) are the main
components, accounting for 25.3 wt% and 19.9 wt%, respectively.

Acid Leaching Results

Leaching of the REEs of interest was very fast for all three mineral acids, as the
maximum leaching efficiency was reached within 20 min. Empirical models (Eqs. 2
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Fig. 1 Characterization of the raw PG sample: a content of REEs and radioactive elements (U,
Th); b content of other elements in PG

and 3) were conducted to study the effects of operating parameters on the leaching
process. It was found that acid concentration (X2) and L/S ratio (X3) have a positive
effect on the extraction in the HCl system, whereas temperature (X1) has a negligible
effect. A similar trend was observed in the HNO3 system, while temperature (X1)
has a positive effect in the H2SO4 system. Based on the overall leaching results, the
optimized condition of the HCl system occurs at 45 °C, 2.5 M concentration, and
29.8 mL/g L/S ratio. For HNO3 and H2SO4 system, the high leaching efficiency was
achieved at much higher temperature (85 °C), and the optimal operating conditions
of acid concentration and L/S ratio are 2.1 M, 1.3 M, and 27.7 mL/g, 30 mL/g,
respectively. The best leaching efficiency of targeted REEs in each acid system
(under optimized condition) is presented in Fig. 2, which indicates that HCl is the
best leachant with the highest leaching efficiency (94.6%, 98.5%, 86.1%, 99.2%
for Nd, Y, Dy, and Ce, respectively) under mild temperature condition (45 °C).
Additionally, compared with HNO3, HCl is less environmentally harmful and less
expensive.

Fig. 2 Highest leaching
efficiency was achieved for
Nd, Y, Dy, and Ce in HCl,
HNO3, and H2SO4 system at
45 °C, 85 °C, and 85 °C,
respectively
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Fig. 3 Measured PG
solubility and OLI
simulation results in the HCl
system as a function of
temperature and acid
concentration

Thermodynamic Modelling and Solubility Investigation

To further study the chemistry and mechanism behind the leaching process (focused
on the best leachant–HCl system), the solubility of rare earth elements in HCl system
was calculated from thermodynamic models, employing OLI software (Version 9.6)
with modification on database developed by Azimi et al. [13]. As shown in Fig. 3,
from the prediction via OLI, the solubility of gypsum increases with increasing
HCl concentration; however, a significant drop is observed at 85 °C by increasing
the acid concentration from 1.5 to 2.5 M. This decrease could be attributed to two
reasons: the transformation of gypsum to anhydrite at high temperature and high acid
concentration, and the solvation of more ions in the solution which leads to fewer
watermolecules available to participate in dissolution [13, 14]. The gypsumsolubility
trends explain the effect of operating parameters on REE extraction, which indicates
the direct link between gypsum dissolution and REE leaching (Eq. 4 in general).

REE − CaSO4 · nH2O(s) + HCl(aq) → CaSO4(aq) + CaCl2(aq) + H3O
+
(aq) + (REE)Cl3(aq) (4)

where n = 0, 0.5, and 2 correspond to anhydrite, hemihydrate, and gypsum, respec-
tively. As a result, increasing the solubility of gypsum leads to matrix destruction,
allowing more REEs to be extracted.

Mechanistic Investigation—Proposed Mechanism

On the basis of experimental leaching and thermodynamic modeling results, it is
concluded that the destruction of PG lattice is required to achieve high leaching
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Fig. 4 Schematic diagram of the proposed leaching mechanism

efficiency. Although there are different possibilities of REEs occurrence, the leaching
of REEs is highly correlated with the dissolution of gypsum regardless of whether
they exist as their own phases or incorporate in PG lattice. The REEs that form
separate phases are more easily leachable compared with the other case [12], which
could cause the difference in the leaching efficiency of different REEs.

Overall, to improve the leaching process of REEs from PG, gypsum solubility is
considered as an important factor, as its dissolution destructs the lattice, allowing the
release of REEs substituting Ca2+ ions (isomorphous phase) and/or existing as sepa-
rate phases (amorphous phase) within the PG lattice. The acid leaching mechanism
is proposed as following steps (Fig. 4):

1. Acid diffuses and reaches the surface of PG particles.
2. Acid breaks the PG lattice (the bond between calcium and sulfate ion). Both

REE phases inside PG and the isomorphous REEs substituting the Ca2+ ions
are released into an aqueous solution due to the dissolution of the PG lattice.

Conclusions

In this study, the effect of various operating parameters on the leaching of REEs
from PG was investigated for three mineral acid systems, and the optimum oper-
ating conditions were determined through systematic experimental and theoretical
approaches based on the design of experiment. The HCl was identified as the best
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leachant, and the optimum operating conditions were determined to be 2.5 M HCl at
45 °C and 29.8 mL/g liquid to solid ratio which resulted in the highest extraction for
all four targeted REEs. The developed HCl leaching process results in significantly
higher leaching efficiency at a lower temperature compared with previous literature.
Moreover, leaching results are explained via thermodynamicmodeling and solubility
investigation, which further elucidates the leaching mechanism.
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Recovery of Terbium, Europium,
and Yttrium from Waste Fluorescent
Lamp Using Supercritical Fluid
Extraction

Jiakai Zhang and Gisele Azimi

Abstract Recycling of waste electrical and electronic equipment (WEEE) has been
receiving significant attention around the world. Here, we develop an environmen-
tally sustainable process that uses supercritical carbon dioxide as the solvent along
with a small volume of tributyl-phosphate (TBP) nitric acid adduct as the chelating
agent to recover rare earth elements (REEs) from fluorescent lamp waste. We show
that mechanical activation using oscillation milling increases extraction efficiency.
We elucidate the process mechanism by characterizing the solids before and after
the process using transmission electron microscopy (TEM) and X-ray photoelec-
tron spectroscopy (XPS). We show that Al3+ and Ca2+ cations from the Al2O3

and Ca5(PO4)3OH (hydroxyapatite) present in the fluorescent lamp waste result
in competing reactions with REEs with TBP-HNO3 adduct; thus, REE extractions
from real fluorescent lamp waste are less than what has been reported from synthetic
feeds. Management of fluorescent lamp waste leads to sustainability of biosphere
and circular economy.

Keywords Supercritical fluid extraction · Fluorescent lamp phosphors · Rare earth
elements · Oscillation milling · Transmission electron microscopy · X-ray
photoelectron spectroscopy · UV visible spectroscopy

Introduction

Some rare earth elements (REEs) are considered critical elements because of their
growing demand in various products including electric vehicles, wind turbines, and
catalysts. For sustaining a healthy development of electrified transportation and
renewable power generation, a stable supply of REEs is important. Currently, over
70% of the supply of REEs come from China, causing other countries dependent on
them for their acquisition [1]. In addition, mining for REEs from primary resources
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poses a significant impact to the environment. To reduce supply risks and mini-
mize environmental damage recycling of REEs from end-of-life products is highly
desirable.

Waste fluorescent lamp (FL) is an ideal secondary resource that contains up to
30 wt% REEs [2]. The concentration of REEs in FL is more than ten times higher
than the minimum industrial grade primary ores (1.0–2.0%) [3]. The FL dominated
the lighting market in past few decades due to its energy consumption advantages
(up to 75%) and longer life expectancy (up to 10 times) compared with incandescent
lamps. As a result, there is a large quantity of waste FL that can be recycled. The
FL phosphors are mainly made of three types of compounds: red phosphor (Y2O3:
Eu3+); blue phosphor (BaMgAl10O17: Eu3+); and green phosphors (LaPO4: Ce3+,
Tb3+) [4].

Conventional extraction processes are based on hydrometallurgy and/or pyromet-
allurgy, which create significant environment burden and generate large volumes of
hazardous waste due to heavy reliance on acids, organic solvents and high energy
consumption [5, 6]. Moreover, most studies have focused on the recovery of yttrium
and europium from red phosphor [2, 6–8]. Blue and green phosphors are discarded
as they are resistant to acid attack. However, these phosphors contain considerable
amount of terbium that is the most critical REE in FL waste.

Supercritical fluid extraction (SCFE) is an evolving green technology that can
extract metals from solid and liquid phases efficiently. Previous studies have shown
that SCFE can be used to recover REEs from post-consumer products, such as
neodymium-iron-boron magnet, nickel metal hybrid battery, and synthetic fluores-
cent lamp waste [3, 9, 10]. However, there is lack of a comprehensive study on using
SCFE for REEs recycling from real fluorescent lamp waste. Moreover, extraction of
Tb has been low in previous studies (less than 10%) [11]. A fundamental investiga-
tion of the process mechanism and a through characterization are required to explain
extraction difficulties, so a corresponding solution can be found to improve extrac-
tion. The reported high extraction for Y and Eu (over 90%) by SCFE from synthetic
feed materials could not be achieved in real FL samples due to presence of other
materials, such as aluminium oxide (Al2O3) and hydroxyapatite (Ca5(PO4)3OH),
since the cations can compete with REEs in complexation reactions.

To address the knowledge gaps mentioned above, this study investigates SCFE
for REEs recovery from real fluorescent lamp waste using supercritical (sc)-CO2 as
a solvent with a small amount of tributyl-phosphate-nitric-acid (TBP-HNO3) adduct
as the chelating agent. Effect of a pre-treatment step using oscillation milling on
extraction is investigated. In addition, a through characterization of solids before and
after the pre-treatment process is conducted for elucidating the process mechanism
using X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD).
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Materials and Methods

Materials

OntarioLampRecyclers Inc. providedwaste fluorescent lampphosphors. The sample
was sieved to remove glass, only particles with size less than 75 µm was used in
the experiments. The following chemicals are used: tributyl phosphate (TBP≥ 98%,
VWR); concentrated nitric acid (15.7M, 70wt%,VWR); carbon dioxide (CO2, grade
4.0, Linde Canada); calcium hydroxyphosphate (reagent grade, Sigma-Aldrich);
aluminium oxide (≥99% metal basis, Alfa Aesar); yttrium oxide europium doped
(99% metal basis, Sigma-Aldrich); cerium phosphate (99%, Alfa Aesar); europium
trinitrate hexahydrate (99.9% rare earth oxide basis, Thermo Fisher Scientific).

TBP-HNO3 Preparation

TBP-HNO3 adduct was made by mixing TBP and 70 wt% HNO3. Then the solution
was left for gravity separation for 5min,where the top organic solution corresponding
to the TBP-HNO3 adduct was collected.

Mechanical Activation

Mechanical activation in this study refers to a high energy oscillationmilling process,
where the phosphor sample was introduced to a tungsten carbide grinding jar in an
oscillation ball mill by Retsch MM400. The system oscillates at 30 Hz for 60 min.

SCFE Process

The SCFE process was conducted in a high-pressure reactor system manufactured
by Supercritical Fluid Technology Inc. Feed materials including the FL samples and
the adducts were added in to the reactor first, then liquid CO2 was added until the
system reaches designed temperature and pressure (a detailed drawing can be found
in the previous work) [12]. After extraction, CO2 carried organometallic compounds
to a collection vessel while the system depressurized to 1 atm. The residue left in the
reactor was collected for calculating extraction efficiency, as following:
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E(%) = �C

Ci
100% (1)

where �C is the concentration difference between the sample of before and after
extraction, and Ci is the concentration of unextracted sample.

Characterization

The morphology of FL samples that before and after mechanical activation was
illustrated using scanning electron microscopy (FE-SEM, Hitachi SU5000) and
high-resolution transmission electron microscopy/scanning transmission electron
microscopy (HRTEM/STEM, FEI Titan 80–300 LB). X-ray diffraction (XRD,
Rigaku MinFlex 600) was used for obtaining crystallography information of the
FL sample before and after mechanical activation.

Results and Discussion

Characterization

The FL sample was first digested in aqua-regia using a microwave digestor (MARS
Xpress System) at 200 °C, followed by Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES Perkin Elmer Optima 8000) analysis for determining
elemental composition. The results are summarized in Table 1.

Mineralogical information of the FL sampleswas obtained usingX-ray diffraction
(XRD) (Fig. 1). The XRD results show that the sample contains yttrium europium
oxide ((Y0.95Eu0.05)2O3); lanthanumphosphate (LaPO4); ceriumphosphate (CePO4);
terbium phosphate (TbPO4); aluminum cerium oxide (CeAl11O18); barium magne-
sium aluminum oxide (BaMgAl10O17); and hydroxylapatite (Ca5(PO4)3OH).

Table 1 Elemental composition analysis of the FL sample

Element Y La Ce Eu Tb

wt% 28.0 4.7 3.7 1.9 1.3

Element Sr Sb Ca Al Ba

wt% 1.6 0.1 10.2 2.0 0.4
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Fig. 1 XRD spectrum of the feed fluorescent lamp phosphors

Effect of Mechanical Activation on Extraction

In this work, first SCFE was directly used to extract Y, Eu, and Tb from the FL
sample. However, the extraction results were low. The extraction conditions are
shown in Table 2, and the highest extractions were 34%, 34%, and 16% for Y,
Eu, and Tb, respectively. To increase the extraction, mechanical activation using
high-energy oscillation milling was utilized. The extraction results for mechanically
activated sample under various conditions are summarized in Table 2. As shown, the
extraction results were improved to 73.2%, 71.2%, and 51.3% for Y, Eu, and Tb,
respectively.

Table 2 Overview of the experimental design matrix with corresponding processing parameters
and extraction efficiencies for Y, Eu, and Tb from mechanically activated samples

Run
ID

Temperature
X1 (°C)

Pressure
X2 (MPa)

Time
X3 (h)

S: CA X4
(g/mL)

Agitation
X5 (rpm)

Extraction efficiency
(%)

Y Eu Tb

1 40 20.7 1 1.8 1500 40.6 37.0 7.4

2 60 20.7 1 0.2 750 70.8 66.8 50.9

3 40 31.0 1 0.2 1500 62.3 58.7 39.0

4 60 31.0 1 1.8 750 40.3 15.7 16.6

5 40 20.7 3 1.8 750 44.3 31.2 3.0

6 60 20.7 3 0.2 1500 64.0 53.0 32.2

7 40 31.0 3 0.2 750 73.2 71.2 51.3

8 60 31.0 3 1.8 1500 53.3 49.1 24.8
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Effect of Mechanical Activation on Physical and Chemical
Properties

To elucidate the mechanism behind higher extraction after mechanical activation,
the effect of mechanical activation on physical properties including morphology
and crystal structure was investigated. Figure 2a and b show SEM images of FL
before and after mechanical activation. Mechanical activation resulted in a consid-
erable reduction in particle size and an increase in surface roughness. The orig-
inal FL sample consisted of similar sized smooth quasi-spherical particles (Fig. 2a).
However, after mechanical activation for 60min at 30Hz, the friction, shear, impacts,
and collisions effects of milling resulted in irregularly shaped particles with rough
surfaces (Fig. 2b). In addition, crystal structure and crystallite size were illustrated
using TEM. As can be seen, Fig. 2c shows that mechanical activation creates nano-
sized crystallites, whereas the non-mechanically activated sample in a perfect lattice
structure. The atoms are organized in a repeating array over the entire extent of the
sample without nano-crystallites. Characterization of the samples before and after
mechanical activation showed that mechanical activation results in decreased peak
intensity and increased peak broadening. A previous study has also reported that
mechanical activation can cause changes of crystallite size and introduction of strain
within crystal lattice [5, 13]. According to Scherrer’s equation, crystallite size (D)
is inversely proportional to peak width:

β = Kλ

Dcos θ
(2)

Fig. 2 Effect ofmechanical activation on FLphosphor particlemorphology, surface characteristics,
crystallography: a the mechanically activated sample (60 min at 30 Hz); b the non-mechanically
activated sample; c creation of nano-crystallites in the mechanically activated sample; d ordered
atom orientation in the non-mechanically activated sample e XRD spectra of the FL sample before
and after mechanical activation
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Fig. 3 XPS spectra of inactivated and activated FL samples: a P 2p; b La 3d

where K , λ, and θ are the constant of proportionality, wavelength, and diffraction
angle, respectively. Hence, the peak broadening suggests a reduction of crystallite
size aftermechanical activation. In this study, theHalder-Wagnermethodwas utilized
for calculating crystallite size before and aftermechanical activation because it can be
used for peak profile analysis by convolution of Lorentzian function and theGaussian
function for acquiring more accurate modeling results [14]. Calculated results show
that the average crystallite size reduced from 50 nm for non-mechanically activated
sample to 8 nm for mechanically activated sample. Moreover, the intrinsic strain
of mechanically activated sample increased by about four times in comparison with
that of non-mechanically activated sample. Therefore, it is concluded thatmechanical
activation can reduce the crystallite size of the sample to nanoscale, generating more
grain boundaries which provides more pathways for the diffusion of the lixivinat into
the particle, resulting in increased extraction efficiency.

Mechanical activation also causes decomposition to the FL sample. Considering
phosphorus (P) is mostly present in green phosphor (LaPO4:Ce, Tb), and the P
2p spectra of TbPO4, CePO4, and LaPO4 overlap to each other, LaPO4 was used
for identifying this effect using XPS. As shown in the XPS spectra in Fig. 3a, the
proportion of LaPO4 decreased from 74 to 66% after mechanical activation. This
decrease is because of the decomposition of LaPO4 into LaPxOy and La2O3, [15]
according to the following reaction:

LaPO4 → μ1LaPO4 + μ2LaPxOy + μ3La2O3 (3)

where μ1, μ2, and μ3 are stoichiometric coefficients.
The La2O3 peak in Fig. 3b confirms the formation of REE oxide from the decom-

position reaction, which is consistent to P 2p analysis. The generated La2O3 is more
dissolvable in sc-CO2 than its phosphate form. Therefore, mechanical activation
improves extraction efficiency by destructing crystal structure and creating more
dissolvable phases such as REE oxides.
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Table 3 Composition of five different synthetic mixtures and REEs extraction efficiency for
extraction mechanism exploration

Mixture
label

TbPO4,
(mg)

Y1.92Eu0.08O3,
(mg)

Al2O3,
(mg)

Ca3(PO4)2,
(mg)

SiO2,
(mg)

Extraction, (%)

Y Eu Tb

1 75.1 0.0 0.0 0.0 924.9 – – 91

2 0.0 439.5 0.0 0.0 560.5 96 93 –

3 75.1 439.5 0.0 0.0 485.4 99 99 84

4 75.1 439.5 44.4 0.0 441.0 33 30 42

5 75.1 439.5 0.0 134.1 351.1 70 68 71

Extraction Interferences by Non-Phosphor Sample

Based on the XRD results in Fig. 1, the FL phosphor sample contains hydroxyapatite
(Ca5(PO4)3OH) and aluminum oxide (Al2O3). This was not considered in a previous
study on the recovering of REEs from synthetic FLwaste which reported high extrac-
tion for Y and Eu [10]. To identify this effect, five synthetic mixtures were used to
investigate if hydroxyapatite and aluminum oxide could affect the extraction process,
shown in Table 3. As shown, the extraction of REEs in the first threemixtures without
the presence of hydroxyapatite and aluminum oxide was high, around 90%, which
is similar to the previous study [10]. However, the presence of hydroxyapatite in
mixture 4 severely decreased the extraction to about 30–40%, which is comparable
with the results obtained from SCFE of the non-mechanically activated samples in
our study. This is because of the formation of REE phosphates. A previous study
reported that dissolved REEs and phosphate ions from the apatite can form insoluble
REE phosphate in acid leaching [15]. In addition, introduction of calcium ion can
cause competition reaction, where the calcium ions compete with REEs to bind with
the chelating agent. In mixture 5, it was also observed that the presence of aluminum
oxide decreases the extraction by 20–30%. This can also be because of competition
reactions in which aluminum cations bind with the chelating agent; thus, there are
less chelating agent molecules available for REEs. Further analysis can be made
based on stoichiometry after determination of the coordination number of TBP to
aluminum and calcium, which are currently not available.

Conclusions

A process using supercritical carbon dioxide as the solvent and a small amount (less
than 10 v/v%) of TBP-HNO3 adduct as the chelating agent for extracting Y, Eu,
and Tb from real FL waste is developed. Mechanical activation through high-energy
oscillationmilling is utilized to improve the extraction results. Characterization based
on SEM, TEM, XRD, and XPS shows that physical changes and decomposition are



Recovery of Terbium, Europium, and Yttrium from Waste … 283

induced by mechanical activation. Using XRD and calculated crystallite size, it is
shown that mechanical activation creates nano-sized crystallites with grain bound-
aries which provide more pathways for the diffusion of supercritical CO2 and adduct
into the FL particles thus improving extraction. Chemical changes were observed
fromXPS analysis which showed REEs phosphates are transformed into REE oxides
that are more amenable to SCFE. Using the developed process, more than 70% Y
and Eu and more than 40% Tb extraction was achieved which is considerably higher
than the previously reported results in the literature [10].
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Recycling Technologies Developed
at KIGAM

Jin-Young Lee, Kyeong Woo Chung, Shin Shun Myung, Soo-Kyung Kim,
Hong-In Kim, Ho-Seok Jeon, and Rajesh Kumar Jyothi

Abstract Korea Institute of Geoscience and Mineral Resources (KIGAM), which
is a unique government-funded Geoscience research organization in Korea, has
researched and devised many technologies on mineral processing and extractive
metallurgy for more than 70 years. In addition, several recycling processes have
much studied from lab scale to pilot plant scale for the last two decades, and many
technologies for the recycling of secondary resources, such as lithium batteries,
neodymium magnet, catalyst, and so on, have been developed based on pyrometal-
lurgy, hydrometallurgy, and electrometallurgy. Especially, someof themwere already
transferred to industry and commercialized in Korea. In the presentation, details of
the recycling technologies at KIGAM will be introduced and discussed.

Keywords Spent catalyst recycling · Spent battery recycling · Spent magnets
recycling · Automobile scraps recycling

Introduction

Korea is a global leader in electronics and automobile industrial products supply. At
the same time, it has very limited natural resources. Moreover, Korea’s population
densities are very high. The above said three major reasons are initiated the subject
recycling-reuse at KIGAM. Many industries in Korea approach us to handle the
manufacturing waste as well as scrap. KIGAM having the several research divisions,
among all mineral resources research, is one of the division. Researchers catego-
rized mainly three types: Mineral processing, extractive metallurgists, and industrial
materials preparation teams.

The moto of the research is either natural resource (e.g. monazite) to indus-
trial material (magnets) preparation or secondary resources to sustainable industrial
material preparation via extractive metallurgical technologies. Numerous wastes (or)
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scraps are handle successfully at KIGAM; those are spent catalysts, waste permanent
magnets, spent batteries (from e-waste and electric vehicles), etc. The technologies
develop from bench scale to pilot scale; finally, technology transfers to small and
medium scale industries in Korea.

In recycling subject, most favorable option always is prevention of as much as
waste followed by minimization. In second option, reuse the minimized materials
then go for recycling and energy recovery processings. The least favored option is
disposal in a proper place and proper method. Once generated the waste it will gives
another challenge is landfilling problem. Korea having much mountain area of total
land, it will rises the landfilling problem and environmental damage bywaste. To face
these two major issues, one is less natural resources and another one is landfilling
problem; the resources recycling tool can reach national demand of rare and precious
by using environmentally friendly routes.

Spent Catalyst Recycling

Selective catalytic reduction of NOx, commonly referred to ‘SCR’, has been devel-
oped and was proven in various industrial stationary applications including thermos-
power plant using fossil fuels, incineration, and waste plants. In the recent decades,
particular interests arose forNOx emission frompower plants and transportations due
to the harmful effects including smog and particulate matter generation. Therefore,
spent SCR catalysts contributed a significant amount of solid waste in accordance
with an increasing world demand of SCR catalysts. Among the catalyst systems,
V2O5-WO3/TiO2 catalyst is known to have excellent catalytic activity and dura-
bility. In this study, hydrometallurgical process for recovery of vanadium and tung-
sten from spent SCR catalyst was developed. Process sequence starts by air roasting
for a deconstruction of SCR catalyst structure, decomposition of CaWO4 (leaching
of vanadium), leaching of tungstic acid using ammonia solution, and crystallization
of ammonium paratungstate (APT, aq). From these processes, APT (s) was obtained
as a final product. On the other hand, raffinate from decomposition process of roasted
feedstock was used as feed solution for the recovery of vanadium by precipitation
method. As a result, vanadium was recovered as V2O5 (s).

Currently, due to the threat to human’s health and environmental hazard, nitrogen
oxides pose a set of new; stricter regulations have been developed for industries
and transportation air emissions. The rigorous policies in the air emissions from an
industry have led to an increasing demand of catalysts to mitigate the effect of NOx.
Currently, the most efficient SCR catalyst for stationary applications (power plants
and big industrial complexes) contains around 0.5–1.5% vanadium oxide (V2O5)
as the main catalytic agent, 7–10% tungstic oxide (WO3) to improve the thermal
stability, and 70–80% rutile (TiO2) as the supporting oxide. The main advantages of
this type of catalyst are its thermal resistance, long lifespan, regeneration capabilities,
and resistance to poisons and sulfur acids that might be generated from the presence
of humidity in the air. The usual SCR catalyst lifespan ranges from three years
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depending on its composition, but the lifespan can be almost doubled by chemical
or heat regeneration. However, despite the long lifespan and the several methods
to prevent poisoning, eventually spent catalyst cannot be regenerated anymore and
need to be discarded. The present method to discard spent SCR catalyst is in landfills,
which are of great burden for environment and human health. Vanadium and tungsten
are considered of high toxicity; therefore, the policies for the discarding of this
waste have become harsher; in addition, primary metal sources (mining) are an
environmental taxing activity which makes the recovery of the title metals an urgent
matter in the industrial, environmental, economical, and recycling fields.

The amount of spent SCR catalyst generated is around 11,000 tons per year in
Korea, from that 9600 tons are landfilled. The spent SCR catalyst discarded has 7,800
ton of TiO2, 900 ton of WO3 and 100 ton of V2O5, which can be recovered and
reused. Before our project development, all of the spent SCR catalyst was landfilled.
KIGAMmade amemorandum of understanding (MoU) between various power plant
companies to supply the spent SCR catalyst free of cost; thus, in KIGAM, an envi-
ronmentally friendly hydrometallurgical method to recover the valuable metals such
as titanium, vanadium and tungsten was developed. The hydrometallurgical process
development is described as flow-chart for three valuable metals extraction from
spent SCR catalyst leach liquors (Fig. 1). Many reports were published in top tier
research journals on this subject [1–5].

Spent NdFeB Magnets Recycling

The pilot plant was established and utilized two processes developed to recover
rare earth elements (REEs) from NdFeB waste magnets and manufacturing scraps.
The first recovery process starts with the oxidation of the powders and leaching in
sulfuric acid solution. Then, REEs were selectively precipitated as double sulfate
salts and re-dissolved in hydrochloric acid through REEs hydroxide. The obtained
REEs chloride solution was treated by solvent extraction process [6–8], and finally,
high-purity REEs compounds (99.9% purity) were synthesized from purified REEs
chloride solutions (Fig. 2).

The other utilized methods consist in a caustic digestion followed by a thermal
oxidation process. Hydrochloric acid leaching of the resultant powder gave rise to
high-purity REEs chloride solution. Solvent extraction techniques are applied, and
REEs compounds of 99.9% purity are synthesized (Fig. 3).

Spent-Batteries Recycling

This research aims to introduce the results of a commercialization process study
on the stable dismantling and heat treatment of waste mixed batteries by mixing
lithium-ion batteries, lithium primary batteries, manganese alkaline batteries, nickel
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Fig. 1 Hydrometallurgical process development for Ti, V, and W extraction from spent SCR
catalyst leach liquors

hydride batteries, etc. First, in the case of lithium-based mixed batteries, the ratio
of lithium-ion batteries and lithium primary batteries is mixed at 4:1, a stable heat
treatment furnace is used to explode at a temperature higher than 400°C, and then
the crushing and grinding process is conducted. This heat treatment furnace allows
disposal of 200 kg/batch waste cells. Also, through a stable heat treatment process,
electrolytes in the battery that are harmful to the human body can be evaporated and
removed, while separating separators and plastics that adversely affect crushing and
grinding can be removed.

The obtained powder is injected into the leaching equipment system. In the
leaching process, 1 mol/L H2SO4 and 10 vol % H2O2 are added to the sulfuric
acid reduction leaching and wastewater reduction leaching process, and Al, Cu, Fe,
etc. contained as impurities are controlled to be less than 10 mg/L. The solution with
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Fig. 2 Standard process for recycling process for NdFeB waste magnet

Fig. 3 Process for recycling process for NdFeB waste magnet

controlled impurities is applied to the solvent extraction system process with PC88A
to selectively separate and extract cobalt and manganese nickel. After recovering
cobalt and manganese, the nickel was recovered as Ni(OH)2 by precipitation process
or nickel was extracted by solvent extraction process at pH higher than 6.4. Finally,
lithium left in the solution was concentrated to 18 g/L and then was precipitated as
Li2CO3 with efficiency over 88%. The remaining 12% of lithium was precipitated
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Fig. 4 Recovered valuable
metals from spent LiBs

as Li3PO4 at room temperature with efficiency over 90%. Therefore, the recovery
efficiency of lithium was more than 96%. For non-lithium-based batteries, a solu-
tion with controlled impurities is obtained through the wastewater reduction process
and then subjected to a solvent extraction process. Zinc metal and manganese-zinc
sulfate can be obtained by solvent extraction using D2EHPA as the extractant. In this
new development process, approximately 90% of the valuable metals such as cobalt,
manganese, nickel, lithium, and zinc was recovered (Fig. 4).

Recently, as the use of electric vehicles has increased, recycling of large-capacity
batteries for automobiles has become an imperative research subject. Large-capacity
lithium-ion batteries are becoming an energy source for electric vehicles such as
HEVs, PHEVs, and EVs, and the weight of lithium-ion battery packs used in electric
vehicles range from 50 to 400 kg, and the total energy of electric vehicles is about
4–60 Kwh per pack. For Tesla Model S, it is about 85 Kwh [9].

Unlike the recycling of small lithium-ion batteries, which are currently commer-
cialized, large-capacity lithium secondary batteries are dangerous to process because
they pose a high fire risk due to their high-energy capacity. Therefore, they require
a lot of time and resources in dismantling, crushing, and sorting processes, and for
the recovery of the valuable metals contained in the cells. It is difficult to secure
economic feasibility because of the low content of metals and the presence of impu-
rities in the cells. Therefore, a recycling study with its economic feasibility was
conducted (Fig. 5).

Copper, aluminum, and plastic separated during crushing become reusable
through a physical sorting process, and a mechanical sorting system is established
to ensure the complete separation by material.

To separate the active material from the lithium-ion battery used in electric vehi-
cles, crushing, pulverization, and sorting are employed. Then, a high-purity nickel
and cobalt solution is produced through leaching, impurity removal, and electrolytic
extraction. The recycled nickel and cobalt sulfate are used as raw materials to manu-
facture new lithium secondary batteries. Based on the hydrometallurgical process,
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Fig. 5 Growth prediction electric vehicle market 2020 (Unit: Thousands)* (Source SNEResearch)

we have obtained a complete recycling and commercialization technology for waste
lithium secondary batteries from electric vehicles (Fig. 6).

By applying the discharging, dismantling, crushing, and separation processes of
lithium secondary battery packs for electric vehicles, we built an industrial facility
with a capacity of 50units/dayyielding aprocess that candismantle 15,000units/year.
The technology can be applied for large-capacity industries treating waste lithium
secondary battery packs from automobiles.

Electronics Industry Waste Recycling

Recently, eco-friendly metal recovery technology is an important and innovative
technology that facilitates waste liquid treatment without requiring a great addi-
tion of chemical reagents. From an economic and environmental perspective, elec-
trolysis has vast advantages over other purification techniques due to the use of
simple electrical equipment and the low chemical reagents input. The purpose of this
study is to establish and commercialize an eco-friendly economically sustainable
gold recovery technology from secondary waste by cyclone electrolytic recovery
technology (Fig. 7) [10–12].

In this study, 95% of gold was recovered with a purity of more than 95%. A
continuous bench-scale cyclone electrolytic system with a processing capacity of
300 tons/year was built for the PCB waste (Fig. 8).
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Fig. 6 Process diagram of lithium-ion battery pack for electric vehicles

Fig. 7 Schematic of electrochemical recovery of low concentration of Au by hydrocyclone
electrowinning
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Fig. 8 Schematic of continuous bench-scale cyclone electrolytic system

Automobile Scraps and Shredder Residue Recycling

Development of physical separation system for Automobile Shredder Residues (ASR)
recycling of ELVs: Recycling of ELVs (End-of-Life Vehicles) is becoming an imper-
ative research subject due to the increase of the amount of the ELVs in the world.
This has led to series research efforts on the recycling of the ELVs that have resulted
in technologies being developed and transferred to industry. In general, the reusable
parts are recovered in advance during the dismantling process of ELVs. The remains
are shredded, and then the ferrous and non-ferrous metals are separated from the
shredded scraps. Through this process, about 75% of ELV is recycled, while the
remaining 25% is still landfilled or incinerated. The remaining 25% are called Auto-
mobile Shredder Residues (ASR). Many technologies for ASR recycling, such as
compaction, solidification, pyrolysis, and gasification, have been researched and
industrialized [13, 14]. However, the compression and solidification method causes
a great burden to the environment due to air pollution. Pyrolysis and gasification
incur not only the problem of air pollution but also they are costly processes. There-
fore, physical separation techniques and processes show more advantages for ASR
recycling. In this research, a physical separation system combining unit separation
techniques has been developed for ASR recycling. The recycling rate was calculated
by mass balance analysis of products recovered through this system, and the total
recycling rate reached about to 86% (Fig. 9).
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Fig. 9 Photograph of physical separation facility for ASR recycling of ELVs
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Yellow Phosphorus Production
from Phosphoric Acid by Carbothermic
Reduction

Huafang Yu, Ryoko Yoshida, Yasushi Sasaki, and Tetsuya Nagasaka

Abstract Phosphorous is an essential element for agriculture and industry and is
a non-renewable resource. Especially yellow phosphorus is a critical material for
advanced industrial technology, but phosphorus resources were not produced in
Japan, and all depend on imports. It has been suggested, however, that the remaining
accessible reserves of phosphate orewill be depletedwithin 50years. Therefore, alter-
native resources for phosphate oremust be found. In this research, we have developed
a process that enables the production of high-purity yellowphosphorus fromdomestic
unused phosphorus resources such as steelmaking slags. The process consists of two
parts: (1) the production of crude phosphoric acid from wastes such as steelmaking
slag; (2) producing high-purity yellow phosphorus by low-temperature carbothermic
reduction of phosphoric acid (H3PO4). The details of the carbothermic reduction of
phosphoric acid are presented in this paper. Yellow phosphorus is commercially
produced by carbothermic reduction of phosphate ore in an electric arc furnace at
more than 1673 K. In the newly developed system, gaseous P4O10 evaporated from
H3PO4 is successfully reduced to yellow phosphorus using a carbon-packed bed at
less than 1273K. Tomeet the depletion of phosphate ore, the proposed process in this
study to produce yellow phosphorus by carbothermic reduction of H3PO4 that are
extracted from dephosphorization slags will be one of the practical and economical
solutions.

Keywords Carbothermic reduction · Dephosphorization slags · Phosphoric acid ·
Yellow phosphorus
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Introduction

Phosphorus is an essential element in food production [1]. Phosphorus is also used as
an important material in awide range of industrial fields such as an electronic compo-
nent (semiconductor GaP, secondary battery cathode material, etc.), automobiles
(steel plate surface treatment liquid, and secondary battery electrolyte), pharmaceu-
ticals (osteoporosis treatment), and plastics. AfterWorldWar II, humans have rapidly
consumed phosphorus ore resources for fertilizer to produce food, so the depletion
of phosphate ore with high quality and ease to mine is rapidly progressing [2].

As already mentioned, yellow phosphorus is critically important to produce
sophisticated industrial products such as semiconductor electronic parts and pharma-
ceuticals. With existing technology, about 300 million kWh of electricity is required
to produce about 20,000 tons of yellow phosphorus that Japan consumes annually.
The huge electrical demand is simply due to the high-temperature reduction of phos-
phate ore at more than 1673 K. Due to this enormous energy consumption, current
yellowphosphorus-producing countries are limited toChina, theUnitedStates,Kaza-
khstan, andVietnam. After the United States banned the export of yellow phosphorus
as a strategic commodity from 1996, other yellow phosphorus-producing countries
also limited the yellow phosphorus export. Thus, Japan’s imports of phosphorus ore
and yellow phosphorus are becoming increasingly severe year by year.

From the research ofMatsubae et al. [3], the phosphorus of 110.5 kt as phosphorus
ore is imported, and the comparable amount of phosphorus (93.07 kt) is accumulated
in steel slag. Namely, the amount of phosphorus in phosphate ore is almost compa-
rable to that in the imported iron ore. Thus, the exploitation of steel slags [3–13]
and sewage sludge [14, 15] as a secondary phosphorus resource and are an emerging
research project, and many studies have been carried out now. Phosphorus extraction
from slags as crude H3PO4 has been extensively studied, and the details of the results
are found elsewhere. As already mentioned, all of the yellow phosphorus is imported
into Japan. Thus, if yellow phosphorus is also possibly produced from steelmaking
slags, it is a great benefit. Therefore, the investigation to develop a new economical
process to make yellow phosphorus by reducing crude H3PO4 extracted from slags
has been carried out to replace the current production one. However, yellow phos-
phorus production from H3PO4 has not yet been studied. This study aims to confirm
the feasibility of yellow phosphorus production by low-temperature carbothermic
reduction of phosphoric acid (H3PO4) with reasonable reaction rates.

Experimental

Apparatus

The experimental system for the reduction comprises a reactor, a yellow phosphorus
water bath trap, a silica gel tube for dehydration of exhaust gas, and a gas flowmeter.
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The vertical electric furnace is composed of two heating parts with a length of
30 cm that can control the temperatures independently. Each heating unit corresponds
to (1) a heating unit for vaporizing phosphoric acid and (2) a heating unit to reduce
vaporized phosphorus compounds. A quartz reaction tube (inner diameter: 32 mm,
length: 1200 mm) was used as a reactor. The lower end of the tube was connected to
a thin quart tube.

In the reactor quartz tube, activated carbon as a reducing agent was filled to a
length of about 40 cm. The activated carbon was almost spherical, and the diameter
is about 2–5 mm. The upper 30 cm of the packed bed was placed in heating zone
B, and the lower 10 cm of the packed bed (zone C) was placed outside the heated
zone B. The role of zone C is to enhance the collisions among P4 gas molecules to
produce liquid yellow phosphorus. Region A above the packed bed in zone B was
filled with phosphoric acid-containing activated carbon with a height of about 15 cm.
Phosphoric acid (H3PO4) is chemical agent grade, and it contains about 15% water.
Phosphoric acid-containing activated carbon was prepared by immersing phosphoric
acid in activated carbon.

To recover the produced gaseous yellow phosphorus as a liquid, a thin quartz
tube at the lower end of the quartz tube was placed in a flask filled with hot water
(343 K), and the gas mixture was bubbled into the flask to collect the gaseous yellow
phosphorus as a liquid yellow phosphorous. The melting point of yellow phosphorus
is 317.3 K. To avoid the escape of gaseous yellow phosphorus from the flask, the
discharged gas was further bubbled into another flask filled with bromine water to
trap and completely remove yellow phosphorus. The exhaust gas discharged from
the second flask was passed through a dehydration tube filled with silica gel, and
then the total flow rate of exhaust gas was measured every minute using a gas flow
meter.

Procedure

Initially, the air in the system is replaced by introducing Ar with a flow rate of
20 cm3/min, and then the temperature of the reduction reaction zone B filled with
activated carbon was raised to 1273 K. When the temperature reached 1273 K, the
temperature of region A in which the phosphoric acid-containing activated carbon
was found to increase to about 573 K even without power input at that zone. In the
temperature raising process, the outlet gas flow rate was continuously measured with
the flow meter.

The preliminary experiments found that unreacted phosphorous compounds
adhered to the reactor wall when the total flow rate exceededmore than 200 cm3/min.
Therefore, to avoid the unreacted phosphorous compounds, the temperature of upper
heating zone (zone A) was carefully raised manually by keeping the exhaust gas flow
rate below 200 cm3/min up to 973 K. After that temperature, the unreacted phospho-
rous compounds were not observed even if the outlet gas flow rates exceeded more
than 200 cm3/min.
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When the temperature of zoneA reaches about 773K, itwas observed that droplets
started to adhere to the wall surface of the lower part of the quartz tube, and they
coalesced and trickled down along the wall surface of the quartz tube and captured
in the flask.

After five hours, the power was turned off in zones A and B, and the experiment
was terminated.After the furnace temperature reached room temperature, the samples
collected in the flask were analyzed by Raman spectroscopy. In this study, gaseous
phosphorus oxide existed in the packed bed, and yellow phosphorus is presented by
P4 and P4O10, respectively.

Results and Discussion

Typical results of the temperature changes of heating zone A and the exhaust gas flow
rate with time during the reduction of H3PO4 are shown in Fig. 1. The total H3PO4

(15% H2O) weight in the activated carbon (20 g) was about 40 g. The total amount
of carbon packed in the reduction zone is about 70 g. The reduction temperature
(heating zone B) was 1273 K. The Ar with a flow rate of 20 cm3/min was always
supplied during the experiment to transport the evaporated P4O10 (g) and H2O (g)
from zone A to reduction zone B.

The exhaust gas flow rate is supposed to practically reflect the overall reaction
rates. The exhaust gas flow rate fluctuated at less than 673K. This is simply due to the
difficulty of temperature control at this temperature range. As already mentioned,
the unreacted phosphorous compounds, which suggested to be P2O5, [16], were

Fig. 1 Variation of temperature at upper heating zone and the total exhaust gas flow rate as a
function of time
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Fig. 2 a Raman spectroscopy of generated yellow phosphorus; b overview photo of the generated
yellow phosphorus

adhered to the reactor wall when the total flow rate exceededmore than 200 cm3/min.
Therefore, the exhaust gas flow rate was carefully controlled by manually adjusting
the temperature of zone A up to 973 K. This manually adjusting is the reason for
the fluctuation at a lower temperature range. After reaching 973 K, the unreacted
phosphorous compounds were not observed even the outlet gas flow rates excessed
over more than 200 cm3/min.

From Fig. 1, the exhaust gas flow rate started to increase rapidly after the zone
A temperature reached around 1100 K. This increase is simply due to the increase
of the P4O10 supply rate since P4O10 vaporizes rapidly at more than 1139 K. The
gas flow rate gradually decreased since P4O10 supply rate decreased after reaching
to 973 K.

The collected sample in the flask was analyzed by Raman spectroscopy (Fig. 2a),
and all the peaks well correspond to these standard yellow phosphorus [17]. Thus,
the sample produced in the present study was confirmed to be yellow phosphorus,
and the produced yellow phosphorus was shown in Fig. 2b.

Generally, the recovery rate of yellow phosphorus is around 50% evaluated from
the weight difference between supplied H3PO4 and formed P4. After the experiment,
12% of phosphorus was detected remaining in the activated carbon, which indicates
the longer heating time is necessary in order to improve the recovery rate. Moreover,
the smaller flow rate of carrier gas was taken into consideration to a conducive
longer time for phosphoric acid/P4O10 vapor reacting with activated carbon in order
to achieve a higher recovery rate.

Conclusions

In the presentwork, the feasibility of the production of yellowphosphorus by carboth-
ermic reduction of H3PO4 was confirmed. For the implementation of this process,
however, further investigations, especially the quantitative kinetics approach, are
certainly required.
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Efficient Steel Mill Dust
Recycling—Aiming for Zero Waste

Juergen Antrekowitsch and Gustav Hanke

Abstract Steel mill dust recycling today is an important business. However, most
processes in operation hardly fulfil future requirements from the environmental
point of view. In general, these treatment facilities show a certain CO2-footprint
due to carbothermal reduction and produce high amounts of residues which often
have to be landfilled. The paper discusses possibilities to optimize state of the art
processes regarding the realization of a zero waste strategy and the minimization
of the CO2-footprint. Furthermore, new developments are evaluated in respect of
energy consumptions and environmental awareness. As an example, the “2-step-
Dust-Recycling” process, an own development of the University of Leoben in
Austria, is analyzed regarding its potential to meet requirements of present and
future environmental legislation. Finally, the way how different options of steel dust
treatment influence the overall zinc cycle, especially the role of zinc oxide from such
sources as substitute for primary concentrates, is described.

Keywords Zero waste · By-products · Hydrogen · Reduction · Circular
economy · Electric arc furnace dust · Climate change

Introduction

Steel mill dust recycling contributes essentially to the worldwide zinc production.
As for every industrial sector, environmental related questions about CO2-footprint,
energy consumption, andwaste generation are fundamental also for this sector.When
trying to answer the questions facing the current state of the art, not many satisfying
answers can be found. Due to the fact that the majority of processes currently in
operation are based on carbothermal reduction and are focusing on the recovery
of only one metal (zinc), future requirements for sustainable and environmental
processing can hardly be fulfilled.
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The following chapters discuss state of the art processes, optimization potentials,
and possible future alternatives for the efficient recycling of steel mill dust from
electric arc furnace steel production. Furthermore, the importance of zinc oxide
from dust recycling compared to concentrates out of ores is analyzed.

State of the Art Processes

The Waelz-Process

The Waelz-kiln is the by far dominating facility for the treatment of electric arc
furnace dust (EAFD) out of steel making. In a rotary kiln, the dust is reduced by
carbon at temperatures of about 1100 °C. Zinc is separated, re-oxidized in the off-gas
stream, and collected in the filter house. The relatively simple one-step process, that
does not require additional energy input beside the carbon necessary for reduction,
is nowadays listed as best available technology.

However, beside zinc oxide, a lot of residue, the so calledWaelz slag, is produced
which hardly finds a utilization and has to be landfilled in many regions of the world.
With this, also the iron content is lost and not recoverable anymore. The carbon
amount required can be found in the range of 140–180 kg per ton of treated EAFD
causing a specific CO2-amount of roughly 500 kg. Because the recovered zinc is
the only product, it carries the whole carbon footprint of the process. Beside this, a
relatively bad product quality, due to high halogen contents, is typical for the Waelz
concept [1].

Therefore, two of the three abovementioned future indicators for an environment-
friendly process, the CO2-footprint and the waste generation, have to be seen as
critical.

Alternative Processes

Most of the alternatives thatmade it to industrial scalewithin the last three decades are
based on carbothermal reduction as well. Examples are the Primus process (multiple
hearth furnaces in combinationwith an electric furnace), the PIZOprocess (induction
furnace), or the rotary hearth furnace.

However, they show a similar carbon consumption and the same bad product qual-
ities. At least, the PIZO-concept and the Primus process recover iron and therefore
minimize the remaining slag. The rotary hearth aims for the generation of a kind of
direct reduced iron (DRI), which is of rather poor quality and can hardly be used
in steel industry. The production of a second product, e.g., an iron alloy, splits the
produced CO2-amount and with this minimizes the carbon footprint for the gener-
ated main product zinc oxide. The reduction of iron oxide of course needs energy,
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which is for the first two mentioned processes covered by electricity. In this case, the
question is, if the electricity is produced carbon neutral or has a CO2-footprint [1].

However, the two targets “low energy consumption” and “zero waste” can
hardly be reached together because iron reduction is essential for the minimiza-
tion of residues but requires energy, especially when talking about pyrometallurgical
technologies.

Strategies to Minimize the CO2-Footprint

In the following section, concepts that allow a minimization of the CO2-footprint in
EAFD-treatment are discussed.

Hydrogen as Reducing Agent

The most popular idea is the use of hydrogen which in best case should substitute
100% of the carbon and brings the CO2-footprint to almost zero.

Unfortunately, this idea shows several difficulties. The Waelz-kiln is the domi-
nating technology, and an implementation of a gaseous reducing agent into such a
facility is nearly impossible. The process in general mixes EAFD with solid carbon
carriers which react with the oxides when reaching the reaction zone, where the
temperature allows the reduction of zinc oxide. To implement hydrogen, it must be
introduced via a very long lance or by nozzles in the furnace jacket. A lance with an
appropriate length of more than 15 m is hard to realize because of material stability
and themovement of the solid chargewhere the hydrogenmust be blown in somehow.
Also, the installation of nozzles which have to be positioned in the refractory lining
and fed with hydrogen with special mechanisms because of the rotating furnace is
problematic. Even if problems related to engineering could be solved, the efficiency
of the introduced hydrogen would be very poor.

In case of alternative processes where a liquid iron/slag bath is present, an intro-
duction of hydrogen by lances or, e.g., porous plugs would by possible from the
technical point of view. How efficient hydrogen bubbles act in a liquid bath must be
questioned.

The best option would be to make use of a retort and realize a reduction of
pelletized EAFD. However, also in this case, it is important to evaluate how efficient
hydrogen is and which yield could be realized. Nevertheless, for such a concept,
most experience out of direct reduction of iron ore is available.

Finally, the price of hydrogen is the main issue which makes hydrogen hardly
competitive for the moment and in near future. Comparing the price for the required
hydrogen with the fossil carbon carrier including CO2-certificates, hydrogen is still
about eight times more expensive than usual carbon carriers in a Waelz-kiln. Even
taking very positive forecasts into account where the costs for hydrogen (production)
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drop down to 2 USD per kg in 2050 [2], utilization of hydrogen will be about two
times more cost intensive than standard carbon carriers including CO2-certificate
costs (based on current prices of about 70 USD/t) [3]. Only if CO2-certificate prices
climb to 150 USD per ton and hydrogen can be produced for 2 USD per ton, the
costs of hydrogen would be equal to those for currently used fossil carbon carriers
for the treatment of one ton of EAFD.

All these calculations do not take into account additional costs coming up with
the utilization of hydrogen. These are:

– Safety measures when applying hydrogen in a process and facing a hydrogen
containing off-gas

– Using hydrogen does not allow the release of energy as it is done when CO
is generated and can be burned to CO2. Therefore, additional energy supply is
required.

– Due to difficulties with hydrogen storage, continuous supply for processes are
only possible when applying on site hydrogen production.

Summarizing, hydrogen is of course one strategy to minimize the CO2-footprint,
but depending on the type of process, it will take many decades before hydrogen is
competitive from the economic perspective.

Charcoal Out of Biomass

Charcoal out of biomass is per definition CO2-neutral and with this would be an
alternative for carbon carriers with fossil origin. Also, the general physical form is
the similar and therefore does not change much, regarding process concept.

However, two important characteristics that make charcoal different from, e.g.,
metallurgical coke are:

– the lower physical strengths and
– the higher reactivity due to a higher surface and porosity.

Thismight not be a problem for processes based on liquidmetal bath/slag, where a
higher reactivity could be even positive. For shaft furnace processes, the low strength
combined with high reactivity is an exclusion criterion for a possible substitution [4].

ForWaelz-kilns, the low physical strength does not disturb but high reactivity and
a higher amount of volatiles lead to losses during heating up. This fraction combusts
in the off-gas stream and causes higher off-gas temperatures and with this a loss of
energy. Nevertheless, a partial substitution is realistic and can at least minimize the
CO2-footprint [4].

Regarding economics, charcoal shows higher costs in production but when taking
costs forCO2-credits into account, utilization of charcoal is notmuchmore expensive.
This means, compared to hydrogen, charcoal would already be competitive now and
not only in 20 years.
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However, an important question is the availability of biomass and if charcoal can
be produced locally, avoiding long distance transports.

Hydrometallurgical Approaches

For many decades, hydrometallurgy has been one strategy when developing alter-
natives for EAFD-treatment. The idea to recover zinc by leaching and avoid high
temperatures always supported the hope for a less energy consuming process.

Unfortunately, the presence of a certain percentage of zinc in form of zinc ferrite,
which is rather difficult to leach, minimizes the chance for a simple hydrometallur-
gical concept. If the ferrite is leached too, a complex iron-separation must be imple-
mented. Some concepts try to leach most of the material with the aim to recover
different metals. However, the process is getting more complex, and with this, the
costs increase. Especially the treatment of wastewater, either by chemicals or evap-
oration, causes additional costs and consumes energy. Some of the developments
require an amount of energy for drying and evaporation which is in the same range
as the one of pyrometallurgical concepts [5].

Even though there have been many activities within the last 30 years, no concept
proofed success and made it to industrial scale.

CO2-footprint and energy consumption today are well known concerns. The envi-
ronmental hazard that might be caused by complex hydrometallurgical processes
also has to be taken into account, when deciding if such a process could be an
environmentally responsible and sustainable alternative.

The Importance of Product Quality

In general, product quality is of course important for every industrial process; in case
of steel mill dust recycling, this quality plays a very important role.

Unfortunately, the quality of the produced zinc oxide for the above described
processes is low, and with this, it can be only used as substitute for concentrates
out of primary ores. EAFD always carries a certain number of halogens in various
compounds. These impurities follow, due to their low vaporization temperature, the
zinc oxide product and limit its use in primary zinc industry. This is only possible
after a washing step that removes a major number of halogens but often still leaves
too high amounts of fluorine behind. These oxides must be fed into the roaster for
further halogen removal. Because of this, requirement and remaining amounts of
fluorine and chlorine only allow a substitution of 15–20% of the input of a primary
smelter.

This limitation is not the only critical aspect when utilizing such secondary zinc
oxides in primary zinc industry. The necessity to have a roasting, a complex leaching
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procedure followed by purification, and an energy intensive winning electrolysis
leaves the question open, if there would not be a more straight forward way to
generate a final product out of EAFD-treatment.

Anyway, the key to a higher sophisticated product is the efficient separation of
halogens. Nevertheless, it must be underlined that for primary zinc industry, such
secondary concentrates are still a highly welcome input material due to their low
iron content. Even though the halogens cause certain problems, these materials often
dilute the high iron values out of primary concentrates andminimize related problems
like required dumps for iron precipitation residues.

The Two Step Dust Recycling (2sDR) Process

Based on many of the above discussed future goals but mainly with the aim to create
a zero waste concept, the 2sDR-process has been developed at the University of
Leoben together with the companies ARP and Primetals Austria.

As the name defines, the process includes two pyrometallurgical steps. The
flowchart below describes the concept in general.

After agglomeration to avoid carry over in the first step, the material is charged
into a short drum furnace, where it is treated at 1100 °C under oxidizing conditions
to get rid of lead and halogens. The clinkered material is charged in hot stage onto
a metal bath in an electric furnace to reduce zinc and iron. Zinc evaporates and re-
oxidizes above the furnace while iron and possible alloying elements accumulate in
the iron bath. The slag can be modified to meet requirements of either cement or
construction industry [6].

The zinc oxide which is produced with a high quality can enter primary zinc
industry. Due to the higher purity compared to other zinc oxides, there is no necessity
to treat the concentrate in the roaster and direct leaching can be applied. The quality

Fig. 1 Basic principle of the 2sDR-process
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Table 1 Analytics of main products generated in the pilot scale trials

Zinc oxide

ZnO Fe2O3 Cl F Pb K rest

% >93 2–4 <0.1 <0.03 <0.3 <0.3 3–4

Iron alloy

Fe C S Cu P Mn Si

% >95 2–3 <0.8 <0.6 <0.1 <0.3 <0.1

of iron is high enough to go back to steel industry as scrap substitute. Slag which is
generated in a comparable small amount is of a quality that allows a further utilization.
Lead chloride from the first step represents a product of low quality and value but
can be treated in specialized areas of lead industry [6].

The process has been verified in pilot scale treating batches of 1000 kg, essential
process steps are patented. Table 1 shows the quality of the produced zinc oxide as
well as the one of the iron product.

Referring to the questions discussed in the introduction, the following can be
stated:

– Zero waste can be realized; at least, the amount of possible residues is very low.
– The amount of carbon used as reducing agent is similar to the one of Waelz-kilns

but in case of 2sDR. an iron product is formed aside the zinc oxide leading to a
lower specific CO2-footprint

– Also. the utilization of biochar has been successfully tested. The higher reactivity
as well as the lower physical strength does not have a negative impact

– Required energy is provided mainly by electricity. In best case (like, e.g., possible
in Austria), it is 100% out of “green” sources and does not have a relevant CO2-
footprint

– Overall energy consumption is of course higher compared to the state of the art
Waelz process but is related to more products and with this at the end realizes a
more sustainable energy utilization.

– Investigations are ongoing to implement hydrogen into the concept to allow an
alternative CO2-neutral solution for the future when hydrogen prices are in a more
rational range.

A very important additional advantage is the higher quality of the zinc product.
This quality does not only offer to skip the often limiting roasting process when
utilizing it at primary zinc smelters but also could allow a further amelioration of
the quality and the production of zinc compounds which may allow other, more
profitable, markets.
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Summary

Zero waste has been an important aim in metallurgy for many years. For a few years,
now the CO2-footprint topic occupies the scientific community in combination with
possible utilization of hydrogen. State of the art processes for steelmill dust recycling
do not really fulfil any of these two requirements what might cause difficulties in
future when facing high landfilling costs and rising CO2-certificate prices.

The 2sDR-process tries to realize a zero waste concept including a low CO2-
footprint. Energy is used efficiently, and the high zinc oxide quality offers more
sophisticated utilization either in primary zinc industry or maybe alternativemarkets.

In any case, current and future requirements regarding environmental responsi-
bility and climate protection will force the metallurgical business to optimize or
even change processes. To make use of by-products as an important metal source for
the future, such as steel mill dust, it will need highly sophisticated concepts to be
competitive and economic feasible.
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Abstract Self-reduction is a pyrometallurgical treating process that aims to valuable
metal recovery frommining-metallurgical industry wastes, mainly from steelmaking
industries. Electric Arc Furnace Dusts (EAFD) are still the most attractive materials
to be tested in using this technique, due to their high magnetite and franklinite/zinc
ferrite contents. This research will address the reuse of these co-products in steel
plants, providing added value to this material that until now is constituted as an envi-
ronmental liability of considerable economic importance in steelmaking industries.
Chemical and microstructural analysis has determined high contents of iron and zinc
frommagnetite and franklinite/zinc ferrite. Ironwas present in the non-stoichiometric
form of “hapkeite” (Fe1.34Si0.06) in both EAFD 1 and EAFD 2. A rare appearance
of Moissanite CSi –2H was also found in EAFD 1. Thermogravimetric evaluations
allowed elimination of almost 15% of volatile matter at 1000 °C in EAFD 1. EAFDs
were partially reduced and showed a high porosity, which would make it possible
for the recovery of its main metal content by carbothermic self-reduction. Proximate
analysis and carbon dioxide reactivity of two reductants were tested for evaluating
the behavior of selected reductants in carbothermic self-reduction of EAFDs using a
procedure given by the Steelmaking and Ironmaking Group of DEQMPUC/RJ. This
mixture included 85% (EAFD + coal), 6% CPV ARI, and 9% water. Operational
Diagram of Phase Predominance (ODPP) from the Zn–Fe–C–O system was used to
calculate the required carbon and to guarantee the occurrence of the global chemical
reactions of carbothermic reduction either in franklinite/zinc ferrite as in magnetite
by 100% CO and temperatures between 1000 and 1100 °C. In these conditions,
self-reducing briquettes of EADF 2 lost more weight so reacted faster than EAFD 1.
Finally, reactions rates of carbothermic self-reducing briquettes EAFDs were very
fast during the first 5 min and retarded from 5 to 40 min.
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Introduction

Self-reduction is a pyrometallurgical treating process that aims to recover valuable
metal recovery frommining-metallurgical industry wastes, mainly from steelmaking
industries. Electric Arc Furnace Dusts (EAFD) are still the most attractive materials
to be tested in using this technique, due to their high magnetite and franklinite/zinc
ferrite contents. EAFD is themain solidwaste of EAF steelmaking, 10 to 20 kgEAFD
for each one-ton of steel produced by EAF is produced [1]. EAFD recycling involves
finding the optimal briquette composition, in the form of an agglomerate made at
high pressure (self-reducing briquette), for recovering some elements such as Fe, Zn,
Pb, Cr, V, andW [2, 3]. As it is known, carbothermic self-reduction evidences higher
reduction efficiency compared with conventional carbothermic reduction. While, the
applicability of bio-reductants to smelting is promising, challenges remain, and the
pre-conditioning of themain reductants for recovering the unrecoverablemetals from
steelmaking wastes. According to previous information, mineral metallurgical coke
has exhibited lower reduction efficiency than charcoal, bio charcoal, or wood char-
coal [4]; for that, they can act as bio-reductants in carbothermic self-reduction eco-
sustainable processes via microwave energy (heating) or thermogravimetric analysis
[5]. The aim of this paper was to characterize EAFDs using different techniques
such as chemical analysis, X-ray fluorescence spectrometry (XRF), X-ray diffrac-
tion (XRD), scanning electronmicroscopy (SEM) includingX-rays energy dispersive
spectrometry (EDS), thermogravimetric analysis (TGA, DTG, and DSC), and phys-
ical determinations (specific gravity and average particle size), and to treat EAFDs by
carbothermic self-reduction using a previous proximate analysis and carbon dioxide
reactivity of coals, a mixture of 85% (EAFD + coal), 6% CPV ARI, and 9% water
to make self-reducing briquettes, ODPP from the Zn-–Fe–C–O system with optimal
conditions:100%CO and temperatures between 1000 and 1100 °C. This research
also will address the reuse of these co-products in steel plants, providing added
value to this material that until now is constituted as an environmental liability of
considerable economic importance in steelmaking industries.

Experimental Procedures

The experiments thatwere part of this research involved amechanical preparation and
complete characterization of two types of samples of Peruvian Electric Arc Furnace
Dusts–EAFDs (EAFD 1 and EAFD 2) and coals (wood charcoal-WCh and mineral
metallurgical coke-MMC). In addition, thermal treatments involving carbothermal
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self-reduction techniques using a mixture of EAFD, coal, CPV ARI, and water were
conducted to evaluate the behavior of the agglomerates or self-reducing briquettes.

Chemical Compositions

Chemical analyses were developed using an Optical Emission Spectrometer Jarrell
Ash USA model Ebert 3.4 m for determining the elemental composition and an
Atomic Absorption Spectrometer Shimadzu (FAAS) model AA-7000 for estimating
of the main oxides of EAFDs.

X-Rays Diffraction Analysis

XRDanalyses ofEAFDswereperformedusing aD8Discover diffractometer,Bruker,
with CuK-α radiation (λ = 1.5418 Å), Ni filter, and Lynxeye detector, operating at
40 mA and 40 kV of XRD patterns were collected in the 2θ range of 10–90° with
0.02° increment and time of 3 s/step. An energy discriminator was employed to
reduce the iron fluorescence. The identification of the crystalline phases was carried
out by comparison with standard patterns with the EVA program, Bruker. The crystal
structure of the most probable compounds was taken from the Inorganic Crystal
Structure Database (ICSD). The experimental diffraction patterns were fitted by the
Rietveld method with fundamental parameters using the TOPAS program, Bruker.

SEM–EDS Observations

Scanning Electron Microscope (SEM), FEI Quanta 650 high vacuum with 80 amps
of current and 20 kV voltage were used to analyze the main morphologies present
in EAFD. The SEM was equipped with, SEM-EDAXEDS detector and the results
were analyzed using the quantification software TEAM.

Thermogravimetric Evaluations

Thermal characterization of EAFD 1 was performed using Differential Calorimetric
Scanning Analysis—DSC, Thermal Differential Gravimetric Analysis—DTG and
Thermal Gravimetric Analysis—TG from the room temperature to 1000 °C. This
equipment: NETZSCH STA 449 F3 was composed of combined techniques of DSC,
TG, and DTG, which are certified with ASTM E1131-08 Standard. The tests were
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carried under nitrogen atmospheres with a flow of 50 mL/min and a heating rate of
10 K/min.

Physical Determinations

Some physical properties of EAFDswere estimated, i.e., specific gravity and average
particle size. The specific gravity was calculated using the pycnometer method. For
the case of the granulometric analysis for estimation of the average particle size, a
series of ASTMmeshes were used, m14, m20, m30, m50, m70, m100, m140, m200,
m270, m400, and background of -m400.

Proximate Analysis and Carbon Dioxide Reactivity Tests
of Coals

Proximate analysis of coals was performed in order to determine moisture, volatile
matter, ash andfixed carbonpercentages according toASTMstandards: 7582,D2013,
and D346, which consisted of heating 1 g of wood charcoal-WCh and mineral metal-
lurgical coke-MMC in triplicate (three samples of coals in their respective crucibles)
and to heat them at 900° C for 5 h into the electric furnace and thus eliminate not
only all the humidity also volatile matter present in the sample of coals [6]. On
the other hand, based on the ASTM D 5341 standard, carbon dioxide reactivity
tests of dried samples of wood charcoal-WCh and mineral metallurgical coke-MMC
were analyzed. 5 g were taken from these two samples of reductants, in the form
of a cylindrical agglomerated briquette. These cylindrical agglomerated briquettes
were prepared using a hydraulic press PAVITEST-brand with a maximum load of
24,000 kg-f, at a briquetting pressure of 6000 kg-f. These agglomerates were taken
over a crucible and carried into a COMBUSTOL tubular electric furnace brand previ-
ously heated to a temperature of 1020 °C. The carbon dioxide reactivity test took
place for 120 minutes under a constant 90 mL/min flow of carbon dioxide (CO2)
without. These test was carried out for 15 min a 50 mL/min flow of nitrogen (N2), as
before as after this experience [6]. To determine the reactivity of these coals, formula
(1) was used.

R =
(
A − B

A

)
× 100 (1)

where: A is the initial mass and B is the final mass of the coal sample before the CO2

reactivity test, and R is the CO2 reactivity.
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Fig. 1 ODPP: Zn–Fe–C–O, indicating the optimal thermodynamics conditions for the carboth-
ermic self-reduction of EAFDs: %CO = 100 or PCO = 1 between 1000 °C (1273 K) and 1100 °C
(1373 K) [7]

Thermodynamics Approach of Carbothermic Self-Reduction

In Fig. 1, theODPP of the Zn–Fe–C-O system is shown, resulting from the superposi-
tion of two other ODPPs (Zn–C–O and Fe–C–O), where the equimolar composition
of the ferrite of zinc and the values of the activities achieved by other reducible
species in CO and CO2 atmospheres such as wustite and magnetite is shown. In
addition, the tracing of two isotherms, one at 1000 °C (1273 K) and the other at
1100 °C (1373 K), was used to locate the zone of the predominance of Zn (g) and
Fe (s) phases for % CO = 100 or PCO = 1, in order to guarantee the complete
metallization of the self-reducing briquettes to be formed, which are also observable
in ODPP [7].

Routine for Making Self-reducing Briquettes with a Mixture
of EAFD, Coal, CPV ARI, and Water

Self-reducing briquettes were made according a to procedure given by the Steel-
making and Ironmaking Group of DEQM PUC/RJ Brazil. It consists in preparing a
mixture of 85% (EAFD + coal) (w/w), 6% CPV ARI (w/w), and 9% water (w/w)
[8]. This routine is shown in Fig. 2.
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Fig. 2 Routine for making self-reducing briquettes from the mixture of EAFD, Coal, CPV ARI
and water

Carbothermic Self-Reduction Tests

Carbothermic self-reduction tests using two types of EAFDs (EAFD 1 and EAFD
2) and only one coal (wood charcoal-WCh) were conducted in a COMBUSTOL
tubular electric furnace nitrogen gas flow between 50 and 70 mL/min., continuously
to avoid oxidation of the sample with the outside air. The working temperatures were
1000 °C and 1100 °C, and the times were 5, 10, 20, 30, 40 min, with about 30 min of
preheating. The conversions or carbothermic self-reduction percentages of EAFDs
were evaluated through their weight loss expressed as a percentage, as indicated in
formula (2).

α = 100

(
�Wt

Wi

)
=

(
Wi −Wt

Wi

)
(2)

where: Wi is the initial weight of the sample, Wt is the final weight of the reduced
sample at time t, �Wt is the total loss weight at time t, and α is the carbothermic
self-reduction percentage.
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Results and Discussion

Chemical Compositions

InTable 1, chemical compositions of the sampleswere determined for someelements:
Zn, Fe, Cu, Cd, Pb, Ni, As, Cr, and Hg, and oxides: SiO2, Al2O3, CaO, MgO, MnO,
Na2O, and K2O.

X-Ray Diffraction Analysis

Figure 3 shows experimental and Rietveld refinement X-ray diffraction patterns (Y
calculated) of EAFD 1 and EAFD 2, and their corresponding difference.
In Tables 1 and 2, chemical and microstructural characterizations have determined
high contents of iron and zinc in both materials EAFD 1 and EAFD 2. The presence
of iron and zinc is observed in their main oxides: franklinite/zinc ferrite, magnetite,
and hematite. Also, iron and silicon were found in the form of a non-stoichiometric
phase called “hapkeite” (Fe1.34Si0.06) in EAFD 1 and EAFD 2. A rare appearance of
Moissanite CSi–2H was also confirmed in the XRD of EAFD 1. The most abundant
phase present in the EAFDs was magnetite which is between 57.74 and 63.12%.
The other two more significant present phases are franklinite/zinc ferrite-ZnFe2O4

and zinc oxide/zincite-ZnO. However, it is not possible to distinguish magnetite and
franklinite/zinc ferrite by X-ray diffraction, since both oxides (magnetite and frankli-
nite/zinc ferrite) have the same space group and further identical crystal structure
and lattices (Fd-3mZ). On the other hand, carbon is still detected as carbonates and
may be also present as an amorphous phase which was not observed in the X-ray
diffraction patterns. EAFD 1 has more carbon content than EAFD 2. The Goodness
of Fit (GOF) of the Rietveld method refinement showed a good adjustment because
it was between 1 and 1.5.

SEM–EDS Observations

Figure 4 show the elemental mapping of SEM images of the EAFD 1 sample: (a)
selected SEM image, (b) mapping by various chemical elements, and (c) EDS of
the selected SEM image for identified elements in certain analyzed spots or areas
in EAFD 1 sample. Several circular grains probably of metallic iron Fe (ccc) are
observed, because they show some typical spherical morphologies of metallic iron
partially oxidized to the form of magnetite and franklinite/zinc ferrite. SEM images
also show clustered branches with large internal poly-directional voids within other
acicular aggregates of possible zincite or zinc oxide. As magnetite is the most abun-
dant mineralogical phase contained in EAFDs, probably it has been formed at the
expense of metallic iron, forming spherical concentric layers and others in the form



318 M. C. Gómez-Marroquín et al.

Ta
bl
e
1

C
he
m
ic
al
co
m
po
si
tio

ns
of

el
em

en
ts
an
d
ox
id
es

of
E
A
FD

1
an
d
E
A
FD

2

Sa
m
pl
es

%
Z
n

%
Fe

%
C
u

%
C
d

%
Pb

%
N
i

%
A
s

%
C
r

%
C

%
Si
O
2

% A
l 2
O
3

%
C
aO

%
M
gO

%
M
nO

%
N
a 2
O

%
K
2
O

H
g

(p
pm

)

E
A
FD

1
5.
45

21
.9
5

0.
19

0.
08

1.
15

0.
02

0.
01

0.
42

0.
04

5.
50

0.
75

2.
80

7.
24

3.
21

2.
06

0.
71

1.
75

E
A
FD

2
16
.0
3

31
.2
0

0.
20

0.
04

1.
09

0.
02

0.
01

0.
81

0.
01

2.
78

0.
02

4.
81

2.
47

2.
10

1.
75

0.
80

0.
72



Characterization and Thermal Treatment of Electric Arc Furnace Dusts … 319

Fig. 3 XRD patterns black of EAFD 1 (a) and EAFD 2 (b) samples including the fitting (red) and
difference (green) obtained by the Rietveld refining method (Color figure online)

Table 2 Summarizes detailed information on the crystal phases obtained by Rietveld method
refinement from EAFD 1 and EAFD 2 samples

Samples Phase Chemical
formula

Phase
%wt

Space
group

LVOLIB/nm GOF Rwp Rexp

EAFD1 Franklinite ZnFe2O4 16.94 Fd-3mZ 69.57 1.37 5.79 4.23

Fe-ccc Fe 0.52 Im-3 m 16.84

Zincite ZnO 10.04 P63mc 33.081

Pyrolusite MnO2 5.67 P42/mnm 5.21

Hapkeite Fe1.34 Si0.66 2.53 Pm-3 m 59.07

Moissanite CSi-2H 2.54 P63mc 12.73

Magnesite MgCO3 4.01 R-3cH 59.77

Magnetite Fe3O4 57.74 C1c1 37.90

EAFD2 Franklinite ZnFe2O4 22.56 Fd-3mZ 90.12 1.29 5.18 4.02

Zincite ZnO 2.87 P63mc 41.74

Pyrolusite MnO2 3.81 P42/mnm 94.50

Hapkeite Fe1.34 Si0.66 1.68 Pm-3 m 102.95

Calcite CaCO3 3.88 R-3cH 40.97

Magnetite Fe3O4 63.12 C1c1 41.55

Quartz SiO2 1.47 P3221 284.25

Hematite Fe2O3 0.60 R-3cH –

of whiskers due to the presence of the gas bubble blow or burst reducer in the solid-
ification of steels [9]. While, franklinite/zinc ferrite cluster type micrometric and
homogeneous agglomerate can be also observed [7]. Franklinite/zinc ferrite may
appear during the cooling of the gas excretion system of the EAF from a solid–solid
reaction between zincite and hematite at temperatures between 600 and 700 °C,
which is why franklinite/zinc ferrite is always associated with these two compounds
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Fig. 4 Selected SEM image (a), mapping multi-elemental (b), and quantification of elements
identified by EDS of selected SEM image of EAFD 1 sample (c)

(zincite and hematite) also showing cluster or cluster-like granular morphologies
[10]. The elemental mapping of the selected SEM image show a significant presence
of zinc because the EDS was taken from an area of the sample richer in zinc than
iron. SEM–EDS analysis in the EAFD1 sample showed the absence of Cu, Cd, Pb,
Ni, As, and Cr in chemical analysis.

Table 3 summarizes EDS results of elemental mapping and quantification of
elements identified in Fig. 4c.



Characterization and Thermal Treatment of Electric Arc Furnace Dusts … 321

Table 3 EDS of elemental mapping and quantification of elements identified in Fig. 4c

Element At. no Net Mass, % Mass Norm.,
%

Atom, % Abs. error
[%] (1 sigma)

Rel. error [%]
(1 sigma)

C 6 65,833 12.66 12.95 27.34 1.49 11.76

O 8 106,175 27.54 28.18 44.66 3.12 11.32

Zn 30 162,541 33.92 34.71 13.46 2.00 5.91

Fe 26 242,541 12.93 13.23 6.01 1.65 12.74

Mg 12 12,197 1.34 1.37 1.43 0.09 7.03

Al 13 3162 0.36 0.36 0.34 0.04 12.26

Si 14 8984 1.76 1.80 1.62 0.11 5.98

S 16 3652 0.64 0.66 0.52 0.06 8.69

Cl 17 17,138 4.07 4.16 2.98 0.21 5.05

K 19 1798 0.82 0.84 0.55 0.07 9.00

Ca 20 2061 1.70 1.74 1.10 0.13 7.90

Table 4 Physical determinations of EAFD 1 and EAFD 2

Samples Specific gravity (10 3 kg/m3) Average particle size

EAFD 1 3.71 95%−m100

EAFD 2 3.43 26.74%+m10

Physical Determinations

In Table 4, the results of physical determinations of EAFD 1 and EAFD 2 are shown.

Proximate Analysis and Carbon Dioxide Reactivity Tests

Table 5 exhibits the results of proximate analysis and reactivity to carbon dioxide
(CO2) tests of coals used as reductants in carbothermic self-reduction of EAFDs.

As expected, wood charcoal-WCh showed greater reactivity and a significant
amount of volatile matter and fixed carbon, characteristics that will significantly
favor the reduction of iron and zinc oxides present in EAFDs in atmospheres of CO
and CO2, in this case, carbothermic self-reduction magnetite and franklinite/zinc
ferrite.

Table 5 Proximate analysis of coals and carbon dioxide reactivity test of two types of reductants
samples

Samples % Moisture % Volatile matter % Ash % Fixed carbon % Reactivity

MMC 4.91 5.16 80.01 9.92 91.40

WCh 7.38 39.68 41.41 11.53 95.62
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Table 6 Mass loss values registered during heating of EAFD 1

Sample Initial mass sample, mg Lost mass (%) Residual mass, %

245 °C 785 °C 1000 °C

EAFD 1 11.90 1.10 3.98 15.24 84.76

Thermogravimetric Evaluations

Thermogravimetric evaluations showed three significant exothermic peaks that are
related to decomposition temperatures andprobably reductionof iron and zincoxides.
These temperatures were 189, 720, and 942 °C. The initial 1.10 % mass loss of
EAFD 1 was due to the presence of water, as well as some volatile matter, followed
by 3.98% of mass loss due to volatilization of some metals, CO, and CO2, and
15.24% of mass loss for the liberation of gases Zn, CO, and CO2. Therefore, it
is observed that exothermic reactions occurred when heating the EAFD 1 sample
from room temperature to 1000 °C, and it is known that the iron oxide and zinc
oxide carbothermic reduction follows the Boudouard reaction [11]. Two chemical
reactions could have occurred in this process: (a) the instantaneous decomposition
of franklinite/zinc ferrite, present in EAFD 1, to their constituent oxides, iron oxide
(Fe2O3-hematite) and zinc oxide (ZnO), and (b) carbothermic reduction of some of
its oxides: franklinite/zinc ferrite (16.94 % ZnFe2O4), zinc oxide (10.04 % ZnO) and
magnetite (57.74 % Fe3O4), taking advantage its low content of C and iron, 0.04 %
and 21.95 %, respectively. Table 6 shows the weight losses of the EAFD1 sample at
different temperatures.

Carbothermic Self-reduction Tests

From this previous quantification by chemical and structural analysis, we have: (a)
EAFD 1, contains metallic iron (0.52% Fe-ccc), 21.95% total Fe and 84.72% of
reducible oxides, and (b) EAFD 2, containing Fe2O3 (0.60%), 31.20% total Fe and
89.16% of reducible oxides. Figure 5 shows carbothermic self-reduction curves of
EAFD samples using wood charcoal (WCh) in two temperatures and five times of
thermal treatment which were carried out using optimal thermodynamics conditions
determined and shown in Fig. 1. Carbon used in self-reduction of EAFD 1 and EAFD
2waswood charcoal because it holds amajor reactivity in front ofCO2 comparedwith
mineral metallurgical coke. As it can be observed, EADF 2 samples lost more weight
and so reacted faster than the EAFD 1 sample. Also, reactions rates of carbothermic
self-reduction of EAFDs were very fast during the first 5 min and retarded from
5 to 40 min. It was notable that the reaction rates increased with the increment
of self-reduction times and temperatures. These conversions or carbothermic self-
reduction percentage, α, turned out to be very low, and at the same time, they did
not improve significantly as the carbothermal self-reduction time and temperature
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Fig. 5 Carbothermic self-reduction curves by CO of EAFDs samples

were increased, probably due to the insufficient amount of carbon in the mixture to
guarantee the complete metallization of the self-reducing briquettes. Despite this,
great release of volatile materials from the briquettes was observed, including gases
such asZn,CO, andCO2 that emanatedmainly from the central part, both from the top
and bottom of the briquette. Due to the high reaction kinetics that these geometries
theoretically observe (flat circular surfaces of cylindrical briquettes), most of the
briquettes presented deep and long fractures. A poly-directional growth of acicular
crystals of whitish to yellowish color of probabe zincite or redeposited zinc present
in both EAFDs was observed on all the flat surfaces of the briquette and even the
base of the crucible. This yellow color varied in intensity depending on the time
and temperature of the self-reduction, for example, the self-reduced briquettes of
EAFD 2 light yellow and those of EAFD 1 more intense yellow color. An alternative
treatment route for these EAFDs should include a prior magnetic concentration to
separate magnetite of franklinite/zinc ferrite then to perform individual carbothermal
self-reduction of magnetite and franklinite/zinc ferrite.

Conclusions

Chemical and structural characterizations have determined high contents of iron
and zinc in both materials EAFD 1 and EAFD 2. The presence of iron and zinc is
observed in their main oxides: franklinite/zinc ferrite, magnetite, and hematite. Also,
iron and silicon were found in the form of a non-stoichiometric phase called “hap-
keite” (Fe1.34Si0.06) in EAFD 1 and EAFD 2. Both samples of EAFD 1 and EAFD
2 are partially reduced as magnetite and franklinite/zinc ferrite phases and have a
high porosity, which would make carbothermal self-reduction possible. Thermo-
dynamic considerations included ODPP from the Zn–Fe–C–O system to calculate
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required carbon for carbothermic self-reduction of magnetite and franklinite/zinc
ferrite. These optimal thermodynamics conditions for the process were 100% CO or
PCO = 1 atm and a range of temperature between 1000 °C (1273 K) and 1100 °C
(1373 K). Atomic Absorption and DRX analyses had determined high contents of
iron and zinc. Iron was present in the non-stoichiometric form of “hapkeite” (Fe 1.34

Si 0.06). in both EAFD 1 and EAFD 2. A rare appearance of Moissanite CSi –2H was
also found in EAFD 1. Thermogravimetric evaluations allowed the elimination of
almost 15% of volatile matter at 1000 °C in EAFD 1. From this previous quantifi-
cation by chemical and structural analysis, we have: (a) EAFD 1, contains metallic
iron (0.52% Fe-ccc) of 21.95% total Fe, for that 84.72% of reducible oxides while,
(b) EAFD 2, contains to Fe2O3 (0.60%) of 31.20% total Fe, in consequence, 89.16%
of reducible oxides, by 100%CO at 1000 and 1100 °C of temperature. As expected,
wood charcoal-WCh showed greater reactivity and a significant amount of volatile
matter and fixed carbon, characteristics that will favor the self-reduction ofmagnetite
and franklinite/zinc ferrite present in EAFDs. Carbon used in self-reduction of EAFD
1 and EAFD 2wasWCh because it holds amajor reactivity in front of CO2 compared
with MMC. EADF 2 sample lost more weight so reacted faster than the EAFD 1
sample in this range of temperature. Reaction rates of carbothermic self-reduction
of EAFDs were very fast during the first 5 min and retarded from 5 to 40 min. An
alternative treatment route for these EAFDs should include a prior magnetic concen-
tration to separate magnetite of franklinite/zinc ferrite then to perform individual
carbothermal self-reduction of magnetite and franklinite/zinc ferrite.
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Investigation of Hydrometallurgical
Recycling Parameters of WC–Co Cutting
Tool Scraps

Hakan Kuşdemir, Kagan Benzesik, Ahmet Turan, and Onuralp Yücel

Abstract The aim of the study is recovery of WC–Co cutting tool scraps through
hydrometallurgical methods. Scraps contain 83.67 wt.% W, 5.56 wt.% C, and 8.76
wt.% Co. The study consists of two progressive stages. The first stage is based on
selective leaching of cobalt and separation from tungsten carbide. The second stage
is the precipitation of cobalt from leach solution. Before experiments, scraps were
grinded and sieved to lower than 250 µm particle size. In the first stage, WC–Co
powders were leached in HNO3 solution. In order to achieve maximum dissolution
of cobalt, acid concentration, temperature, stirring rate, and raw material particle
size parameters were investigated. In the second stage of the study, dissolved cobalt
ions from leach solutions were precipitated as Co(OH)2 compound by using NaOH
solution. Solution pH and temperature parameters were examined to reachmaximum
cobalt recovery from the solution. According to results, the optimum leaching condi-
tions were found to be 2M HNO3, 25 °C, 800 rpm, 2 h, and 1/10 solid/liquid ratio.
Cobalt dissolution efficiencywasdetected as 94.87%under these conditions.Besides,
dissolved cobalt in the leach solutionwas precipitatedwith an efficiency ofmore than
99.99% in the form of cobalt hydroxide by the addition of NaOH reagent at pH =
11 and 50 °C.

Keywords Recycling · Hydrometallurgy · Sustainability

Introduction

WC–Co based materials, also called cemented carbides, are generally used in metal
cutting and forming industries because of their outstanding mechanical properties.
Moreover, they are also commonly used in petroleum and gas exploration works
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and in mining industries [1]. WC–Co based materials are produced by the liquid
phase sintering process [2]. Cobalt is added as a binder metal which increases the
facture toughness of the WC main matrix. Generally, 5–20 wt.% cobalt is added to
cemented carbides. While increasing cobalt ratio reduces the hardness and abrasion
resistance of thematerial, it increases the fracture toughness of thematerial [3]. Thus,
mechanical properties can be adjusted by cobalt content of WC–Co based materials
depending on the application area of the final product.

Both tungsten and cobalt are defined as strategic metals because of their crit-
ical application areas in industry [4]. Tungsten is widely used in cemented carbide
industry, steel alloys, and mining industry. Cobalt is also critical metal for the
rechargeable battery industry. Moreover, magnet and stainless-steel industries are
other important cobalt usage areas. It is estimated that cobalt abundance in the
earth’s crust is approximately 20 ppm [5]. In addition, tungsten abundance is less than
1.5 ppm which is lower than that of cobalt [3]. Hence, worldwide reserves of tung-
sten and cobalt are limited. Also, even high concentration tungsten and cobalt ores
contain much lower metal content than a typical cemented carbide scrap. Tungsten
and cobalt extraction involves complex process steps and excessive chemical usage
which affects the environment negatively. Therefore, the recovery of these critical
metals is essential in terms of economic and environmental concerns [6]. Due to its
commercial importance, cemented tungsten carbide scrap recycling has been inves-
tigated for many years. There are many different types of conventional recycling
methods in the literature. Each of them has specific metallurgical processes: pyro,
hydro, and electrometallurgical processes or combination of them.

Cemented carbide recycling methods are generally divided into three categories
which are direct, semi-direct, and indirect. In the direct recycling method, recycled
products and scrap have the same chemical composition. Thus, the purity of the
product is very high. Physical, chemical, and thermal applications or combination
of them are used for that method. In the semi-direct method, the binder is separated
from the main matrix by selective dissolution in a solution. When WC is suitable
for re-use, the recovered binder material cannot be used directly. Indirect recycling
processes are used to obtain pure tungsten products. By using chemical modification
techniques, tungsten in the scrap transforms into ammonium paratungstate interme-
diate compound. After that, tungsten production methods from ores are applied to
reach pure tungsten powder. Selection of WC–Co recycling method is applied in
consideration of scrap characteristics, cost, and environmental concerns [7].

Selective cobalt leaching from cemented carbide scrap tenders an environmentally
friendly process in view of its lower energy consumption and environmental impact
due to the reduced number of process steps [8]. The aim of this study is recovery
of tungsten and cobalt through hydrometallurgical route. The study consists of two
subsequent stages. The first stage is based on the selective leaching of cobalt and
separation from tungsten carbide. The second stage is the precipitation of cobalt from
leach solution. To achieve maximum recycling efficiency, leaching and precipitation
process parameters were investigated.
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Experimental Procedure

Rawmaterialswere supplied fromKörfezDökümMetalMachiningDepartment. The
scraps were used for turn lathes to cut different types of steel casting and white cast
ironmaterials. Before experiments, scrapswere grinded in aWC-based vibratory cup
mill for 15 min. After grinding operations, scraps were screened by a Retzch brand
sieve analyzer. Lower than 250 µm particle size powders were selected in order
to use in further experiments. The objective of grinding process was to enhance
leaching efficiency by increasing specific surface area. Table 1 shows the chemical
analysis of scraps (AAS), and the XRD pattern of the raw material was given in
Fig. 1. Table 2 shows the sieve analysis of the raw powders which were used in
leaching experiments. Moreover, a typical bulk cutting tool scrap was investigated
from outer surface to inner surface by using scanning electron microscopy. Figure 2
shows SEM micrograph and EDS analysis of a typical cutting tool scrap. From the
micrograph, a typical scrap had approximately 4–6 µm thick multilayer TiN, Al2O3,
and TiC coatings.

Table 1 Chemical composition of cutting tool scraps

Element W C Co Ti Fe Cr Ni Ta Al

Wt.% 83.67 5.56 8.76 0.82 0.42 0.36 0.17 0.14 0.10

Fig. 1 XRD pattern of cutting tool scraps
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Table 2 Sieve analysis of the
raw material

Particle size, µm � percentage
retaining, %

� percentage
passing, %

−250 + 106 67.04 100.00

−106 + 45 16.92 32.96

−45 16.04 16.04

Total 100.00

Fig. 2 SEM micrograph and EDS analysis of a typical cutting tool scrap

In the first stage of experiments, grinded waste cutting tools were leached with a
HNO3 solution. Leaching experiments were carried out on a Daihan brand heater-
magnetic stirrer equipped with a K-type stainless-steel contact thermometer. The
solution was stirred from the top with a teflon-plated propeller with adjustable speed
and stirring direction. Acid concentration, leaching temperature, and stirring rate
parameters were studied separately. Moreover, solid particle size on cobalt solubility
efficiency was investigated.

In the second stage of the experiments, dissolved cobalt ions were precipitated as
Co(OH)2 compound. 2M NaOH solution was slowly added to HNO3 acid concen-
tration until reaching previously determined pH values. The aim of this process is to
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obtain maximum cobalt precipitation efficiency from cobalt pregnant leach solution.
Temperature and pH parameters were investigated in precipitation experiments.

After experiments, all samples were filtered off and analyzed by Perkin Elmer
Analyzed 800 brand atomic absorption spectrometer (AAS). Moreover, PANanalyt-
ical PW3040/60 brand X-ray diffractometer was used for phase identification of raw
materials and products.

Results and Discussion

In the first stage, WC–Co powders leached in HNO3 solution. The solid/liquid ratio
was 1:10 g/ml in all leaching experiments. The purpose of the leaching process is the
dissolution of cobalt entirely in acid solution. Thus, the remaining undissolved solid
(filter cake) would consist of pure WC. To achieve that, the leaching process param-
eters were investigated. First, different acid concentrations of 0.5, 1 and 2M were
tried to evaluate the effect of acid concentration in cobalt solution. Figure 3 shows
that 2M HNO3 solution had better cobalt solubility than 0.5 and 1M concentrations.

In order to investigate the effect of temperature change on cobalt dissolution,
experiments were done between 25–60 °C (average particle size <250 µm, 2 h,
800 rpm). Figure 4 shows the effect of temperature on the dissolution of cobalt in
the 2M HNO3 solution. As seen from the figure, cobalt solubility decreases from
86.98 to 60.31% between the temperatures 25–60 °C. This can be attributed to the
formation of a passive layer due to the chemical behavior of cobalt at relatively high
temperatures, and this passive layer prevents the dissolution of cobalt by forming a
protective layer between the liquid and the solid [8].

Fig. 3 Correlation between acid concentration and cobalt leaching efficiency
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Fig. 4 Correlation between temperature and cobalt leaching efficiency

In the next stage of leaching experiments, the effect of stirring rate on cobalt
solubility was investigated (Fig. 5). Different stirring rates were applied from 600
to 1200 rpm (average particle size <250 µm, 2 h, 800 rpm). 800 rpm stirring rate
provided better solubility than 600 rpm and 1200 rpm stirring rates. It was observed

Fig. 5 Correlation between stirring rate and cobalt leaching efficiency
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Fig. 6 Correlation between raw material particle size and cobalt leaching efficiency

that mixing effect was not enough at 600 rpm, and there were some settled down
particles at the bottom of the beaker. Furthermore, at 1200 rpm, the formation of
vortex prevented an effective mixing.

In the last series of the leaching experiments, effect of solid particle size on cobalt
leaching was investigated. Experiments were applied to different particle size WC–
Co powders under the standard conditions of 2MHNO3 solution, 25 °C temperature,
800 rpm stirring rate, and for 2 h duration. As it seen Fig. 6, decreasing solid particle
size affected cobalt dissolution positively. As the reduction of solid particle size
increases the contact area between solid–liquid, an increase in dissolution efficiency
was observed. Therefore, the best cobalt solubility efficiency was observed with
powders having less than 45 µm particle size (94.87%).

The XRD analysis of the leaching residue of the experiment with the most effi-
cient dissolution (raw material particle size less than 45 µm) was shown in Fig. 7.
According to the results, no cobalt peak was found in the filter cake. Therefore, it
also shows that cobalt was solved in the solution at a very high rate.

In the precipitation experiments, cobalt pregnant leaching solutions were used.
The aim of the process was to precipitate all cobalt ions in the solution as Co(OH)2
compound. For this purpose, 2M NaOH solution was added to initial leach solutions
up to certain pH values to investigate. First, pH-cobalt precipitation efficiency
correlation was investigated. Precipitation processes were applied at 7.5, 9 and 11
pH values. Results displayed that increasing pH value had a positive impact on cobalt
precipitation from the solution. Therefore, 11 pH was determined as optimum value
(Table 3). In the next stage, temperature effect was examined. Experiments were
carried out at 25 and 50 °C temperatures at pH = 11 value. Increasing temperature
positively affected the precipitation efficiency (Table 4). Moreover, XRD analysis
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Fig. 7 XRD pattern of the filter cake (raw material particle size, <45 µm)

Table 3 Correlation between pH and Co precipitation efficiency

pH Temperature (°C) Co content in the solution
(ppm)

Co precipitation efficiency
(wt.%)

Initial leach solution 8.380 –

7,5 25 851.2 89.84

9 25 109.7 98.69

11 25 0.2216 99.99

Table 4 Correlation between
temperature and Co
precipitation efficiency

pH Temperature (°C) Co content in the solution (ppm)

11 25 0.2216

11 50 0.0822

results of precipitates showed that while at pH= 11 and 25 °C, precipitated product
had amorphous structure, at 50 °C, precipitate turned into crystalline structure
(Fig. 8). As a result, the highest cobalt precipitation efficiency from leach solution
was determined as greater than 99.99% at pH= 11 and at 50 °C process temperature.

Thermogravimetric analysis was applied to Co(OH)2 products whichwere precip-
itated at 25 and 50 °C. The Co(OH)2 powders were heated from the room temperature
up to 1000 °C. The aimof that analysiswas to observe the thermal treatment of precip-
itated products. TGA results were given in Fig. 9. According to the analysis, both
products displayed similar thermal properties. With the beginning of heating (1st
region), the weight of both Co(OH)2 precipitates reduced because of separation of
some absorbed water in the structure. When temperature reached 600–650 °C (2nd
region), it was observed that Co(OH)2 turns into Co2O3 as a result of thermal decom-
position reaction which causes removing of some amount of water and oxygen from
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Fig. 8 XRD pattern of precipitated compounds

Fig. 9 TGA results of precipitated Co(OH)2 compounds

Co(OH)2. Also, additional weight losses in both samples at 900–930 °C happened.
It was predicted that the reason of weight loss at 900–930 °C (3rd region) was the
oxygen loss due to the transformation of Co2O3 into CoO.
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Conclusion

In the leaching experiments, acid concentration, temperature, stirring rate, and raw
material particle size parameters were investigated in order to determine optimum
leaching parameters for selective cobalt solubility from grindedWC–Co cutting tool
scraps. As a result of acid concentration experiments, 2M HNO3 solution showed
better cobalt solubility efficiency than 0.5 and 1Msolutions. Therefore, optimumacid
concentration was determined as 2M. After that, leaching processes were conducted
at 25, 40, and 60 °C temperatures. Results showed that increasing leaching temper-
ature affected negatively cobalt solubility. Thus, 25 °C was determined as optimum
process temperature. In the next step, in order to reach optimum stirring rate param-
eter for selective leaching of cobalt, 600, 800, and 1200 rpm stirring rates were
applied. According to the results, 800 rpm stirring rate provided better solubility
efficiency. Consequently, 800 rpm stirring rate was selected as optimum stirring
rate. In the final step of the leaching experiments, raw material particle size and
cobalt dissolution efficiency relationship was investigated. In the experiments, −
45, 45–106, 106–250, and +250 µmWC–Co powders were used. According to the
results, decreasing particle size had a positive impact on cobalt solubility efficiency.
Therefore, −45 µm were determined as optimum raw material particle size.

In the leaching experiments, the highest cobalt solubility efficiency was observed
as 94.87% in 2M HNO3 solution, at 25 °C, at 800 rpm stirring rate for 120 min
duration, and for 1/10 solid–liquid ratio for the average particle size of less than
45 µm.

In the precipitation experiments, cobalt pregnant leaching solutions were used.
In the first series of the precipitation experiments, pH-cobalt precipitation efficiency
correlation was investigated. Precipitation processes were applied at 7.5, 9 and 11
pH values. Results showed that increasing pH value had a positive impact on cobalt
precipitation from the solution. Therefore, 11 pH was determined as optimum value.
In the next series, temperature effect was examined. Experiments were carried out
at 25 and 50 °C temperatures at pH = 11 value. According to the results, increasing
temperature positively affected the cobalt precipitation. Moreover, XRD analysis of
solids showed that whereas the precipitate (pH= 11 and at 25 °C) had an amorphous
structure, precipitate turned into crystalline structure at pH = 11 and at 50 °C. In
those conditions, the highest cobalt precipitation efficiency from leaching solution
was determined as greater than 99.99% (pH = 11 and 50 °C). Thus, these process
parameters were selected as optimum cobalt precipitation parameters.

With this study, WC cutting tools, which are considered as waste, were re-
evaluated, and Co was recovered. Cobalt recovery from cutting tool scraps will
provide an alternative route to cobalt production from ore, which is found in limited
quantities in the earth’s crust. In addition, as a result of this process, the high energy
requirement and the wastes generated in the enrichment processes of cobalt from ore
may be eliminated.
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The UK Transforming the Foundation
Industries Research and Innovation Hub
(TransFIRe)

Mark Jolly, Anne P. M. Velenturf, Konstantinos Salonitis,
and Sanjooram Paddea

Abstract Transforming Foundation Industries Research and Innovation hub (Trans-
FIRe) was developed in response to the UK Government Industrial Strategy
Challenge Fund call to transform the Foundation Industries: Chemicals, Cement,
Ceramics, Glass, Metals, and Paper. These industries produce 75% of all materials
in the UK economy and are vital for the UK’s manufacturing and construction indus-
tries. Together, the Foundation Industries are worth £52 Bn to the UK economy and
produce 28 Mt of materials per year, accounting for about 10% of the UK’s total
CO2 emissions. TransFIRe is a consortium of 20 investigators from 12 institutions,
more than 50 companies, and 14 NGO, and government organisations related to the
sectors, with expertise across the FIs as well as material flows and energy mapping,
life cycle sustainability, circular economy, industrial symbiosis, computer science,
AI and digital manufacturing, management, social science, and technology transfer.
This paper will introduce the Foundation Industries, present the three work streams
through which transformative change will be enabled, and initial plans for including
a diversity of stakeholders.
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Background

A £166.5 million funding package transforming the Foundation Industries (FIs)
was announced by the UK Government on the 24th May 2021 via UK Research
and Innovation (UKRI) and will support development of technologies in carbon
capture, greenhouse gas removal, and hydrogen, while also helping find solutions
to decarbonise the UK’s polluting sectors including manufacturing, metals, energy,
and waste. The FIs; Chemicals, Cement, Ceramics, Glass,Metals, and Paper produce
75% of all materials in the UK economy and are valued at £52 Bn p.a. However,
they produce at least 10% of the UK CO2 emissions but are vital for the UK’s
manufacturing and construction industries.

This investment will help put the UK at the forefront of the green technologies of
the future, while supporting British industries to lower costs, remain competitive, and
protect jobs as they improve their energy efficiency and transition to a green economy.
The investment, awarded to innovators, businesses, academics, and heavy industry
right across the UK, will accelerate the delivery of the critical game-changing tech-
nologies needed to further drive Britain’s climate change ambitions, with a projected
60,000 new jobs across the UK. This was linked to the publication of the UK Prime
Minister’s Ten Point Plan for a Green Industrial Revolution in November 2020 [1].

UKRI has allocated £4.7 M with a further £4.7 M matched funding for a research
and innovation hub for three years to work with universities, research organisations
and industry, to assistwith: technology development and transfer, newbusiness devel-
opments, and new opportunities in materials and technologies to help achieve the
Net Zero 2050 target.TransformingFoundation IndustriesResearch and Innovation
hub (TransFIRe) was developed in response to the UKRI call [1].

TransFIRe is a consortium of 20 researchers from 12 institutions, more than 50
companies, and 14 non-governmental organisations related to the sectors, with exper-
tise across the Foundation Industries as well as material flow and energy mapping,
life cycle sustainability, circular economy, industrial symbiosis, computer science,
AI and digital manufacturing, management, social science and technology transfer.
Led by Cranfield University, the consortium includes investigators from Bangor,
Cambridge, Cardiff, Durham, Edinburgh, Exeter, Leeds, Northumbria, Sheffield
Hallam, and York universities, and the British Geological Survey.

The research programmewill develop a self-sustaining hub of expertise to support
the Foundation Industries’ transformation into non-polluting, resource efficient
modern competitive manufactories working in harmony with the communities in
which they are situated, providing attractive places to be employed with unparalleled
Equality, Diversity, and Inclusion (ED&I) performance.

The foundation materials industries are the root of all supply chains providing
fundamental products into the industrial sector, often in a vertically-integrated
fashion. They are all water, resource and energy-intensive, often requiring high
temperature processing; they share processes such as grinding, heating, and cooling;
they produce voluminous and often pernicious waste streams and heat; and they have
low profit margins, making them vulnerable to foreign competition.
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However, there is little transfer of knowledge horizontally; why would a paper
mill researcher talk to a steel maker? There have been some traditional uses of waste
materials/by-products as rawmaterials in other sectors, but little cross-fertilisation of
technologies. In the nineteenth century, blast furnace slag was used in road building
for kerbs, and more recently, Ground Granulated Blast Furnace Slag (GGBFS) has
been used to improve concrete, originally by improving its resistance to sulphates
and chlorides. More recently, still it is used as a low-carbon partial replacement for
cement and as a value-added raw material in glass manufacture—whilst the paper
industry pays the agricultural industry to spread its waste sludge on fields as a soil
improver. But could this material be used as a raw material for other products with
further processing? In the past, flaring of oil refinery gas was seen as part of the
process. Now, it is avoided to reduce carbon emissions. How might this waste heat,
from oil refineries or from cooling molten metals, glass, fired ceramics, or cement
clinker, be put to good use in communities of businesses?

Partners

A list of co-investigators is given in Table 1. The Universities of Bangor, Cardiff,
Exeter, Leeds, Northumbria, and Sheffield Hallam are key in the fundamental mate-
rials understanding of the specific FI sectors, and six of the PDRAs funded by the
programmewill have specificmaterials expertise. These PDRAswill spend extended
periods of time on secondment at partner universities and companies, applying their
expertise to support the site-based materials expert teams as they work on the anal-
ysis of a particular process unit operation. The PDRAs will also spend time working
with their peers in the other sectors specifically working on cross-sector case studies.
This will help maximise knowledge transfer between the industrial sectors, as well as
being an efficient way of providing the multidisciplinary capability needed to ensure
success in attaining project targets in each processing sector.

The other collaborating research institutions, Cranfield University, British
Geological Survey, and the Universities of Cambridge, Durham, Edinburgh, Leeds,
andYork,will focus on the cross-sector challenges of circular economy,materials and
energy mapping, AI and data, life cycle analysis, management and governance, and
environment and social aspects. The remaining PDRAs will develop or have existing
expertise in the supporting topics of the hub and will spend significant periods of
time across both the hub universities and commercial partners, as appropriate. This
approach will be comparable to the EUMarie Sklodowska-Curie academic mobility
programmes. Each PDRA will be allocated a mentor from industry as well as a line
manager from one of the university partners. Developing a cohort approach to the
development of the PDRAs is key to the success of the hub and to the knowledge
transfer to the FIs.
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Table 1 List of co-investigators

Role/expertise Name Organisation

Director; process simulation and
sustainable manufacture

Prof. Mark Jolly Cranfield University

Deputy director; life cycle
analysis

Prof. Kostas Salonitis Cranfield University

Technical programme manager;
industrial symbiosis and circular
economy

Dr. Anne Velenturf University of Leeds

WS1 lead; energy and materials
mapping

Dr. Jonathan Cullen University of Cambridge

WS2 lead; glass Prof. Paul Bingham Sheffield Hallam University

WS3 lead; management and
operations

Prof. Peter Ball University of York

ED&I lead; computer science
and AI

Prof. Sue Black University of Durham

Cement Prof. Phil Purnell University of Leeds

Ceramics Prof. Shaowei Zhang University of Exeter

Chemicals Prof. Justin Perry Northumbria University

Chemicals Dr. Matt Unthank Northumbria University

Metals Prof. Rossi Setchi Cardiff University

Metals Prof. Sam Evans Cardiff University

Paper Dr. Graham Ormondroyd University of Bangor

Materials resources Mr. Clive Mitchell NERC British Geological Survey

Materials resources Dr. Evi Petavratzi NERC British Geological Survey

Materials resources Mr. Tom Bide NERC British Geological Survey

Environment and society Dr. Steve Cinderby University of York

Environment and society Dr. Gary Haq University of York

Environment and society Prof. Steve Yearley University of Edinburgh

Research Plan

TransFIRe will focus on three major work streams (Fig. 1), the direction of which
will remain flexible as projects and case studies start to produce results with the effort
being targeted in the direction with the consortium Stakeholder Steering Group sees
as bringing the best return for the government investment.
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Fig. 1 Schematic showing the three work streams of TransFIRe

WS1: Transferring Best Practice—Applying “Gentani”

The Foundation Industries share many common processes (i.e. comminution, gran-
ulation, drying, cooling, heat exchange, and materials handling) and equipment (i.e.
steam systems, furnaces, mechanical drives). Most of these are energy, material, and
water intensive. Using the Gentani philosophy, “the minimum resource needed to
carry out a process”, this research will explore best practice for common processes
and equipment and identify the theoretical and practical limits for resource use
(energy, materials, and water) and minimum environmental impacts (dust, emis-
sions, and waste) across sectors. This unique approach will identify cross-sector
opportunities for improving plant performance. The research will be underpinned
by the mapping material streams along the UK Foundation Industry supply chains,
including rawmaterials inputs, products, by-products,waste streams, and trade flows.
The British Geological Survey Centre for Sustainable Mineral Development, which
is the global leader in the compilation, provision, and analysis of mineral statistics,
will provide spatial and statistical minerals information on theUK rawmaterials used
by the FIs. This will be used to identify common cross-sector processes and equip-
ment and explore resource efficiency options and environmental impact reduction.
Evidence suggests that most industrial processes use energy at levels well beyond
the theoretical minimum process energy requirements. For example, the production
of steel from iron requires a minimum energy of 6.7 GJ/t, with an additional 1.2 GJ/t
[2] for melting, yet average global energy use is 22.6 GJ/t [3]. Cement requires only
1.8 GJ/t but typically uses 4.6 GJ/t, while flat glass requires a minimum 3 GJ/t [4],
which is well below the current energy use of 7 GJ/t. Studies exploring the reduc-
tion of energy are typically focused only in one sector and often overlook material
efficiency strategies such as improving process yields, reducing waste material, and
utilising by-products. The analysis in this work streamwill take a different approach,
exploring material and energy efficiency opportunities in processes and equipment
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which are common across Foundation Industries. This will facilitate knowledge
transfer and allow the learning of best practice resource use and waste minimi-
sation to be shared across the sectors. In the first year, WS1 will hold workshop
sessions across the hub to identify modelling approaches (e.g. material flow analysis
(MFA), value stream mapping (VSM), life cycle assessment (LCA), exergy anal-
ysis, agent-based modelling and discrete event simulation) and focuses (e.g. energy,
material, reaction energy, phase changes, utilities, water use and emissions) used to
analyse processes and equipment in the Foundation Industries. Technical Working
Groups (TWGs) will be set up for each material, comprised of researchers with
specific materials, energy and processing expertise, industry experts, and representa-
tives from trade associations, policymakers and non-profits, to identify the hot spots
of resource usage within each sector and to locate “Gentani” to drive improvements.
Finally, the material streams for UK Foundation Industries will be mapped, from raw
materials to final products and including trade flows.

WS2: Where There’s Muck There’s Brass—Creating New
Materials and Process Opportunities [5]

Fundamental to the transformation of our FIs will be the development of new and
novel materials and processes that enable cheaper, lower-energy, lower-carbon, and
at the same or even exceeding quality products. For example, in the ceramic and glass
fields, chemistries to enable lower processing temperatures and advanced materials
for enhanced processing (e.g. newglass refiningmaterials, ceramic sintering aids, and
enhanced particle morphologies including consolidation, to provide improved heat
transfer and longer furnace lifetimes, with lower-energy demand and CO2 emissions)
will be investigated. Another example will be drawing together experience from the
chemicals and paper sectors to share knowledge to develop biopolymer alternatives
across both FIs exemplifying the use of sustainable sourcing and atom economical
chemistries. Comparable research approaches to this, for each of the represented
FIs, will be taken. The research will also investigate relationships between the new
materials chemistries and their underlying physics (thermodynamics) via lab-based
experiments to establish the practical viability of each approachby comparisonversus
benchmarks representing current best practice with consideration of new technolo-
gies in the context of industrial capability requirements. The use of hydrogen for
thermally-driven processes across the Foundation Industries will also be explored,
collaborating initially with research entities that have investigated hydrogen power
in their sector (e.g. Project Partners Glass Futures and Pilkington-NSG for glass
[6], the SUSTAIN Manufacturing Hub [7] for steel and the Low Carbon Hydrogen
(HyPER) project led by Cranfield [8]) and transferring this knowledge across all FI
sectors—working in partnership with these and other UK entities.
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Wastes arising from the FIs and their associated supply chains, frommineral waste
from primary extraction which is one of the largest UK waste flows (80 Mt pa), to
back-end wastes generated by FI manufacturing operations and post-user wastes,
represent a vast, and only partially-tapped UK resource. The challenges associated
withfinding applications for thesewastes are the lackof data on their properties (phys-
ical, mineralogical and chemical), the absence of production statistics, inconsistent
quality, and its occurrence in multiple locations, sometimes distant from the poten-
tial consuming FIs. Data on resource stocks and flows obtained in WS1 and WS2.1
will be combined with e.g. spatial information about waste sources and locations,
mineral workings (active, inactive), availability, impacts, and supply constraints to
identify opportunities minimisation and valorisation of these wastes. Much of the
UK supply is vertically integrated and co-located with the FIs, for example, clay pits
supplying brick works, limestone quarries supplying lime, glass, and cement facto-
ries providing a useful starting point. In WS2 through a combination of fundamental
research and focussed technology development, the hub will directly address these
needs. Raw material waste streams will be mapped and those that could potentially
be used as raw materials for other sectors in the industrial landscape with little or
no further processing (i.e. industrial symbiosis) will be identified. Streams will be
identified where there is potential to add value by “upcycling” waste through further
processes (e.g. by application of separation technologies), and multiple approaches
from simple sizing to magnetic, wind sifting, and advanced separation technolo-
gies available through multiple project partners will be applied to new wastes and
in new FI sectors to develop new materials, new potential applications/end-users
and alternative by-products from innovative processing technologies with less envi-
ronmental impact. This will require novel industrial symbioses and relationships,
new processing technologies, sustainable and circular business models and gover-
nance arrangements. Our holistic approach (i) is essential for success and (ii) has
never previously been undertaken fromaUKFoundation Industry perspective before,
emphasising the breadth, depth, and quality of our proposed research.

WS3: Working With Communities—Co-Development of New
Business

FIs have great potential for community socio-economic benefit. Large volumes of
warm air and water are produced across the sectors providing opportunities for low-
grade energy capture. The 46 UK paper mills produce over 12 Mt of product per
annum. Specific energy per tonne is 12.5 GJ, leading to the potential recoverable
energy up to 150 PJ. For every tonne of metal melted, 1 GJ of energy is released
when it cools to room temperature. In the UK, about 8 Mt of metal is melted p.a.
[9, 10] giving about 8 PJ of energy into the atmosphere. A Volvo cast iron foundry
in Skövde, Sweden, has developed a new process and innovative building in which
excess heat from all processes is captured and used for office heating or shared
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with the local community. Energy is used from renewable electrical resources and
is half that of equivalent factories across Europe: 2.1 GJ/t (590 kWh/t) compared
to upwards of 3.6 GJ/t (1000 kWh/t) [11, 12]. There are also no carbon emissions.
Potential synergies with waste hydrogen from future hydrogen-fuelled FIs will also
be investigated, linking with work in WS2 and with other UK hydrogen studies.

InWS3, the focuswill be on four key areas: (1) the promotion and dissemination of
innovative co-development business practices, (2) community co-design approaches,
(3) place-based new business opportunities, and (4) holistic impact-assessment
metrics.

The research in (1) Business practices drives later activities as well as draws
from them. At a transactional level, good practice is shared. At a research level, it is
asked “how do we foster a culture of sharing and collaboration”, akin to how small
breweries readily share knowledge, resources, and capital.Wewant to learn “how” to
share as well as influence “who” shares. We want to know how EDI advance impacts
this. We will work with regional agencies (e.g. Local Enterprise Partnerships (LEP)),
initiatives (e.g. Circular Yorkshire [12]) and support organisations (e.g. Make UK
[13]) for routes to wider business to investigate local opportunities. We will examine
newways to disseminate innovative practice across sectors and not only throughfirms
and researchers, but through communities and employees’ organisations, leading to
community-to-community learning.

For (2)Workingwith communities andcompanies,wewill identify the potential
for co-located businesses, social enterprises and community benefits in eight specific
locales selected in the first 6months.We ask “how does stakeholder co-design impact
onvalue creation”by adapting co-design and co-investigationmethods used inAHRC
“connected communities” research, engaging communities in devising ideas and
investigating proposals. Examples range from the use of waste heat (for community
buildings and food production) to other resources (materials, water) to education
(sharing STEMknowledge), noting the scope for positive ED&I community impacts.

Progressing from this,we engage in (3)Business opportunitiesbyworking across
the FI sector, wider industry, and solution providers from concept to experimenta-
tion. We ask “How can ‘place’ foster value creation”. Using participatory mapping
the potential co-located businesses, social enterprises and community benefits can
be studied spatially, and considered from societal, environmental, gender-impact,
technical, business, and governance perspectives. Place opportunities could include
resources (e.g. waste heat and CO2 for horticulture and the move to biomass as
a starting point for new industrial scale processing), valorising wastes (akin to AB
Sugar fostering new resource exploitation partnerships) and knowledge (akin to Sony,
Wales co-locating innovative businesses). We work beyond the incumbent supply
chain to seek opportunities for new actors, apply value-creation tools, devise circular
business models, and identify funding sources for prototypes and demonstrators.
Demonstrators will also be online to promote concepts widely.

Finally, in (4) Impact assessment, we examine the range of impact-assessment
tools currently available (including assessing equality, gender, wellbeing). Our focus
is on “performance measurement and lifecycle theories”; we will validate metrics
through engagement with community groups. We ask “which tools are best suited to
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provide a holistic set of metrics that capture social (including ED&I), environmental,
technical, and economic performance” across the FIs; these metrics will allow us to
devise and measure our responsible research and innovation (RRI) strategies.

Equality, Diversity, and Inclusion (ED&I)

Equality, Diversity, and Inclusion is at the heart of the hub and is critical in estab-
lishing and maintaining a good working environment within it. We have an award-
winning, experienced lead in this area in Professor Sue Black at the University of
Durham. Building ED&I experience and capability from the inside of the project,
we will also work with external organisations that have key expertise in specific
areas to supplement and deepen our knowledge of ED&I issues within Science,
Technology, Engineering, and Maths in general and the Foundation Industries in
particular. A number of the partner companies (e.g. Encirc360 [14]) already have
proactive strategies for gender diversity in place fromwhichwewill take best practice
and disseminate across the sectors.

It is now becoming increasingly apparent and widely accepted that ED&I are of
paramount importance in the success of any organisation or project. The Foundation
Industries in general are behind the curve in this respect. As part of this project,
we will design and implement a cutting-edge ED&I plan with the aim not only
of informing the participating organisations but also to inform best practice within
UK Foundation Industries and beyond. We will review the current best practice,
both within and without the Foundation Industries in the UK and overseas, using
these findings to inform our strategy. As this project brings together highly skilled
individuals from the many areas of expertise within the Foundation Industries, it
provides a unique opportunity to formulate a comprehensive plan meeting the needs
of all in the sector.

This project aims to make a distinct and tangible difference in the Foundation
Industries and their perception from an ED&I perspective. Alongside working hard
within the project as a whole to champion and support ED&I, our successes will be
shared through social and traditional media. Highlighting key role models identified
within the lifetime of the project with the aim of changing the public perception of
the suitability of a career in the Foundation Industries for women, BAME, and all
minority groups and people of diverse socio-economic backgrounds.

Stakeholder Engagement

Transformative change in the Foundation Industries requires the adoption of far-
reaching changes in practices from a variety of stakeholders across the UK. Devel-
oping an effective strategy for stakeholder engagement and impact delivery, inte-
grated with the research programme, is hence of vital importance. TransFIRe’s
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engagement and impact strategy will be based on participation process management,
building on best practice in previously funded UKRI research programmes [15].

Stakeholders can be engaged at increasing participation levels from informing to
listening, consulting, co-producing, co-deciding, and complete self-determination.
There is an ethical motivation for stakeholder participation, given that transformative
change will have a major impact on companies and their communities. Participa-
tion processes can offer stakeholders equal opportunity to contribute to the changes
that will affect them. Moreover, higher participation levels have been associated
with greater commitment to solutions, and they can also hold essential ingredients
for change such as information, experience, access to facilities, contacts, finance,
networks, and influence.

In a participation process, stakeholders can be brought together to explore, share,
and negotiate perceptions with regard to, in the case of TransFIRe, the transformation
of Foundation Industries. During this process, stakeholder views start to overlap,
allowing for the identification of shared solution spaces within which transformative
changes can take shape. Participation processes are geared towards increasing the
quality, legitimacy, and speed of transformative change.

TransFIRe aims to engage the full stakeholder community involved in trans-
forming the Foundation Industries in interdisciplinary research for solutions that
can be rapidly deployed within these industries. The TransFIRe proposal was co-
produced with stakeholders who signed up as project partners. After securing the
funding, these project partnerswere involved in the development of a detailed engage-
ment and impact strategy, while new stakeholders were also identified and invited
to join TransFIRe. The following steps were taken to inform the strategy (based on
[15, 16]):

• Clarified the exact challenges that were to be solved, targets to be achieved,
and for whom and why. This happened through the Technical Working Groups,
ED&I Advisory Committee, Stakeholder Steering Group, International Advisory
Committee, Foundation Industries Forum, and open events.

• Evaluated resource availability. While initial funds and person-time were secured
via UK Research and Innovation and project partner contributions, the required
expertise and contacts evolved with the clarification of the challenges.

• Analysed the context using the “PESTEL” approach covering the political-
economic system, markets, societal trends (e.g. public narrative, community
perceptions, others aiming for change), technological potential for change,
environment (e.g. climate change, biodiversity), and legislation.

• Revisited the stakeholder analysis and built up relations to get to know them
and gain insights into their perspectives, motivations, interests, concerns, wishes,
relations, and learning and innovation behaviour with the aim to understand how
TransFIRe could help them.

• Developed a tacit understanding of the “space for change” and where there might
be areas of overlapping perceptions that could function as a springboard for
change.
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• Developed a public identity that is being communicated consistently.
• Involved the TransFIRe team in the coproduction of plans for engagement and

impact, and identify how the team needs to be supported in the delivery of the
stakeholder engagement and activities that are likely to make a real difference in
practice.

Based on an initial understanding of stakeholder perceptions, a targeted
programme for research and innovation was detailed using a Participatory Situa-
tional Analysis (PSA) [17]. PSA is a structured approach to bring a diverse group
of stakeholders with widely differing and sometimes conflicting perspectives into
a controlled environment to co-produce a shared vision for transformative change,
identify drivers and barriers for realising the vision, identify stakeholders who are in
control ofmaking themost of drivers and/or helping to overcome barriers, agree upon
potential actions for the stakeholders who are in control of unlocking transformative
change, and identify any gaps in expertise that may constrain the actions from being
taken.

During the delivery of the engagement and impact strategy and technical
programme, stakeholders continue to be involved via the Technical Working Groups
and the delivery of case studies, i.e. tranches of research projects, as well as the
governance bodies of TransFIRe. Knowledge transfer is enhanced by secondments
of researchers to project partners in industry, the co-mentoring of researchers by
industry and academic advisors, and supporting the career progression of researchers
into industry.

Progress towards delivery of the vision and objectives of TransFIRe is moni-
tored and regularly evaluated based upon a set of Key Performance Indicators, and
the Engagement and Impact Strategy and Technical Programme are adapted when
needed.

The hub will act as a springboard for Early-Career Researchers (ECR). The key
investigators have extensive track records of supporting ECRs into fellowships and
permanent posts, and mentoring support will be given to help develop fellowship
proposals that are consistent with our strategy. The alignment of the hub with the
strategic plans of the parent universities and our project partners will ensure that our
researchers are in prime place to apply for the posts in both academia and industry
that are certain to emerge as the CE agenda gathers pace.

Summary

The Transforming Foundation Industries Research and Innovation hub was devel-
oped in response to the UK Government Industrial Strategy Challenge Fund call to
transform the Foundation Industries: Chemicals, Cement, Ceramics, Glass, Metals,
and Paper. TransFIRe is a consortium of 20 investigators from 12 institutions, 49
companies, and 14 NGO and government organisations related to the sectors, with
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expertise across the FIs as well as energy mapping, life cycle and sustainability,
industrial symbiosis, computer science, AI and digital manufacturing, management,
social science, and technology transfer.

Our vision is to build a proactive, multidisciplinary research, and practice driven
research and innovation hub that optimises the flows of all resources within and
between the FIs. The hub will work with communities where the industries are
located to assist the UK in achieving its Net Zero 2050 targets and transform these
industries into modern manufactories which are non-polluting, resource efficient
and attractive places to be employed. TransFIRe will initially focus on three major
challenges: (1) Transferring best practice—using the philosophy Gentani (minimum
resource needed to carry out a process). (2) Creating new materials and process
opportunities that enable cheaper, lower-energy and lower-carbon products. (3)
Workingwith communities—co-development of newbusiness and social enterprises.
This research will highlight issues of equality, diversity and inclusiveness, investi-
gating the potential from societal, environmental, technical, business, and governance
perspectives.

At the end of the funding, we will expect to have created a “core” cross-sector
team of researchers and industrial stakeholders, a body of fundamental research, and
a set of governance and mechanisms enabling us to work together across the UK
Foundation Industries for the next 15 to 20 years.
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A Review of Comprehensive Utilization
of Copper Slag of China

Jun Hao, Zhi’he Dou, Ting’an Zhang, and Kun Wang

Abstract With the development of the economy and the increasing annual output
of copper, the treatment of copper slag has become a more and more critical issue.
Copper slag contains valuable metals such as iron, copper, gold, silver, lead, and
zinc, which have extremely high recycling value. Physical, hydrometallurgical and
pyrometallurgical methods for valuable metals recovery from copper slag are partic-
ularly reviewed in this paper. Besides, this paper then introduces a novel technique
proposed by Northeastern University of China which can achieve high-value and
slag-free treatment of molten copper slag. It is much preferred over the current
methods. This method significantly increases the added value of the product and
greatly reduces energy consumption. This paper reviews the comprehensive utiliza-
tion of copper slag and provides some recommendations for the large-scale and green
utilization of copper slag in the future.

Keywords Copper slag · Energy saving · Utilization · Copper recovery
technologies

Introduction

Copper smelting methods mainly include pyrometallurgical process and hydromet-
allurgical process. Most copper mines in China are sulphide ores which are not
suitable for the hydrometallurgical process. Therefore, more than 95% of copper is
produced by the pyrometallurgical process. Every 1 ton of copper produced in the
smelting process is accompanied by an average of 2–3 tons of copper slag [1]. Copper
sulfide concentrate undergoes complex physical and chemical reactions in a high-
temperature oxidizing atmosphere at 1150–1250 °C. Copper is enriched inmatte, and
associated iron oxides are enriched with gangue to form copper slag, which belongs
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Fig. 1 Copper production
and copper slag emissions of
China in recent ten years
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to FeO-CaO-SiO2 series minerals [2]. Copper slag emissions in China are increasing
year by year, as shown in Fig. 1. According to statistics, cumulative stockpiles of
copper slag in China are more than 300 million tons. Copper slag not only contains
a large amount of Fe but is also rich in various valuable metal elements such as Cu,
Pb, Zn, and Co, which is a valuable secondary resource [3]. The effective recovery
of copper and iron resources in copper slag not only improves the economic benefits
of the copper industry but also relieves the iron ore resource pressure faced by the
continuous development of the steel industry. More importantly, it is conducive to
resource conservation and environmental protection [4].

So far,many researchers have conducted researchon the comprehensive utilization
of copper slag and proposed a variety of methods for treating copper slag. In this
paper, the properties, research status, and valuable metal recovery of copper slag in
China are reviewed, and the recovery status of copper and iron from copper slag is
reviewed in detail. Furthermore, the relevant research methods are briefly described,
whose advantages and disadvantages are analyzed, and some reasonable suggestions
are given. Finally, a resource-based, high-value, and slag-free copper slag treatment
technology is proposed in this paper, which can provide a new idea for the industrial
application of copper slag in the future.

Properties of Copper Slag

The copper slag is black or brown, with metallic luster on the surface, and the
internal structure is hard and brittle, fragile but difficult to grind. Its typical physical
and mechanical properties are shown in Table 1 [5]. The microscopic morphology of
the copper slag under the electron microscope is shown in Fig. 2 [6]. The phases of
copper slag are mainly iron olivine phase (2FeO·SiO2) and magnetite phase (Fe3O4)
[7]. Copper in copper slag mainly exists in the form of chalcocite (Cu2S), accounting
for 80–90%, and the content of metallic copper and copper oxide is generally very
small. Iron in copper slag mainly exists in iron olivine, magnetite, zinc-iron spinel
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Table 1 Typical physical and mechanical properties of copper slag [5]

Appearance Black and glassy Hardness 6–7 Moh

Unit weight 2800–3800 (kg/m3) Moisture <5%

Absorption, % 0.13 Water soluble chloride <50 ppm

Bulk density 144–162 (lb/ft3) Abrasion loss, % 24.1

Conductivity 500 µs/cm Sodium sulphate soundness loss, % 0.90

Sp. gravity 2.8–3.8 Angle of internal friction 40–53

Fig. 2 Microscopic
morphology of the copper
slag [6]

(ZnFe2O4), and a very small amount of iron exists in the formof hematite andmetallic
iron. Zinc in copper slag occurs in zinc-iron spinel with content of 1–3% [8], besides,
lead exists in copper slag in the form of lead alum (PbSO4) [9].

The copper content of copper slag is 0.5–4.5% or even higher, which is much
higher than the 0.2–0.3% mining grade of copper mines in China. The total iron
content in copper slag is about 40%, which is significantly higher than the mineable
grade of iron ore in China (TFe > 27%) [10].

In the smelting process, in addition to the properties of copper concentrate
affecting the properties of copper slag, smeltingmethod additives and cooling system
have a great impact on themineralogy of copper slag. The different smeltingmethods
have a great influence on the composition of copper slag, but it basically belongs
to acid slag, in which the copper content is 0.42–4.60 wt.% and the iron content is
29–44.4 wt.% [11].

Overall Utilization of Copper Slag

In cement industry, copper slag can be used as raw material for cement production
and mineralizer for cement clinker production. Copper slag can mix and ground
with gypsum and cement clinker to produce cement. This process uses a large
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Fig. 3 Process flow chart of preparing glass–ceramics from copper slag [14]

amount of copper slag (about 60–70% of the total cement raw materials), and energy
consumption can be reduced by 50%. The process has low investment cost and can
be used to produce cement products with high later strength, low heat of hydration,
low shrinkage, abrasion resistance, and conform to national standards [12]. In the
process of cement clinker production, iron powder is generally used as a mineralizer,
and copper slag contains a large amount of divalent iron, which can be used as a
mineralizer for cement clinker production [13].

In the construction industry, the main applications of copper slag include the
production of bricks and insulation panels, the production of cast stone, the prepa-
ration of glass–ceramics, the preparation of concrete and mortar, and the use of
roadbeds and roadbeds. Lin et al. [14] took a certain copper slag as raw material to
recover iron by smelting reduction method and then heat-treated the remaining slag
to prepare glass–ceramics. The process flow chart is shown in Fig. 3.

Copper slag is widely used in cement and construction industry. Although it
can temporarily relieve the storage pressure, heavy metal ions in building materials
may cause secondary pollution to the environment. In addition, valuable elements
in copper slag cannot be enriched and separated, which is a waste of resources in a
sense.

The Depletion of Copper Slag

The depletion of copper slag refers to the continuous recovery of copper from the
copper slag to reduce the copper content in the slag. The depletionmethods of copper
slag mainly include beneficiation method, leaching method, and fire method [15].
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Beneficiation Method

Beneficiation is themostwidely used dilutionmethod in industry at present. Benefici-
ation dilution refers to the separation, enrichment, and recovery of valuable elements
by physical methods such as gravity separation, magnetic separation, or flotation
according to the hydrophilic magnetic properties of the surface of the valuable metal
phases and the difference of the density of each phase in the slag.Copper can be recov-
ered byflotation and iron can be recovered bymagnetic separation in the beneficiation
method.

The hot copper slag needs to be cooled before beneficiation. There are twoways of
cooling copper slag: slow cooling and water quenching. Different cooling speed will
determine the particle size andmineral compositionof copperminerals in copper slag.
Studies have shown that the slow cooling of copper slag above the phase transition
temperature of 1080 is beneficial to the aggregation and growth of sulfide or metallic
copper particles in the slag [16]. Yan [17] proposed that a copper concentrate with a
copper grade of 23–25% and a copper recovery rate of 88–90% can be obtained. The
method was to cool slowly at 1–3 °C/min between 1250 and 1000 °C and rapidly
cool below 1000 °C. Then through grinding and flotation, the copper content in the
copper slag was reduced to 0.2–0.3%.

The iron in the copper slag mainly exists in the iron olivine phase. Due to the
high content of SiO2 in the slag, it cannot be directly used in the traditional blast
furnace process, and because of the close interlocking of the minerals, it is difficult
to separate gangue by traditional beneficiation method to produce iron concentrate.
Therefore, many researchers added grinding or selective reduction processes before
starting beneficiation. Yang and Yu [18] used a multi-stage grinding, subsequent
roasting, and flotation method to recover iron from copper slag. The process flow
chart is shown in Fig. 4. When the copper slag grinding fineness was 0.074 mm, the
roasting temperature was 1000 °C, the roasting time was 1 h, and the final iron ore
concentrate was obtained. The final iron grade and recovery rate were 63.16% and
60.39%, respectively.

Leaching Method

The leaching method is direct leaching by adding acid–base leaching agents or indi-
rect leaching using sulfation and chlorination methods, and oxidizing leaching with
leaching microorganisms. Compared with the fire method, the leaching method has
lower energy consumption, less air pollution, better separation selectivity, and is
more suitable for processing low-grade copper slag. However, the disadvantages of
the leaching method are that the amount of acid and alkali reagents used is large, and
the equipment has high requirements for acid and corrosion resistance. Besides, the
leaching speed and cycle are slow and long, respectively, and the most important is
environmental protection issues such as wastewater treatment.
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Fig. 4 Multi-stage grinding-magnetic-flotation process [18]

Banza et al. [19] proposed to use oxidation-leaching-extraction process to treat
copper slag, oxidizing and leaching the slag with a mixed solution of H2O2 and
H2SO4 under normal pressure, and then using extractant to recover valuable metals
step by step. The recovery rate of copper can reach 80%. Some researchers used
oxidation-leaching-solution extraction technology to treat copper slag, selected
oxidants (commonly used H2O2 and Cl2) according to the recovered elements, then
used H2SO4 and H2O2 mixed solution to oxidize the slag under normal pressure
[20], and then extracted the leachate step by step with an extractant to obtain valu-
able metals; finally, the recovery rates of Cu, Co, and Zn were 80%, 90%, and 90%,
respectively. Herreros et al. [21] studied reverberatory slag and flash slag, using
chlorine leaching method, and the leaching rate of copper reached 80–90%.

Leaching method is more effective in recovering valuable metal elements from
copper slag; however, itwill bring a series of problems such aswaste ofwater resource
and pollution. Comparedwith traditional leachingmethod, bacterial leachingmethod
has the characteristics of lower cost and being eco-friendly; however, the reaction
speed of bacterial leaching is slow and leaching cycle is long. At present, there are
relatively few studies on the bacterial leaching of copper slag.
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Fire Method

Fire method is achieved by returning copper slag to remelting and reducing-matting
smelting. For example, electric furnace dilution technology was first used, and slag
vacuum dilution technology was developed on this basis [22]. Both processes can
reduce the copper content in the copper slag to less than 0.5% and discard the slag
directly. In order to promote the rapid enrichment of molten copper droplets more
effectively, researchers considered the effect of electric field and studied the electric
field enrichment method; the highest copper enrichment rate can reach more than
80% [23].

The electric furnace method, the vacuum depletion technology, and the electric
field enrichment method are all physical ways to separate the copper in the copper
slag; they have an effect on themetal droplets only but are not applicable to the copper
oxide and copper sulfide in the copper slag. Reddy et al. [24] adopted the reduction
method to recover the metallic copper, reduced the copper oxide, and limited the
reduction of iron(II) oxide as much as possible at the same time. The recovery rate of
metallic copper has reached more than 85%, but the problem of recovery of copper
sulfide has not been solved. Chen et al. [25] studied the new process of reducing-
sulfurizing-stirring-heating fire method to strengthen the depleted copper slag. The
process flow is shown in Fig. 5. At 1300 °C, by adding pyrite and crushed coal, blast
mixing and clarification, the copper content of the copper slag was depleted from
1.27 to 0.47%, which met the requirements of discarding slag.

Some scholars have conducted research on smelting reduction ironmaking of
copper slag. Li et al. [1] proposed to control the basicity of molten slag to 1.6 (the
mass ratio of CaF2/CaO is 0.1) for 30 min under nitrogen protection at 1575 °C, the
iron recovery rate in the copper slag is 89.28%, the sulfur content in themolten iron is
0.039%, and the phosphorus content is 0.087%, which effectively solves the problem
of high sulfur content in the molten iron from copper slag smelting reduction.

Fig. 5 Intensified dilution process flow chart [25]



362 J. Hao et al.

A Novel Process for Copper Slag Treatment

A common problem exists in the above copper slag depletion processes, which is that
each process only focuses on recycling a specific component. For example, processes
such as flotation and leaching focus on the recovery of copper, while magnetic sepa-
ration and direct smelting reduction processes only focus on the recovery of iron. In
order to realize the comprehensive utilization of various valuable components such
as copper and iron in the copper slag at the same time, a novel process named “mod-
erately deplete-vortex reduction to prepare copper-containing antibacterial stainless
steel” was proposed by the team of professor Zhang from Northeastern University.
The technical flow chart is shown in Fig. 6.

This technology is characterized by high-value and slag-free recovery of copper
slag. Specifically, a depleting agent which is mainly a mixture of pyrite, lime, and
fluorite is added to the high-temperature molten copper slag for moderate depletion,
and the coppermatte enters the converter for blowing, and Pb andZn are concentrated

Fig. 6 Process flow chart of
preparing antibacterial
stainless steel containing
copper

copper slag addictive

moderate dilution soot collection Pb Zn

mattedepleted slag
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process
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molten iron
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in the smoke and dust in the form of lead oxide and zinc oxide, respectively. The high-
temperature liquid depleted slag is directly transferred into the reduction furnace,
and then slag-forming agent and reducing agent such as carbon and natural gas are
added for smelting reduction to obtain copper-containing molten iron. According
to different copper slag depletion process requirements, the total addition ratio of
depleting agent and reducing agent accounts for 3–8 wt.% of the copper slag. After
refining and heat treatment, antibacterial stainless steel is obtained. The reduced
tailings fully meet the requirements of the cement industry, and this technology truly
realizes the resource utilization and high-value utilization of copper slag.

The advantages of this technology are low raw material costs, significant energy
savings, and significant emission reduction effects. The technology has completed
the pilot scale experiment of treating copper slag of ten thousand tons per year, and
more than 50% of the reduced water quenched slag is used as cement clinker, and its
performance is better than the activity of the 95-level slag. The prepared 30Cr13Cu3
grade copper-containing antibacterial stainless steel is shown in Fig. 7, which meets
the requirements of national standards, as shown in Table 2. The copper content in
the precipitate phase reaches 91.2%, and the antibacterial property is better than that
of the commercially available antibacterial stainless steel.

The market for copper-containing antibacterial stainless steel is huge. Current
annual output of stainless steel is about 21 million tons, and the market price
of copper-containing antibacterial stainless steel is 28000–30,000 yuan per ton.
According to the conservative estimate that antibacterial stainless steel occupies 10%
of stainless steel, the current market size of the former can reach more than 20–30
billion yuan. If the stainless steel of catering appliances, bathroom equipment, and
daily hardware are all made of antibacterial stainless steel in the future, the market
value will be more than 200 billion yuan, and the social and economic benefits will
be huge.

Fig. 7 Experimentally
prepared copper-containing
antibacterial stainless steel

Table 2 Comparison of the composition of antibacterial stainless steel with the national standard

Elements C Si Mn P S Cu Cr

Sample 0.31 0.027 0.085 0.031 0.026 3.66 13.04

National standard 0.26–0.35 ≤1.00 ≤1.00 ≤0.035 ≤0.030 2.5–4.0 12.0–14.0
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Conclusions

The long-term and large-scale storage of copper slag will not only occupy a large
amount of land but also cause adverse effects on the environment. The use of copper
slag in the construction industry can greatly alleviate the pressure of stockpiling, but
this is a low-value-added utilization method and may cause secondary pollution to
the environment. At present, the process such as beneficiation method, reduction-
magnetic separation method, and oxidative leaching method, which are most used
in industry, has the characteristics of low energy consumption, low air pollution, and
good separation selectivity, and it is more suitable for processing low-grade copper
slag. However, this kind of process requires high acid and alkali resistance of the
equipment, and at the same time, it will cause different degrees of water pollution.
In addition, most of the process flow is complicated, and the treatment cycle is
long. Therefore, the current depletion methods are only aimed at the recovery of a
particular valuable component of copper or iron and cannot realize the comprehensive
utilization of the valuable component of copper slag.

“moderately deplete-vortex reduction to prepare copper-containing antibacterial
stainless steel” is a new process to treat copper slag. Compared with the existing
copper slag depleted method, this technology can realize comprehensive utilization
of copper, iron, lead, zinc, and other valuable components in the copper slag and
transform it into high-value stainless steel products. This technology utilizes the
waste heat of copper slag and can contribute to energy saving and emission reduction.
In addition, this technology combines the recovery of valuable metals with reduced
slag in the production of cement clinker. Besides, it has a strong ability to process
copper slag and is easy to realize industrialization. Therefore, it is a promising new
choice for the future use of copper slag as a resource and high-value utilization.

Acknowledgements This work was financially supported by the National Natural Science Foun-
dation of China (U1702253, 51774078 and U1908225) and the Fundamental Research Funds for
Central Universities (N182515007 and N2025004).

References

1. Li L, Hu JH, Wang H (2011) Study on smelting reduction ironmaking of copper slag. Chin J
Process Eng 11(1):65–71

2. Peng RQ (2004) Copper metallurgy. Central South University Press, Changsha, China
3. Zhao K, Gong XR, Li J (2016) Thermodynamics of recovering iron, copper, zinc in copper

slag by direct reduction method. Chin J Environ Eng 10(5):2638–2646
4. Jiang PG, Wu PF, Hu XJ (2016) Copper slag comprehensive utilization development and new

technology is put forward. Chi Min Mag 25(2):76–79
5. Gorai B, Jana R K, Premchand (2003) Characteristics and utilisation of copper slag—a review.

Resour Conserv Recycl 39(4):299–313
6. Zhang BJ (2017) Alternative reduction of copper matte in reduction process of copper slag.

ISIJ Int 57(5):775–781



A Review of Comprehensive Utilization of Copper Slag of China 365

7. Wang HY, Zhang XX, Zhang WT (2021) Formation mechanism of silica solid solution during
carbothermal reduction of copper slag. Chin J Nonferrous Met 31(6):1591–1600

8. Han B, Dong X, Zhang GH (2015) Process mineralogy study on a copper slag. Cons Util Miner
Res 1:63–68

9. Zhang HW, Fan XX, Wu HL (2013) Experimental research on pressure leaching of copper
using sulfuric acid. Hydrometallurgy 32(5):305–308

10. GuoXJ,NiXM,MaD (2017)Copper slag treatment and comprehensive utilization.Nonferrous
Met Eng Res 38(2):23–26

11. Wu L, Hao YD (2015) The investigation of utilization status of copper slag resources and
efficient utilization. China Nonferrous Metall 2:61–64

12. ZhangRL (2001) A study on the comprehensive utilization of flotation tailings in flash smelting
furnace. Nonferrous Met Sci Eng 1:31–34

13. Lai XS, Huang HJ (2017) Current status of the comprehensive utilization technology of copper
slag. Met Mine 11:205–208

14. Lin Q, Yang ZH, Xie HJ (2012) Research on preparation of glass ceramics with copper slag.
Bull Chin Silic Soc 5:1204–1207

15. Cao HY, Zhang L, Fu NX (2009) Review of copper slag impoverishment. J Mater Metall
1:33–39

16. Wang GH (2014) Copper smelting slag slow cooling technology research and practice. Copper
Eng 04:27–30

17. Yan M (2011) On the design of automatic spraying system for copper slag slow cooling. Min
Metall 32:95–96

18. Yang C, Yu H (2014) Experimental study of recovery of iron from copper smelting slag.
Multipurp Util Miner Resour 5:55–58

19. Banza AN, Gock E, Kongolo K (2002) Base metals recovery from copper smelter slag by
oxidizing leaching and solvent extraction. Hydrometallurgy 1:63–69

20. Shen HT, Forssberg E (2003) An overview of recovery of metals from slags. J Waste Manage
23(10):933–949

21. Herreros O, Quiroz R, Manzano E (1998) Copper extraction from reverberatory and flash
furnace slags by chlorine leaching. Hydrometallurgy 49(1–2):87–101

22. Du QZ, Duan YX, Huang ZJ (1995) New method and mechanism of copper smelting slag
depletion. Nonferrous Met 3:17–19

23. Fang LW, Hong X, Li CG (2006) A study on setting behavior of copper drops in copper slag
under electric field. Shanghai Met. 6:28–31

24. Reddy RG, Prabhu VL, Mantha D (2006) Recovery of copper from copper blast furnace slag.
Miner Metall Process 23(2):97–103

25. Chen HQ, Li PX, Liu SG (2006) Study on the strengthening depletion of copper from copper
smelter slag by pyro-process. Hunan Nonferrous Met 3:16–18



Economics-Informed Material System
Modeling of the Copper Supply Chain
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Abstract Material production drives an increasingly large fraction of CO2-
equivalent emissions. Material efficiency strategies such as recycling serve to reduce
these emissions. However, prior analyses of such strategies do not include economi-
cally induced rebound effects, overestimating the associated environmental benefits.
We present a dynamic supply chain simulation model for copper through 2040 incor-
porating inventory-driven price evolution, dynamic material flow analysis, and life
cycle assessment alongside mine-level economic evaluation of opening, closing, and
capacity utilization decisions. We show that increases in recycling suppress raw
material prices, driving increases in demand that limit primary production reduction
and offset ~45% of the potential environmental benefits. Sufficiently small recy-
cling increases and policy reversals were found capable of increasing mining and
CO2-equivalent emissions. This model was expanded to accommodate regional vari-
ations and assess the impacts of China’s solid waste import ban and the COVID-19
pandemic, demonstrating the need for further investment in secondary markets.
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Introduction

Reducing the impacts of climate change necessitates reduction of CO2 emissions [1],
but continued economic development is closely tied to increasing materials demand
[2].Material production drives an increasingly large fraction ofCO2-equivalent emis-
sions, accounting for 15% of global emissions in 1995 and reaching 23% in 2015 [3].
Compounding these issues, the environmental impacts of primary materials extrac-
tion are projected to continue increasing as ore grades decline, particularly asmining,
smelting, and refining processes are further relegated to regions with less social,
economic, and political power to enforce environmental protections [4, 5].

Material efficiency strategies such as recycling serve to reduce these emis-
sions, while also maintaining supply chains for renewable energy materials [2].
However, prior analyses of such strategies do not include economically induced
rebound effects, where increased recycling provides excess raw material to a supply
chain, lowering prices and incentivizing increased consumption. This increase in
consumption, combined with slow mine response to changing economic conditions,
inhibits the complete displacement of primary material. Because the primary envi-
ronmental impact reduction mechanism for recycling is the displacement of primary
production, excluding the economic rebound effect overestimates recycling’s envi-
ronmental benefits [6]. Standard practice in life cycle assessment assumes recy-
cled material displaces primary material on a one-to-one basis using the avoided
burden method [7]. To quantify the efficiency of a given scrap supply change in
displacing primary production, displacement, d, has been defined as the cumulative
reduction in primary production divided by the cumulative scrap supply increase.
The resulting net environmental impact per tonne of increased scrap supply is then
Enet = Esecondary −d ∗ Eprimary, where Eprimary is the environmental impact per tonne
of primary production.

Policies governing recycling have grown increasingly common in recent years.
Circular economy-oriented efforts to limit resource consumption and reduce emis-
sions in China (Circular Economy Promotion Law, 2008) and the EU (Circular
Economy Action Plan, 2015) work to increase material use intensity, reuse, and
recycling [8–11].Countries includingChina,Malaysia, andThailand have introduced
bans on solidwaste imports in efforts to limit air, soil, andwater pollution and toxicity
[12–14]. Alongside these shifts, environmental, social, and governance conflicts have
become the primary near-term sources of metal supply risk [15], with climate change
increasing water and infrastructure risk at mines as well [16]. Reducing supply chain
environmental impacts necessitates decreasing reliance on primary material extrac-
tion, and recyclingmay do so by decreasingmine production, delayingmine opening,
and hastening mine closure [17].

This model has previously been used to show that increases in recycling suppress
rawmaterial prices, driving increases in demand that limit primary production reduc-
tion and offsetting on average ~45% of the potential environmental benefits from
2018 to 2040 [18]. With declining ore grades and increasing demand, best-case
scrap scenarios still produced increasing environmental impacts relative to 2018,
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requiring simultaneous global implementationof best available techniques to produce
annual emissions reductions. In addition, this model was expanded to accommodate
regional variations and assess the impacts of China’s solid waste import ban and the
COVID-19 pandemic [19]. The solid waste import ban induced a redistribution of
scrap availability and consequently primary and secondary copper refining, leading
to increasing emissions of CO2 and other pollutants both within China and globally,
which were demonstrated reversible by limiting China’s copper concentrate imports.
Assessing various supply chain disruptions showed that mines were more resilient
to supply chain disruptions, leading to increasing CO2 emissions per mass copper in
final products. In this work, we present additional results from the two model formu-
lations above, providing additional detail around small-scale scrap supply increases
and describing the impacts of increases in scrap demand. These scenarios enable
assessment of potential recycling policies at the regional, local, or corporate levels.

Methods

Determining the extent to which recycling can facilitate these changes requires
accounting for market effects, discrepancies in supply chain response rates, and
economic rebound. We developed a dynamic economics-informed model of the
copper material system, incorporating inventory-driven price evolution, dynamic
material flow analysis (dMFA), and life cycle assessment (LCA) alongside mine-
level economic evaluation of opening, closing, and capacity utilization decisions.
We divide the material system into five modules: price formation, mine production,
refinery production, scrap supply, and semi-fabricated goods manufacturer (semi-
fabricator) production. Each module relies on and produces supply–demand (SD)
or price information for other modules, advancing annually from 2018 to 2040. All
price parameters are reported in 2017 constant US dollars (USD). This model was
tested, validated, and improved by industry experts through more than 20 interviews
including miners, smelters, refineries, semi-fabricators, scrap yards and dealers,
traders, market analysts, and other scientists. Scrap supply is calculated using stan-
dard dMFA methods based on Glöser et al. [20], and LCA was performed using
EcoInvent V3 and TRACI 2.0 with mine impacts scaling with ore grade according to
Northey et al. [21–23]. For more model details, including data sources and statistical
validation, see Ryter et al. [19].

Price Formation

The price formation module is comprised of cathode (refined copper) price, treat-
ment charges and refining charges (TCRC), and scrap spreads (cathode price minus
scrap prices). Cathode price evolution is a function of the difference between cathode
supply (refinery production plus solvent extraction-electrowinning (SX-EW) mine
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production) and cathode demand (semi-fabricator cathode consumption). We devel-
oped an autoregressive distributed lag (ARDL) model, using oil price to control for
non-SD effects, and the resulting equation used within the model is shown in Eq. (1).

Pcathode,t = Pcathode,t−1 − 0.461
(
Scathode,t−1 − Dcathode,t−1

)
(1)

where Pcathode,t−1, Scathode,t−1, and Dcathode,t−1 represent London Metal Exchange
(LME) cathode price in USD per metric ton (USD/t), supply, and demand in the
preceding year.

TCRC is a charge levied by refineries on mines, and serves as an indicator of
copper concentrate SD imbalance. Concentrate supply is determined by concentrate
mine production, while concentrate demand is determined by refinery concentrate
consumption. An ordinary least squares (OLS) regressionmodel was used to evaluate
the TCRC-SD relationship, with the result shown in Eq. (2).

TCRCt = TCRCt−1 + 0.164(SConc,t−1 − DConc,t−1) (2)

where TCRCt is the annual TCRC of year t (in USD/t payable copper), SConc,t−1 is
the world concentrate supply in year t − 1, and DConc,t−1 is concentrate demand in
year t − 1.

With high correlation between cathode price and scrap prices and expecting scrap
SD imbalance to affect scrap price only relative to cathode price, we treat scrap
economics using scrap spread, the difference between cathode price and scrap price.
With poor data availability on historical scrap supply and high correlation between
cathode price and scrap spread, we estimated the scrap SD effect on scrap spread to
be smaller than the cathode price effect. We estimated this value as the product of
cathode price elasticity to cathode SD and scrap spread elasticity to cathode price.
Among the many scrap grades informing decision making throughout the supply
chain, we found No.2 copper scrap (94–99 wt.% Cu) to have the most statistical
significance, and its evolution is described by Eq. (3).

�SpreadNo.2,t = 0.184�PCat,t + 0.0845(SScrap,t−1 − DScrap,t−1) (3)

where SpreadNo.2,t is the difference between cathode price and No.2 price in year
t , PCat,t is cathode price in year t , and SScrap,t−1 and DScrap,t−1 represent supply and
demand for all scrap grades in the preceding year.

Mine Production

We model opening, closing, and capacity utilization (CU) evolution of individual
mines, with currently-operating mines from S&P Capital IQ Pro and an incentive
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pool of opening mines created by resampling those opening 2015–2018 with ±10%
perturbation [24]. We calculated each mine’s total cash margin (TCM) as cathode
price minus total cash cost, which determines mine profitability [25]. Ore produc-
tion evolves in the near term as mines change CU, which is modeled according
to Eq. (4) following a generalized method of moments (GMM) dynamic panel
regression model.

Mine Capacity Utilization =

⎧
⎪⎨

⎪⎩

0.4, if in ramp up or ramp down
0.75, if not in ramp and TCM < 0

CU0 ∗
(

TCM
TCM0

)0.024
, else

(4)

where mine CU is assumed equal to 0.4 in ramp up and ramp down periods, which
last three years after the opening decision and one year after the closing decision
respectively. CU0 is the 2018 average CU, while TCM0 is assumed to be the median
TCM of all operating mines in 2018. Mine closure occurs when the net present value
(NPV) of entering ramp down in the current year exceeds the anticipated NPV of
entering ramp down in the following year. The projected cash flow is calculated using
the maximum cathode price of the preceding five years, with NPV calculated as in
Eq. (5).

NPV =
T∑

t=0

Ct

(1 + δ)t
(5)

where Ct is the total cashflow expected in year t with t an integer from 0 to T , δ is
the discount rate set at 10% [25, 26], T is 1 for ramp down beginning in year 0 and 2
for ramp down beginning in year 1, where Ct is equal to the reclamation cost in year
T . In all other years, Ct is a function of cathode price, TCRC, CU, ore grade, and
several mine-level exogenous variables. Mine opening occurs when the internal rate
of return (IRR) of a mine selected from the incentive pool exceeds 15%, as calculated
by solving for r in Eq. (6).

NPVr =
T∑

t=0

Ct

(1 + r)t
= 0 (6)

where Ct includes three years of development capital expenditures, estimated cash-
flows, and reclamation costs, while T is the year of mine closure. Cashflows are
estimated by simulating the lifetime of the mine using the trailing three-year average
of cathode price andTCRC. The number ofmines selected from the incentive pool for
opening evaluation was tuned such that annual mining production 2018–2040 grew
at the 2001–2011 linear growth rate, with cathode price and TCRC held constant.
This subsample size time series was held constant in all other scenarios.
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Refinery Production

Refinery production is separated into primary and secondary refineries, where
primary refineries consume only copper concentrate and secondary refineries
consume concentrate and scrap, with the scrap fraction termed the secondary ratio
(SR). Separate GMM panel models were developed for primary CU, secondary CU,
and SR, with Eqs. (7)–(9) used for model evolution.

PCUt = PCUt−1 ·
(

TCRCt

TCRCt−1

)0.057

(7)

SCUt = SCUt−1 ·
(

TCRCt

TCRCt−1

)0.153

(8)

SRt = SRt−1 ·
(

TCRCt

TCRCt−1

)−0.197

·
(

Spreadt
Spreadt−1

)0.316

(9)

where PCUt is the CU for the primary-only refinery at time t , SCUt is secondary
refinery CU at time t , SRt is the SR for the secondary refinery at time t , and Spreadt
is the difference between cathode price and No.2 scrap price at time t .

Demand

The demand module forecasts future world copper demand as a function of cathode
price, using the product of an intensity component and a volume component. Volumes
(e.g. number of vehicles sold per year) are considered independent of copper price,
being primarily driven by macroeconomic indicators such as gross domestic product
(GDP) and population, while intensities (e.g. kg Cu per vehicle) are function of
cathode price. We model demand and intensities according to Eqs. (10) and (11),
with intensity following a Bayesian regression method.

Dsi ,r j ,t = Isi ,r j ,t · Vsi ,r j ,t (10)

�log
(
Isi ,r j ,t

) = β0,si + βsi �log
(
P

′
t

)
+ βr j �log

(
P

′
t

)
+ βGDP�log

(
GDPr j ,t

)

(11)

where subscript si is the sector index for sector i , r j the region index for region j and
yeart .Dt , the total copper content (demand) in final products for yeart , is broken down
into five sectors (construction, electrical, industrial, transportation, consumer and
others) and five regions (China, EU, Japan, NorthAmerica, and rest ofworld (RoW)).
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Isi ,r j ,t and Vsi ,r j ,t are the corresponding intensity and volume values. β0,si represents
sector-specific intensity reduction or dematerialization due to technological growth,
βsi and βr j are sector- and region-specific price responses, with P

′
t = Pt−1+Pt−1

2 the
first lag of the trailing two-year average cathode price. βGDP is the intensity response
to regional per capita GDP,GDPr j ,t . All β values except βGDP were expected to be
negative, with βGDP expected positive.

Scenario Development

Wehave conducted two sets of scenarios using this framework. Thefirst set comprises
changes in scrap collection rates and sorting efficiencies such that scrap collection
and sorting increase from baseline for some duration before plateauing (plateau
scenarios). Collection rates and sorting efficiencies range from current values up to
maximum values estimated based on technological and logistical limitations of these
systems, termed opportunity. With 0% of recycling opportunity captured, collection
and sorting remain at current values, while 100% of opportunity corresponds with
∼2.8 million metric tons (Mt) additional scrap supply in 2019, or 24% of estimated
2018 scrap consumption. Here, we include only the smallest 50 of these scenarios,
with annual scrap supply increases ranging from ~5 to 35 kt. These scenarios repre-
sent policy outcomes at smaller scales than previously reported, enabling estimation
of corporate- or local-scale recycling policy impacts. To measure the efficiency of
scrap supply changes in reducing mine production, we define displacement, d, as
the cumulative decrease in mining divided by the cumulative increase in the scrap
supply, as shown in Eq. (12).

d = −∑
t∈(2018...2040) (PMining,scenario,t − PMining,baseline,t )

∑
t∈(2018...2040)

(
SScrap,scenario,t − SScrap,baseline,t

) (12)

where PMining represents mine production for either the scenario or baseline, SScrap
represents the scrap supply for either the scenario or baseline, and t represents time,
an integer from 2018 to 2040.

In the second set of scenarios, we introduce minimum recycled content mandates
at 0, 5, 10, 15, or 20% of global copper and brass alloy semi-fabricated goods
production, and introduce and vary collection rate elasticities to scrap spread. These
mandates included only directly remelted copper scrap, as secondary refined copper
is chemically and economically indistinguishable from primary. Collection rate
evolution occurred in each year according to Eq. (13).

CRt = CRt−1 ∗ Spreadt
Spreadt−1

elasCR

(13)
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where CRt is the collection rate for any sector in year t , Spreadt is the No.2 scrap
spread at year t , and elasCR is the collection rate elasticity to scrap spread, which took
the value of zero, −0.5, or −1.1. Given limited data availability on collection rate
response to scrap spread, these values were used as sensitivity parameters to explore
possible market responses. Scrap and refined copper demand are determined by the
blending optimization model described in previous work [19], with constraints set
on minimum recycled content.

Results

Small-Scale Scrap Supply Increases

To permit estimation of corporate- or locality-level increases in recycling, we present
small-scale annual scrap supply increase results in Fig. 1. These annual increases last
5–20 years, meaning that longer durations lead to larger total scrap supply increases.
It is evident from the color differences in Fig. 1a that these larger total scrap supply
increases produce larger maximum annual CO2-equivalent emissions reductions, as
mines respond slowly and reduce production more rapidly when the scrap supply
change lasts long enough to be coincident with mine decision making. Figure 1b
shows that larger annual increases in scrap supply correlate with higher displace-
ment, with only the shortest durations appearing as low-displacement outliers. This
behavior is further verified in Fig. 1c, where more efficient CO2-equivalent emis-
sions reductions may be accomplished with larger and longer-duration scrap supply
increases.

Fig. 1 a Maximum annual CO2-equivalent emissions reductions from 2018 to 2040, using 4.6
metric tons CO2/year tailpipe emissions for the average passenger vehicle [27]. b Displacement
values evaluated at 2040. c The maximum annual CO2-equivalent emissions reduction from 2018
to 2040 normalized by the annual increase in scrap supply. Color bars represent the duration of the
scrap supply increase before it plateaus. Regression line parameter p-values are given as: ∗p <

0.1; ∗ ∗ p < 0.05; ∗ ∗ ∗p < 0.01. kt = thousand metric tons, CO2e = CO2-equivalent emissions



Economics-Informed Material System Modeling of the Copper … 375

Fig. 2 aMine production response for changes in collection rate elasticity to No.2 scrap spread for
a 17.5% recycled content mandate. b The cumulative change in mine production and scrap demand
from 2018 to 2040 relative to the baseline scenario, as a function of the percent of the global market
mandating recycled content using the large collection rate elasticity to No.2 spread. These scenarios
use CR = collection rate

Changes in Scrap Demand

Because many copper applications require refined copper, directly remelted copper
scrap is relatively limited in its applications. As a result, direct melt scrap consump-
tion is largely redistributed among different copper alloys. The mine production
response with no collection rate response to scrap spread in Fig. 2a reflects this
redistribution, with very little impact on mine production. However, the introduc-
tion of collection rate response to No.2 spread enables substantial impacts on the
market. With high collection rate response, it is evident that larger recycled content
mandates produce largermine production reductions,where economic rebound keeps
these changes small for smaller mandates. In the largest recycled content mandate
scenario, we hypothesize that the collection rate elasticity to No.2 scrap spread is
insufficient to keep up with rising demand, inducing sufficient rebound to reduce
scrap demand and inhibit mine production reduction.
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Sustainability-Based Selection
of Materials for Refractory High Entropy
Alloys

Xinyi Wang, Annalise Kramer, Christopher Glaubensklee, Haoyang He,
and Julie M. Schoenung

Abstract Refractory high entropy alloys (RHEAs) are considered candidate mate-
rials for high-temperature applications beyond nickel superalloys. In addition to good
mechanical behavior, sustainability-related materials selection and design should
be considered at an early stage of development, which will allow the application
of RHEAs to expand. In this work, we present an alloy design framework for
RHEAs from three different perspectives. We evaluate resource availability based on
geographic concentration for refractory elements and generate a supply risk index for
each element. We then evaluate material prices and price volatility for each element.
We also estimated an aggregate price of select alloys and compared them to their
yield strength at room and high temperatures. A proper balance of improved perfor-
mance and economics is considered. Finally, we evaluated environmental, physical,
and human health hazards for refractory elements and used the Green Screen® for
Safer Chemicals methodology to assign benchmark scores to each element.

Keywords Refractory high entropy alloys · Sustainability ·Materials selection

Introduction

Materials with superior mechanical properties at elevated temperature are in high
demand for many applications, such as aerospace and nuclear industry. Recently,
a new type of material called high entropy alloys (HEA) has been developed due
to their extraordinary mechanical properties [1, 2]. Unlike traditional alloys, these
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HEAs contain five or more elements in equal or near-equal atomic percentage (at%).
HEAs usually have a simple face-centered cubic (FCC) or body-centered cubic
(BCC) crystal structure due to high configurational entropy of mixing [1–4]. Among
currently reported HEAs, HEAs based on refractory elements are considered candi-
date materials for high-temperature structural applications beyond Ni superalloys.
The first two refractory high entropy alloys (RHEAs), MoNbTaW and MoNbTaWV,
were invented by Senkov et al. [5]. Later researchers have broadened the scope of
RHEAs. These RHEA alloys now generally comprise nine refractory elements (Cr,
Hf,Mo, Nb, Re, Ta, V,W, and Zr) and can also contain other elements (such as Al, Ti,
Si, Co Ni, C, and N) [6, 7]. In addition to better mechanical behaviors, developments
should consider other aspects of design at an early stage, thus allowing RHEAs to
expand the role metal alloys play in a variety of applications. Fu et al. proposed
a selection framework for HEA materials based on price or supply availability [8].
Previous studies have shown that it is a struggle to find non-toxic elements with a low
enough density and cost to be usable in the design of HEAs [9]. Therefore, elements
must be evaluated to not only assess their mechanical behavior but also their potential
to make the alloy more sustainable (e.g., by using fewer chemical hazards).
In the current study, availability, prices, and chemical hazards of refractory elements
(Mo, Nb, Ta, W, Zr, V, Re, Ti, Hf) are analyzed. This study is divided into three
main sections. The resource availability section describes geographic concentration
for refractory elements. The material price section performs elemental screening of
prices and evaluates price volatilities for refractory elements and common RHEA
compositions. A proper balance of improved properties and economic effects is
established. The chemical hazard assessments section evaluates hazard traits that
range from physical hazards and environmental hazards to human health issues.

Analysis

Resource Availability

Analysis of resource availability is of great importance in exploring material design.
There are several factors that can impact the resource availability of materials:
geographic distribution of sources, ore grade, recycling rate, etc. [10]. In the current
study, data on domesticmine production and import and export resources are obtained
from the U.S. Geological Survey (USGS) [11–14]. Figure 1 shows the cumulative
fraction of global mine production volume for refractory elements as a function of
location. Poor geological distributionmeans thematerial resource ismore affected by
local politics, monopsony market conditions, and physical constraints in the supply
chain. According to guidelines from the U.S. Department of Justice, moderate levels
of concern exist when individual suppliers reach market shares of approximately
30%, and high levels of concern exist when market shares approach or exceed 40%
[15, 16]. By this standard, V,W,Nb, Ti, and Re appear to be particularly vulnerable to
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Fig. 1 Geological distribution of global mine production of refractory elements

availability risks. Over 50% ofmine production for V,W, and Ti takes place in China,
while Brazil controls over 90% of the mine production of Nb and Chile controls over
50% of the mine production of Re.
Table 1 shows the supply risk index for eight refractory elements, as determined by
the British Geological Survey [17]. The risk index provides a simple indication of the
relative risk in the year 2015 for the supply of eight refractory elements. Supply risk
index values range from 1 (green—very low risk) to 10 (red—very high risk). The
score for each element is determined by several factors that might affect availability,
for example, location of current production and reserves, the political stability of
locations, recycling rate, etc. [17]. The supply risk indexes for V, W, and Mo are
relatively high compared to other elements. Thus, special consideration should be
taken when designing a new RHEA with any of these elements.
Refractory metal elements carry additional supply risk if they are co-mined with
another metal because this leads to a dependency on the market for the parent metal
system [8, 18]. For example, Hf is the by-product of producing Zr; Zr and Hf are
typically contained in zircon at a ratio of 36:1. A detailed analysis of co-mining is

Table 1 Relative supply risk index for refractory elements [16]. Low values are preferred

Element V W Mo Re

Relative Supply Risk Index 8.6 8.1 8.1 7.1

Element Ta Nb Zr Ti

Relative Supply Risk Index 7.1 6.7 6.4 4.8
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beyond the scope of this study but should be considered when selecting elements for
use in RHEAs.

Material Price

Materials price is an important metric for RHEA design feasibility. Annual price data
are obtained from theUSGShistorical statistics formineral andmaterial commodities
[19]. Values averaged over the 10-year period of 2007–2017 are from lowest to
highest (in units of $/mole): Al (0.06), Cr (0.13), Ti (0.53), V (1.32), Nb (2.63), Mo
(3.05), Zr (3.46), W (6.96), Ta (39.38), Hf (98.89), and Re (780.56). Since prices of
metallic elements may change significantly over time, assessment of price volatility
is also presented. Price volatility can be calculated using the following two steps: a.
Calculate logarithmic price changes—by taking the natural log of the quotient of the
period-2 price divided by period-1 price, as shown in Eq. 1; b. calculate the standard
deviation for price change, as shown in Eq. 2. Figure 2 displays the price volatility
for refractory metal elements for the 10-year period of 2007–2017. A higher value of
price volatility indicates that the element price has a larger degree of change during
the past 10 years.

Fig. 2 Elemental price volatility assessment for the 10-year period 2007–2017 (based on data from
[18]). Low values are preferred
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Fig. 3 Estimated alloy price (based on data from [19]) and yield stress values at room temperature
[6] for refractory high entropy alloys (RHEAs)

Logarithmic Price Change = In(P1/P2) (1)

StandardDeviation =
√

�(x − x)2

n
(2)

To consider the domain of RHEAs, both economic feasibility and mechanical prop-
erties are considered. An estimated alloy price is calculated for 25 common compo-
sitions for RHEAs by using a weighted sum of the elemental prices [19]. Mechanical
properties for the RHEAs are derived from the literature [6]. Figures 3 and 4 show
the estimated price values and room temperature and high-temperature strength for
each composition, respectively. For room temperature applications, Al-containing
RHEAs, such as AlMoxNbTayTiZrz, can achieve both high strength and low price.
Materials containing Hf are relatively expensive and are not necessary for room
temperature applications. At high temperature, AlMoxNbTayTiZrz still has a better
combination of low price and high strength. At high temperature, the addition of Hf
and Ta can significantly increasematerial’s strength. Designers might avoid elements
such as V or Zr since they cannot provide a high strength at high temperature.
If an appropriate balance between economic feasibility and improved mechanical
properties can be achieved, RHEAs may have wider applications.
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Fig. 4 Estimated alloy price (based on data from [19]) and yield stress values at high temperature
(1000 °C) [6] for refractory high entropy alloys (RHEAs)

Chemical Hazard Assessment

In this study, data on environmental hazards, physical hazards, and human health
hazards for all ten elements (we include Al, Cr, and Ti as they are commonly added
to RHEAs to achieve better mechanical properties, and we exclude Re due to its
extremely high price) are collected from different sources: Globally Harmonized
System of Classification and Labelling of Chemicals (GHS)—Japan [20], European
Chemicals Agency (ECHA) [21], U.S. Environmental Protection Agency (US-EPA)
[22], and Canadian Environmental Protection Act (CEPA)—Domestic Substances
List (DSL) [23]. One hazard assessment tool is used to score and rank the metallic
elements in this study: GreenScreen® for Safer Chemicals (GS). Based on standards
established by the United Nations’ Globally Harmonized System of Classification
and Labeling of Chemicals [24] and the U.S. Environmental Protection Agency’s
Design for the Environment Program [25], 17 chemical hazard traits associated with
human health and the environment from the GS framework were evaluated in this
study as shown in Table 2 [26]. The 17 traits are grouped into five hazard groups:
priority health effects (PE), human health (HH), environmental fate (EF), ecological
(Eco), and physical (Phy), where the hazard of each specific trait is integrated into
an overall hazard rating in each group. The hazard trait of “Bioaccumulation” is
neglected in this study because all substances of interest are metals. According to the
GS methodology, hazard thresholds of low, medium, high, or very high are assigned
to each hazard trait. A “not detectable” (ND) label is assigned to any hazard trait
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Table 2 Chemical hazard traits used for GreenScreen®-based assessment

Group I human Group II and II*

human
Ecotox Fast Physical

Carcinogenicity
(c)

Acute
mammalian
toxicity (AT)

Acute aquatic
toxicity (AA)

Persistence (P) Reactivity (RX)

Mutagenicity and
genotoxicity (M)

Systemic/organ
toxicity (ST)

Chronic aquatic
toxicity (CA)

Bioaccumulation
(B)

Flammability (F)

Reproductive
toxicity (R)

Neurotoxicity
(N)

Developmental
toxicity (D)

Skin
sensitization
(SnS)

Endocrine activity
(E)

Respiratory
sensitization
(SnR)

Skin Irritation
(IrS)

Eye Irritation
(IrE)

where there is insufficient information to assess the hazard for the element. The GS
decision logic is then applied to the hazard data, and a “GS-based” benchmark score
is determined [26]. We refer to our results as “GS based” because our analysis has
not been independently reviewed by a toxicologist. Despite the existence of some
data gaps and data inconsistencies, GS-based benchmark scores were determined for
each element. The chemical hazard data and BM scores for the ten refractory metal
elements are provided in Table 3 (note that “ND”means “no data”). All ten refractory
metal elements are classified as either BM-1 “Avoid, Chemical of High Concern”
(Al, Cr, and V) or BM-2 “Use but Search for Safer Substances” (Hf, Mo, Nb, Ta,
Ti, W, and Zr). The hazard traits that lead to the BM-1 benchmark scores include
“high” carcinogenicity for Cr and V and “very high” chronic aquatic toxicity for Al.
Additional hazard traits of concern include high acute toxicity for Mo; high systemic
toxicity for Al, Cr, and Hf; high skin sensitization or respiratory sensitization for Al,

Table 3 Hazard data and GS-based benchmark scores for refractory elements
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Cr, V, and Zr; high skin irritation or eye irritation for Cr, Hf, Mo, Nb, and V; very
high acute aquatic toxicity for Al; high or very high reactivity for Al, Cr, Hf, Ta, Ti,
and Zr; and high flammability for all the elements except V.

Conclusions

In this work, we present availability, price, and chemical hazard analysis for common
elements used in RHEAs. We provide resource, economic, and environmental
alloying screeningprinciples that needs to be considered by themetallurgical commu-
nity. A proper balance between mechanical behavior and sustainable viability is
necessary for the expansion of RHEAs application. Methods employed in this study
can also be applied to materials selection for other alloy systems. Given the high
potential for carcinogenicity, as categorized in Group I Human Health Hazards, Cr
and V are identified as BM-1 elements, and therefore, their use should be avoided,
if possible. On the other hand, alloys using Ta and Ti are considered better candi-
dates since they do not pose any human health hazards, instead they present only
physical hazards which can be minimized if processed with proper safety precau-
tions. Designers should avoid Re due to its extremely high price. To help mediate the
scarcity and cost concerns of elements in RHEAs, such as Hf and V, future research
should focus on improving the recycling infrastructure and reuse capabilities of these
elements. At the moment, scrap collection is one of the largest hindering factors due
to geographic dispersity [9].
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Life Cycle Sustainability Assessment
of Repair Through Wire and Arc
Additive Manufacturing

Emanuele Pagone, Joachim Antonissen, and Filomeno Martina

Abstract Extending the useful life of a product through repair can significantly
reduce the environmental impact associated with its production, and it can be less
resource intensive than other environmentally virtuous practices like recycling. Wire
and arc additive manufacturing (WAAM) appears to be a promising approach in
this context, being characterized by high-resource efficiency, flexibility to perform
repairs, and having recently gained industrial maturity. In this work, a methodology
to assess the life cycle environmental sustainability of repaired products through
WAAM will be presented with a real-world, industrial case study.

Keywords Sustainability · Additive manufacturing ·Modeling and simulation

Introduction

Wire and arc additive manufacturing (WAAM) is a fusion and wire-based additive
manufacturing (AM) technology that uses a robotic arm to build, layer upon layer,
a desired shape [1]. It is characterised by relatively high material deposition rates
that makes it well-suited to produce medium-to-large, custom-made components.
WAAM is a relatively novel process that has gained considerable industrial atten-
tion thanks to its potential to reduce cost and environmental impact in comparison
with traditional subtractive approaches. In particular, many of the mentioned advan-
tages stem from lower material utilisation, making the process significantly more
efficient [2, 3]. Furthermore, other important business drivers for the adoption of
WAAM are customisation and faster time to market. In particular, WAAM creates
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the opportunity to simplify the manufacture of complex assemblies substituting
many subcomponents (that would otherwise be traditionally required) as well as
produce objects not constrained by a pre-defined bounding volume [4]. The industrial
deployment of WAAM is being considered for several important sectors including
aerospace, marine, construction, oil and gas, railway, and heavy industry [5].

Considering the novel nature of WAAM, its environmental impact has been
studied only to a limited extent in the scientific literature. For example, it has
been estimated that energy consumption for thin-walled, steel parts is 34% lower
in comparison with conventional milling when including materials primary produc-
tion but excluding recycling [6]. Other studies have tried to define frameworks to
assess energy consumption for additive processes in general, starting from first prin-
ciples (e.g. mass and energy conservation), but, although useful, they are not specific
enough for industrial applications [7].

WAAM products life cycle assessment (LCA) has been sporadically investigated
in the scientific literature. For example, a comparative “cradle-to-gate” (i.e. excluding
life cycle phases beyond to shipment to the customer) analysis has been performed
proposing a modelling framework able to estimate cumulative energy consumption
and carbon dioxide equivalent emissions of steel parts [8]. Earlier works included
the LCA through the Eco-Indicator 99methodology of direct additive laser manufac-
turing for titanium alloys suitable for small and complex parts that showed an envi-
ronmental impact reduction as high as 70%, but excluded any quantitative consid-
erations about repair routes [9]. Product LCA of less-productive, powder-based,
additive processes has been studied as well: electron beam melting (EBM) has been
compared to conventional processes using the cumulative exergy demand and “CML
2 Baseline 2000” methods to assess the environmental impact in combination with
dimensionless criteria to support decision making [10]. Another work focussed on
novel materials aimed at improving the environmental performance, in a life cycle
perspective, considering generically additive manufacturing technologies [11].

As shown, although the LCA of WAAM products has been carried out in the
scientific literature, no quantitative works can be found that have comparatively
assessed WAAM routes to repair as an alternative to purchasing new parts conven-
tionally manufactured. Such analysis is particularly interesting because it combines
two rather peculiar characteristics of WAAM: (a) enable repair of products that
otherwise need to be scrapped and (b) perform such repair in a resource-efficient
manner. On the other hand, the scientific question arises about the fact that such
repair through WAAM might be offset by the cumulative environmental impact
required for the transportation of the damaged products. The current work aims at
addressing this question with an industrial case study that paves the way to a future,
more comprehensive assessment framework.
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Methods

The use of parts of industrial interest may generate various defects (e.g. holes, cracks,
segregation, inclusions, surface marks, and notches). This study considers morpho-
logical damage repaired using WAAM. Such defects are normally superficial, and
their repair comprises three main steps: removal of defects by machining, deposit
material to fill the groove by WAAM, and finishing by machining.

The initial part of this study performs a comparative LCA to manufacture the
product from the extraction of resource until it reaches the customer (i.e. including
the environmental burden of shipment but excluding use). Such analysis allows to
better contextualise the results of a second phase that compares the cumulative envi-
ronmental impact of repair by WAAM with the conventional manufacture of a new
item (including transportation in both cases). The LCA is carried out in four stages
as specified by ISO standard 14,044 [12].

1. Goal and scope definition: aim, scope, and level of detail of the study are defined;
2. Life cycle inventory analysis: it defines the inventory of input and output metrics

to assess the study previously defined;
3. Life cycle impact assessment: opportunely combining the mentioned inventory,

the impact can be finally quantitatively assessed;
4. Life cycle interpretation: an analysis of the results obtained to enable decision

making.

The environmental impact parameters considered are provided by Ansys Granta
EduPack [13] specifying a range of typicalminimumandmaximumvalues. The anal-
ysis is performed considering first mean values of such ranges and then combining
the “best” and “worst” case scenario for each manufacturing route that are used to
construct error bars. One exception to the above is the environmental impact metrics
of the material deposition step of the WAAM process that have been estimated from
industrial laboratory measurements. Furthermore, for the assessment of the trans-
portation phase, the intermediate value of environmental impact is not exactly the
arithmetic mean of the “best” and “worst” case scenarios but simply the value of a
plausible shipment route that falls within the two more extreme cases.

Environmental indicators provided by the database are normalised by mass of
material, thus the calculation process performs first material flow calculations to
estimate the characteristicmass at eachLCAstep and then computes appropriately the
relevant impacts. To this end, an applicationwritten inmodern Fortran stores the LCA
routes in the form of a mathematical direct acyclic graph that is first topologically
sorted and then determines the material flows applying simple mass conservation
principles in conjunction with a scalar root finder (if necessary by the arrangement
of steps).
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Case Study

The case study is a steel disk that drives a crank using a protruding pin. A simplified
3D drawing of the part is shown in Fig. 1, whereas similar types of steel are used
to manufacture the part (Table 1) according to the conventional and WAAM routes
(Fig. 2). The pin is deposited by the WAAM process starting from a wire, and all
other geometrical features are obtained by machining. For the shipping phase, the
final customer is located in Norway, and the manufacturing plants are considered in
Spain for the conventional case and in Belgium for the WAAM one. An estimate of
the distances considered for each mode of transportation is summarised in Table 2
detailing different scenarios (see Methods in Sect. 2). The chosen environmental
indicators are the cumulative energy consumption and the amount of equivalent
carbon dioxide emissions.

The results (Fig. 3) show clearly how the material efficiency of WAAM has a
significant impact on the overall environmental impact ofmanufacturing. In fact, steel
primary production (i.e. more rigorously, a collection of steps combining a number
of raw materials) dominates clearly the total result for both metrics. It is notable also
that, even in the unlikely combination of the worst case scenario for WAAM, it still
outperforms conventional manufacturing in terms of cumulative energy consump-
tion, whereas equivalent carbon dioxide emissions show a slight overlap of error
bars.

However, it is the repair scenario that shows the significant extent of the envi-
ronmental benefit of enabling repair through WAAM (Fig. 4). The relevant route
includes the shipment of the damaged disk back to Belgium, the repair (removing
and re-depositioning the pin), and finally the return of the component to Norway

Fig. 1 Simplified CAD
model of the driver disk
considered as a case study

Table 1 Materials of the
driver disk used for the case
study. The WAAM wire is
used to deposit the pin on a
cylindrical substrate

Part Material

Conventional disk 34CrNiMo6

WAAM wire ER70

WAAM substrate YS600
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Fig. 2 Conventional (left) and WAAM (right) manufacturing routes to assess the environmental
impact of the driver disk used for the case study

Table 2 Assumptions about
the shipping modes and
relevant distances for the
shipment from the
manufacturer to the customer
of the driver disk considered
as a case study

Option Route Mode Distance (km)

Mostly air Conv Air freight 2150

2-axle truck 50

WAAM Air freight 1065

2-axle truck 50

Mostly sea Conv Coastal freight 4410

2-axle truck 30

WAAM Coastal freight 970

4-axle truck 210

2-axle truck 30

Mostly road Conv 6-axle truck 2413

Coastal freight 165

WAAM 6-axle truck 1250

Coastal freight 165
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Fig. 3 Cumulative energy consumption (left) and cumulative carbon dioxide equivalent emissions
(right) associated with the conventional and the WAAM routes to manufacture the driver disk used
for the case study

Fig. 4 Cumulative energy consumption (left) and cumulative carbon dioxide equivalent emissions
(right) associated with the repair using WAAM of the driver disk used for the case study and
production of a new one by conventional manufacturing

(see Fig. 5) according to the same modes of transportation and distances of Table 2.
However, it would be also possible to install WAAM robots on site reducing even
further the environmental impact.
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Fig. 5 Repair through
WAAM route to assess the
environmental impact of the
driver disk used for the case
study. BE: Belgium; NO:
Norway

Conclusion and Further Work

This work has presented an approach to quantify the environmental benefit of repair
opportunities of industrial components enabled by wire and arc additive manufac-
turing (WAAM) in a life cycle perspective. A provisional calculation framework has
been outlined and, then, illustrated considering a case study based on real data of a
steel disk driver. Product life cycle phases from use and beyond were excluded by the
scope of the study, but the impact of transportation between the manufacturer and the
customer was included. It could be observed that thematerial efficiency ofWAAM in
comparison with conventional, subtractive manufacturing routes determines a clear
advantage on the associated cumulative energy consumption and cumulative equiv-
alent carbon dioxide emissions. When the repair of the disk (re-depositioning its
pin) is enabled by WAAM, the avoided manufacture of an entire new component
reduces significantly (i.e. by orders of magnitude) the environmental impact of the
component.

To further extend this study, the following future development aspects are
envisioned.

• Consider parts characterised by different geometries and materials;
• Follow a more realistic and rigorous treatment of uncertainty avoiding to conser-

vatively combine “best” and “worst” case scenarios of the input parameters. To
this goal, both an analytical and numerical (i.e. Monte Carlo) approach can be
considered;

• Include reuse and recycling of products in the life cycle phases;
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• Consider more comprehensive methods for the life cycle impact assessment (e.g.
ReCiPe2016 [14]);

• Include and combine other metrics of industrial interest to assess also financial,
productivity, responsivity, and quality aspects.
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The REMADE Institute: R&D
to Accelerate the Transition to a Circular
Economy

Edward J. Daniels

Abstract The REMADE Institute invests in research and development to develop
technology solutions to enable the increased remanufacturing and recyclingofmetals,
polymers, fibers, and e-waste. Increasing the recycling and remanufacturing of these
materials can significantly contribute to an increase in energy efficiency, an increase
in materials use efficiency, and a reduction of GHG emissions in the domestic manu-
facturing sector. The current R&D portfolio of REMADE is structured across five
activities including systems analysis and integration, manufacturing materials opti-
mization, design for Re-X, remanufacturing and end-of-life reuse, and recovery and
recycling. This paper outlines the mission of the Institute, provides an overview of
the structure and approach in developing the R&D portfolio, and describes a few of
the projects and their beneficial energy, materials, and environmental impacts from
our broad R&D portfolio.

Keywords Circular economy · Recycling · Remanufacturing ·Metals · Plastics ·
Polymers · Fibers · E-waste · R&D · Education and workforce development

Introduction

The Reducing EMbodied-energy AndDecreasing Emissions (REMADE) Institute is
a Department of Energy (DOE) sponsored Manufacturing USA Institute [1]. Today,
manufacturing accounts for about 25% of US energy consumption. With improve-
ments in materials production, processing, and end-of-life (EoL) disposition, the
USA could significantly increase manufacturing energy efficiency, which could also
yield substantial economic savings. Tohelp realize these opportunities, theREMADE
Institute was launched in January 2017.

REMADEbrings together industry innovators, academic researchers, and national
laboratories to enhance the nation’s industrial competitiveness and lead the transition
to a circular economy in the USA.
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REMADE Mission

REMADE’s mission is to support the early stage applied research and development
of key industrial platform technologies that could dramatically reduce the embodied
energy and carbon emissions associated with industrial-scale materials production,
processing, and end-of-life (EOL) disposition.

REMADE is a growing membership organization. To achieve its mission, the
Institute and its 130 industry, academia, trade association, and national laboratory
members focus on increasing the recovery, reuse, remanufacturing, and recycling of
metals, fibers, polymers, and electronic waste (e-waste).

The four primary goals of the Institute are as follows:

1. Develop technologies capable of reducing energy and emissions through a
reduction in primary material consumption and an increase in secondary
feedstock use in energy-intensive industries

2. Develop technologies capable of achieving “better than cost and energy parity”
for key secondary materials

3. Promote widespread application of new enabling technologies across multiple
industries, and

4. Educate, train, and develop the incumbent and future workforce to support
deployment of REMADE technologies.

Technology Research and Development

To achieve the first three of these goals, the technology research agenda for the
Institute is structured across the five (5) REMADE nodes.

The systems analysis and integration node identifies strategic opportunities to
reduce the embodied energy and emissions associated with materials production
and processing and evaluates the economic impact of new technologies or changing
demand patterns at a project, company, sector, or national level.

The design for Re-X node develops application domain-specific frameworks (such
as design for remanufacturability) and creates tools that enable design engineers to
understand how their design choices will impact the ability to reuse, remanufacture,
recover, or recycle products, components, and materials.

Themanufacturing materials optimization node develops processes, sensing tech-
nologies, and simulation tools that enable manufacturers to increase their use of
secondary and cross-industry feedstocks without loss of performance or properties,
reuse scrap generated during manufacturing, and reduce in-process losses.
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The remanufacturing and end-of-life reuse node develops and improves tech-
nologies for characterizing the condition of products and components, identifies (the
most) cost-effective approaches for core and component processing, and develops
repair technologies to restore component to like-new condition.

The recycling and recovery node develops and matures technologies to increase
the availability of secondary feedstocks by developing tools and technologies to
economically collect, recover, sort, separate, purify, and reprocess metals, polymers,
fibers, and e-waste.

Education and Workforce Development (EWD)

Achievement of the fourth goal is enabled through the REMADE EWD program.
REMADE has developed a roadmap to guide the development and execution of the
EWD program [2].

To support the transition to a more circular economy through design, recycling,
reuse, remanufacturing, and systems analysis improvements, industry needs a work-
force educated and trained in the technologies, processes, and analysis methods
critical to design, decision making, and implementation; however, current work-
force programs and training materials are geared toward traditional manufacturing.
Through its EWD training offerings, REMADE prepares the incumbent and future
workforce to deploy and use REMADE-relevant technologies that currently exist or
will result from REMADE technology development projects.

TheEWDprogramoffers technologywebinars, short courses, and aTieredCertifi-
cate Pathway. EWD offerings are available on demand and can also be presented in
person.

Selected webinars that have been presented include

• Design for Reman—Real World Challenges and Opportunities
• New Technology Recovers Aluminum from Industrial Scrap Metal
• Quantitative Non-Destructive Evaluation of Fatigue Damage Based on Multi-

Sensor Fusion
• Pushing the State of the Art Through Innovation in Scrap Sorting and Impurity

Removal
• Data-Driven Design Support for Re-X of High Value Components in Industrial

and Agricultural Equipment.

Short courses that are available include:

• Crash Course in Plastics Recycling: Overview of existing recycling technologies
capable of converting plastic waste into high-value products

• End-of-Life and the Circular Economy: Discover options for recovering end-of-
life plastics and areas where there is opportunity to improve

• Introduction to Remanufacturing: Introduction to reman and EOL reuse, related
technologies, and environmental impacts
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• ConditionAssessment for Reman:Overview of inspection technologies,methods,
capabilities, and limitations

• DesignCapture andDesign forReman:Understandingdesign capture, integration,
and the remanufacturing design framework.

Tiered Certificate Pathways are developed by grouping similar short courses
together to provide a deeper level of understanding by competency level of a broad
technology subject, such as mechanical recycling or remanufacturing. To achieve
a formal certificate from the REMADE Institute, students need to complete each
of the short courses for the associated Tiered Certificate Pathways. The Institute
created Tiered Certificate Pathways to address the lack of established certifica-
tion programs for employers to assess workers Re-X knowledge and skills. Tiered
Certificate Pathways that are presently available include

• Fundamentals of remanufacturing
• Fundamentals of mechanical recycling of plastics.
• Emerging trends in plastics recycling.

Additional Tiered Certifcate Pathways are being developed.

Technology R&D Portfolio

REMADE has issued five Requests for Proposals (RFP) to date. The proposals that
were submitted in response to RFP 5 are under review as of this writing and are not
discussed in this paper.

Topics that are solicited in RFPs are based on the REMADE technology
roadmap [3]. The roadmap is updated periodically and identifies the high-priority
research activities, which are a subset of research activities deemed to be the most
impactful/important activities that REMADE should pursue.

Including all projects through RFP 4, the REMADE technology R&D portfolio
includes 60 projects, with a total funding (including partner cost-share) of $52.2
million.

The projects and the participating REMADE members that comprise the R&D
portfolio, to date, are highlighted for each of the five REMADE nodes.

Systems Analysis and Integration

Mapping the Materials Base for REMADE—Yale University, Unilever, Institute of
Scrap Recycling Industries, Sunnking, Massachusetts Institute of Technology.

• This project will develop a materials flow baseline for REMADE materials
(metals, fibers, polymers, and e-waste) to support measurement of the impact of
future technology improvements through REMADE projects. A harmonized and
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validated set of data for metals, fibers, polymers, and e-waste will be developed
within a consistent framework that allows comparisons of material efficiencies
across REMADE materials at all life cycle stages.

Other systems analysis and integration projects include

• Dynamic Systems Analysis of PET and Olefin Polymers in a Circular Economy—
Michigan Technological University, Idaho National Laboratory, Resource Recy-
cling Systems, Yale University, Chemstations, Honeywell UOP

• A Dynamic Techno-economic Systems Modeling Framework for U.S. Fiber Recy-
cling—Northwestern University, Yale University, Institute of Scrap Recycling
Industries

• Identifying Strategies to Maximize Benefit of Fiber Recovery through Systems
Quantification—Massachusetts Institute of Technology, The American Forest and
Paper Association, WestRock, Graphic Packaging

Design for Re-X

Design for Remanufacturing—Rochester Institute of Technology, Caterpillar Inc.,
Remanufacturing Industries Council.

• This project is focused on working directly with remanufacturing industry leaders
to create a set of pragmatic “design for remanufacturing” rules that would allow
design engineers to integrate remanufacturing considerations in their component
and part designs and pave the way for integration of these design rules across
various engineering tools and CAD platforms currently in use to enable improve-
ment in component and part manufacturability. These design rules will be verified
on existing parts and CAD file(s) provided by the industrial partner to identify
potential changes to improve the part manufacturability.

Material and Vehicle Design for High-Value Recycling of Aluminum and Steel
Automotive Sheet—University ofMichigan, FordMotor Company, Novelis, Argonne
National Laboratory, The Institute of Scrap Recycling Industries, The Aluminum
Association, Light Metal Consultants.

• This project seeks to increase automotive sheet metal EOL (post-consumer)
recycled content, thus reducing vehicle embodied energy and primary feedstock
consumption. The objectives are to produce a new analytical design for recycling
tool tailored for automotive metal sheet and to generate new knowledge on how
EOL sheet recycling is affected by vehicle design (e.g., alloy specification), recy-
cling system infrastructure (e.g., deployment of emerging separation processes),
and sheet manufacturing process decisions (e.g., temperature profiles informed
by new Integrated Computational Materials Engineering (ICME) tools).

Other design for Re-X projects include
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• Analysis and Design for Sustainable Circularity of Barrier Film in Sheet Molding
Composites—The Ohio State University, Kohler Co., National Renewable Energy
Laboratory, Arizona State University

• Development of an Industrially Relevant RE-SOLAR Design Framework—Univer-
sity of Pittsburgh, University of California-Irvine, National Renewable Energy
Laboratory, First Solar

• Quantification of Financial and Environmental Benefits Tradeoffs in Multi-
Generational Product Family Development Considering Re-X Performances—
University of Illinois at Urbana-Champaign, Iowa State University, Deere and
Company, Green Electronics Council

• Design Iteration Tool to Sustain Remanufacturability—Iowa State University,
Danfoss.

Manufacturing and Materials Optimization

Supramolecular Interfacial Reinforcement for Manufacture Utilizing Mixed
Secondary Plastic Feedstock—The University of Akron, Braskem.

• This project seeks to develop a compatibilizer for MPO (mixed polymeric
olefins, i.e., PE and PP) which are difficult to separate from each other and are
incompatible. The compatibilized MPO will compete with virgin PE and virgin
PP.

Achieving 100% Recycling Aluminum in Die Casting Applications—The Ohio
State University, Alcoa USA Corp., North American Die Casting Association,
CompuTherm LLC.

• The goal of this project is to achieve 100% use of recycled aluminum in die
casting applications by realizing the following two objectives: 1) substitute 100%
secondary materials for primary alloys in structural die castings with no degra-
dation in properties and 2) improve the mechanical properties of the current
secondary alloys for non-structural applications.

Other manufacturing materials optimization projects include

• Upcycling Polyethylene Waste into Value-Added Nylons for Sustainable Automo-
tive Manufacturing—Michigan State University, American Chemistry Council,
BASF

• Chemical Conversion and Process Control for Increased used of Polyethylene
and Polypropylene Secondary Feedstocks—University of Massachusetts-Lowell,
Massachusetts Institute of Technology, SER North America LLC, iMFLUX Inc.

• Development of a Castable High Strength Secondary Aluminum Alloy from Recy-
cled Wrought Aluminum Scrap—University of Illinois at Urbana-Champaign, Eck
Industries Inc.
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• Increasing Melt Efficiency and Secondary Alloy Usage in Aluminum Die
Casting—The Ohio State University, Alcoa USA Corp., North American Die
Casting Association

• Biological and Bio-Mechanical Technologies for Recycled Fibers to Regain Fiber
Quality and Increase Secondary Feedstock in High Value-Added Paper Grades—
Western Michigan University, Idaho National Laboratory, Graphic Packaging
International, WestRock Company

Remanufacturing and End-Of-Life Reuse

Rapid Damage Identification to Reduce Remanufacturing Costs—IowaStateUniver-
sity, John Deere and Company.

• The objective of this project is to develop and validate a remanufacturability
assessment method that will support decision making about the viability of
remanufacturing a component. The proposed method is based on development
of machine learning (ML) techniques for recognizing different types of compo-
nent damage, embedding developed ML algorithms in low-cost, damage iden-
tification hardware for use in-process at the remanufacturing factory floor and
using this in-process technique to develop a real-time estimate of remanufac-
turing costs for a component. Although most high-value, metal-alloy components
can be remanufactured, sufficiently accurate and rapid decision-making support
tools are needed to significantly reduce remanufacturing costs and increase the
throughput and volume of remanufactured components.

Epoxy/Silicon Potting Material Removal for Greater Recovery of Circuit Boards—
Rochester Institute of Technology, Caterpillar Inc., CoreCentric Solutions.

• More cost-effective technologies are needed to remove coatingor pottingmaterials
from circuit boards to enable repair and reuse. Two alternative technologies, laser
ablation and micro-media blasting, will be tested and evaluated to quantify cost
effectiveness relative to industry specified cost targets.

Other remanufacturing and end-of-life reuse include

• Development of Additive Manufacturing Material and Process Technologies to
Improve the Re-Manufacturing Efficiency of Commercial Vehicle Tires—Virginia
Polytechnic Institute, Arizona State University, Michelin North America, Nike
Inc., Sealed Air Corporation

• Remanufacturing of Surface-Hardened Steel Components by Ultrasonic Surface
Modification—Rochester Institute of Technology, Caterpillar, Inc., University of
Pittsburgh

• In-situ Nondestructive Evaluation of In-flight Particle Dynamics and Intrinsic
Properties for Thermal Spray Repairs—Iowa State University, John Deere
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• Remaining Life Determination—Rochester Institute of Technology, University of
Illinois at Urbana-Champaign, Caterpillar Inc.

• Condition Assessment of Used Electronics—Rochester Institute of Technology,
Caterpillar Inc., CoreCentric Solutions.

Recycling and Recovery

Scalable High Shear Catalyzed Depolymerization of Multilayer Plastic Packaging—
University ofMassachusetts-Lowell, Michigan State, Unilever, American Chemistry
Council, National Renewable Energy Laboratory.

• Industry is increasingly combining layers of different polymer materials to
construct highly functional, lightweight packaging (e.g., to extend food life).
These multilayer films are unfortunately less recyclable than single layer films.
This project will investigate catalytic depolymerization as a cost-effective
approach to process these films into higher value products suitable for use in
a variety of applications.

Pushing the State of the Art in Steel Recycling through Innovation in Scrap Sorting
and Impurity Removal—Colorado School of Mines.

• Increasing the utility of steel scrap through innovation in sorting and impurity
removal will increase the use of secondary feedstock and achieve cost parity for
secondary materials for steel products. This study will investigate (1) physical
methods such as optical sorting to upgrade scrap steel and (2) chemical or metal-
lurgical treatment methods to remove or neutralize the effect of impurities in
molten steel.

Other recycling and recovery projects include

• Selective Recovery of Elements from Molten Aluminum Alloys—Phinix, LLC,
Worcester Polytechnic Institute, Kingston Process Metallurgy, Smelter Service
Corporation, Certified Flux Solutions, LLC

• Rapid Sorting of Scrap Metals with Solid State Device—University of Utah
• Development of New Cost-Effective Methods for Removing Trace Contaminants

in Recycled Metals—The Ohio State University, Alcoa, Computherm
• Smart Additive Manufacturing Towards Use of Recycled Paper Fibers for

Producing High-quality Fiber-Reinforced Plastic (FRP) Composites—University
of Iowa, Impossible Objects, Inc.

• New Approaches to Improve Deinking Flotation to Increase the Availability of
High-Quality, Low-Cost Recycle Paper Fibers–Virginia Polytechnic Institute

• Determining Material, Environmental and Economic Efficiency of Sorting and
Recycling Mixed Flexible Packaging and Plastic Wrap—American Chemistry
Council, Resource Recycling Systems, Idaho National Laboratory
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• Chemical Recycling of Mixed PET/Polyolefin Streams Through Sequential Pyrol-
ysis and Catalytic Upgrading—The Pennsylvania State University, Northwestern
University, Shaw Group Industries, Inc., Process Systems Enterprise, Inc.

• Recycling of PET in Sustainable Food Packaging Systems—MuCell Extrusion
LLC, Plastilene SAS a Plastilene Group Company, Wingate Packaging, Sugar
Creek Packaging Co., Center for Innovative Food Technology, The Ohio State
University

• Chemical Recycling of Mixed Plastics and Valuable Metals in the Electronic
Waste Using Solvent-Based Processing—University of Massachusetts-Lowell,
Sunnking, Inc., Institute of Scrap Recycling Industries.

REMADE Technical Performance Metrics

The REMADE Institute has established four target technical performance metrics
(TPM) for the technology R&D portfolio [4]. The target values of the metrics are as
follows:

1. Reduction in embodied energy use: 1018 PJ/y
2. Reduction in (GHG) emissions: 51.2 MMT/y of CO2 equivalent
3. Increase in secondary materials use: 41.2 MMT/y
4. Decrease in primary materials use: 41.2 MMT/y.

Following the selection of projects from each RFP, REMADE evaluates the esti-
mated potential impact of each project, and then the overall portfolio impacts on
the four TPMs of embodied energy savings, decreases in primary materials use, and
increases in secondary materials use and reduction in GHG emissions. The current
technology R&D portfolio is estimated to enable a reduction in embodied energy
of about 920 PJ/y, a reduction of GHG of about 50 MMT/y, a reduction in primary
materials use, and an increase in secondary materials use of about 27 MMT/y.

Conclusions

Today, REMADE is the only Institute in the USA dedicated to leading the transition
from an unsustainable linear economy to a sustainable circular economy. REMADE
will continue to lead this transition and will continue to invest in research and work-
force development to enable the development of the technology and workforce that is
needed to increase the remanufacturing and recycling ofmaterials in theUS economy
and transition to a circular economy.
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Assessing the Future Resource
and Environmental Impacts of China’s
Aluminum Industry: Implications
of Import and Export Transition

Shupeng Li and Tingan Zhang

Abstract Aluminum is widely used in buildings, transportation, and home appli-
ances. However, primary aluminum production is a resource-, energy-, and emission-
intensive industrial process. At present, China is the world’s largest producer of
aluminum.UnderChina’s newnational development pattern of the “internal–external
dual cycle”, China’s aluminum industry (AID) future development may also need to
be adjusted. This study combines material flow analysis, life cycle assessment and
scenario analysis to investigate the potential of resource conservation, energy saving,
and emission reduction for China’s AID till 2030 under the transition of import and
export trade. The results show that nearly 40% of China’s annual aluminum produc-
tion entered the inventory in use in other parts of the world through trade between
2010 and 2017. In the business as usual (BAU) scenario, the bauxite consumption of
China’s AID will increase from 170 Tg in 2017 to 291 Tg in 2030, with an annual
growth rate of 4.2%. Compared with the BAU scenario, the demand for bauxite in
the two scenarios of reducing exports of aluminum products will be reduced by 27%
(Scenarios A) and 47% (Scenarios B) in 2030, respectively. In addition, there are
obvious benefits in terms of water saving, energy saving, and emission reduction
under Scenarios A and Scenarios B. Therefore, promoting the transformation of
imports and exports can effectively decrease the external dependence on bauxite of
China’s AID and is also an important means to achieve carbon peaking by 2030.
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Introduction

Aluminum is the third most abundant element in the earth’s crust, after oxygen and
silicon. Due to its excellent physical and chemical properties, metallic aluminum
is regarded as a critical primary material for social development and economical
construction. Since 1990, China has ushered in an explosion of primary aluminum
production. At present, China’s primary aluminum output accounts for more than
50% of the world’s total output, reaching about 40 Tg. However, the production
of primary aluminum is one of the most energy- and emission-intensive industrial
processes. Therefore, the subject of investigating the future resource and environ-
mental impact of China’s AID has aroused intense interest from national and global
stakeholders.

Some studies have been developed to investigate the flow and stock of aluminum
[1–4]. Among them, the issue of aluminum flow on the global level has been widely
concerned, including the mapping from liquid to goods [1], the centennial evolu-
tion of stocks [3], and the secondary aluminum reserves [4]. There are also some
studies that have conducted national-level material flow analysis, such as the USA
[5, 6], Austria [7, 8], and Italy [9]. In particular, the material flow analysis of
aluminum in China has also been deeply reported [10–16]. In addition, previous
studies focusing on the environmental issues of aluminum production can be divided
into two categories. One is to analyze various environmental impacts of aluminum
production based on life cycle assessment [17–20]. The other is to explore the
energy consumption andGHGemission reduction potential of the aluminum industry
[21–25].

Nevertheless, most of these studies do not quantitatively analyze the resource
and environmental impact of the transformation for imports and exports, especially
the reducing in aluminum exports, in the China’s AID. The reasons for the pros-
perity of China’s primary aluminum production since 1990 can be attributed to two,
robust domestic consumption and export demand [14]. At present, China’s aluminum
exports may be weakened due to the global pandemic of COVID-19. Therefore, the
new national development model of the “internal–external dual cycle” is proposed
by the Chinese government. China’s AID also needs to make corresponding adjust-
ments, that is, to moderately reduce aluminum exports to give priority to domestic
demand. As a result, the feasible benefits of reduction of aluminum exports to address
the challenges of energy conservation and emissions reduction should be presented
clearly to the stakeholders. Tofill this gap, this paper has analyzed reducing aluminum
exports on energy and resource conservation and emissions reduction from 2017 to
2030 under three scenarios: the business as usual (BAU), the moderate reduction
(Scenario A), and the enhanced reduction (Scenario B).
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Methodology

Modeling Domestic Demand and Scrap Generation

Similar to previous studies [26], the regression analysis is used to predict China’s
domestic aluminum demand from 2017 to 2030, using per capita GDP and urban-
ization rate as explanatory variables. The form of the regression equation is as
follows:

D(t) = α0 +
∑n

i=1
αi Xi (t) + ε(t) (1)

whereD(t) is the domestic demand of aluminum at time t; n is the number of explana-
tory variables;Xi(t) are the explanatory variables at time t;αi are the regressionmodel
parameters; and εi is the residuals of the regression model.

When the life of aluminum-containing products ends, aluminum will flow out of
in-use stock to produce aluminum scrap. The amount of aluminum scrap produced
can be calculated by multiplying the total consumption of aluminum-containing
products by their lifetime distribution function. Detailed descriptions of the estimates
of future aluminum demand and scrap generation can be found in our published
research [27].

Si,t =
∑b−1

τ=a
Di,t−τ ∗ P(τ ) (2)

OSt =
∑7

i=1
Si,t (3)

where Si,t is the amount of aluminum scrap generation for the i sector in the year t;
Di,t−τ is the amount of aluminum demand for the i sector in the year t−τ ;P(τ ) is the
lifetime distribution of the different aluminum-containing product; a and b represent
the upper and lower limits of the product life value, respectively; and OSt is the
total amount of old aluminum scrap generation in the year t. The historical data of
domestic aluminum consumption were obtained from the International Aluminum
Institute (IAI) [28]. The information of GDP and urbanization rate was obtained from
the China Statistical Yearbook [29].

Scenario Setting

This study introduces R to quantitatively describe the relationship between domestic
consumption and the production of aluminum. R is the ratio of domestic aluminum
consumption to total output in a specific year, and its expression is as follows:
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Rt = Dt, consumption

Ot, total
(4)

where Rt is the ratio of the trade structure in the year t;Dt, consumption is the amount
of aluminum flowing into the domestic in-use stock in the year t; Ot, total is the total
output of aluminum includingprimary aluminumand recycled aluminum in the year t.

The R-values of China, North America, and Europe from 1980 to 2017 be shown
in Table 1. The R-value in North America and Europe gradually increased from
0.6 in 1980 to 1.4 in 2017. Correspondingly, these two regions have also changed
from a net exporter of aluminum to a net importer of aluminum. China has always
been a net exporter of aluminum (R < 1). Especially since 2010, the R-value has
hovered around 0.6, indicating that about 40% of the aluminum produced in China
is exported to foreign countries through trade. The experience of North America and
Europe shows that the export volume of aluminum produced in China is likely to
gradually decrease in the future with the upgrading of the industry. In addition, due
to the global pandemic of COVID-19, China has proposed a new model of national
development of the “internal–external dual cycle”. China’s AID also needs to make
corresponding adjustments, that is, to moderately reduce aluminum exports to give
priority to domestic demand. To analyze the impact of reduced exports, we estab-
lished three scenarios: the business as usual (BAU), themoderate reduction (Scenario
A), and the enhanced reduction (Scenario B). The BAU scenario assumed that the
R-value remains unchanged at 0.62 until 2030; this means that China maintains the
current high export situation of aluminum products unchanged. Scenario A assumed
that the R-value will increase from 0.62 in 2017 to 0.80 in 2030; this means that
China is still a net exporter of aluminum, but the net export volume of aluminum is
greater than the Scenario B. Scenario B assumed that the R-value will increase from
0.62 in 2017 to 1.0 in 2030; this means that China’s aluminum net export volume
will decrease to 0 by 2030.

(1) The total output of aluminum. The total amount of aluminum produced
under various scenarios in the future can be calculated.

Ot, total = Dt, consumption ∗ Rt (5)

Table 1 R-value of China, North America, and Europe

Year 1980 1985 1990 1995 2000 2005 2010

China 0.77 0.91 0.86 0.94 0.77 0.74 0.66

North America 0.62 0.86 0.73 1.10 0.96 1.31 1.17

Europe 0.60 0.72 0.86 1.01 1.00 1.12 1.26

Year 2011 2012 2013 2014 2015 2016 2017

China 0.63 0.62 0.61 0.61 0.55 0.61 0.62

North America 1.18 1.29 1.28 1.36 1.41 1.42 1.43

Europe 1.25 1.23 1.20 1.28 1.24 1.31 1.36
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(2) Recycled aluminum output. The mathematical formula of recycled
aluminum production is as follows.

Ot , recycled = (
OSt , domestic scrap + I Sτ , import scrap

) × 0.75 (6)

where Ot, recycled represents the output of recycled aluminum in the year t;
OSt, domestic scrap and I Sτ, import scrap represent the amount of recycled aluminum
produced from domestic scrap and imported scrap in the year t, respectively; and
0.75 is the conversion rate of recycled aluminum produced from aluminum scrap.

(3) Primary aluminum output. According to the law of conservation of quality,
the calculation formula of primary aluminum output is as follows.

Ot, primary = Ot, total − Ot, recycled (7)

where Ot, primary represents the output of the primary aluminum in the year t.
(4) Resource consumption and environmental emission. The value of resource

consumption, energy consumption, and waste emission in the aluminum production
can be obtained by the following three equations:

RSt = Ot, primary × rsp + Ot, recycled × rsr (8)

ESt = Ot, primary × esp + Ot, recycled × esr (9)

WEt = Ot, primary × wep + Ot, recycled × wer (10)

where RSt , ESt , and WEt are resource consumption, energy consumption, and
waste emission of aluminum industry in China in the year t; rsp, esp, and wep are
resource consumption, energy consumption, and waste emission of per ton primary
aluminum production, respectively; rsr, esr, and wer are resource consumption,
energy consumption, and waste emission of per ton recycled aluminum production,
respectively.

Results and Discussion

Domestic Demand and Scrap Generation

The domestic demand, scrap generation, and primary aluminum production in China
during 2017–2030 are shown in Fig. 1. In the future, China’s domestic aluminum
demand and scrap generation will continue to increase. Aluminum demand will
increase from 29 Tg in 2017 to 54 Tg in 2030, with an annual growth rate of 4.9%.



410 S. Li and T. Zhang

Fig. 1 Domestic demand, scrap generation, and primary aluminum production during 2017–2030

The scrap generated will increase from 5.2 Tg in 2017 to 18.9 Tg in 2030, and its
average annual growth rate is twice the domestic demand, at 10.5%. In addition, the
measures of reducing China’s aluminum exports can effectively decrease primary
aluminum output. Under the BAU scenario, China’s primary aluminum production
will climb from 37 Tg in 2017 to 63 Tg in 2030. Under the moderate reduction
scenario (Scenario A), China’s primary aluminum output increased slower and even-
tually remained around 45 Tg. Under the enhanced reduction scenario (Scenario B),
China’s primary aluminum production will peak at 39 Tg in 2020 and then will
be reduced to 33 Tg by 2030. For sustainable development, the primary aluminum
production capacity in China has now begun to be restricted and set its upper limit to
be about 45 Tg. Therefore, it is a feasible measure to moderately reduce the export
volume of aluminum products under China’s policy of expanding domestic demand.
In addition, compared with other parts of the world, China’s primary aluminum
production has a higher greenhouse gas (GHG) emission factor. Reducing China’s
aluminum exports can promote the transfer of this part of the production capacity to
regions rich in renewable energy (such as Norway, Iceland, and Australia), thereby
reducing the greenhouse gas emission burden of aluminum production from the
perspective of the global industrial chain.

Resource Consumption and Environmental Emission

Due to increasing aluminum production, China is already heavily dependent on
imported bauxite. The main reasons for this are as follows: firstly, China’s alumina
refining enterprises abandoned domestic bauxite due to its relatively low grade;
secondly, the rapid growth of aluminum demand puts pressure on bauxite resources.
China therefore relies on bauxite imports to meet demand. Currently, more than
50% of the bauxite required for the production of alumina in China needs to be
imported. However, the overuse of bauxite has tremendous implications for the
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resource utilization and environmentalmanagement.We assumed that the production
of 1 t of aluminum required 4.6 t of bauxite during 2017–2030 [19]. The results of
this paper indicate that the bauxite consumption of China’s AID will reach 291 Tg
by 2030 under the BAU scenario. Compared with the baseline scenario, the demand
for bauxite under Scenario A and Scenario B will be reduced by 27 and 47% in
2030, respectively. Also, Scenario A saves 526 Tg bauxite between 2017 and 2030,
and Scenario B saves 938 Tg. On the premise of giving priority to meeting China’s
domestic demand, amoderate reduction in aluminumexports is an importantmeasure
to alleviate the shortage of bauxite resources.

In this paper, the water consumption, energy consumption, GHG emissions, SO2

emissions, and NOX emissions of the production of 1 t primary aluminum required
10.06m3, 144,612MJ, 14,773kgCO2-eq, 53.5 kg, and 40.4 kg, respectively [19]. The
water consumption, energy consumption, GHG emissions, SO2 emissions, and NOX

emissions of the production of 1 t recycled aluminum required 0.88 m3,9211.78 MJ,
665 kg CO2-eq, 1.2 kg, and 1.79 kg, respectively [19]. The conservation of water
resources has been highlighted as a critical pillar to shape the aluminum industry
towards sustainable development. This paper assesses the water resources saving
benefits brought by reducing aluminum exports for China’s AID. In 2030, the fresh-
water consumption is 6.5× 108, 4.7× 108, and 3.5× 108 m3 under theBAUscenario,
Scenario A, and Scenario B, respectively (Fig. 2). Under Scenario A, the energy
consumption, and the emissions of GHG, SO2, and NOX are 6.67 EJ, 667.88 Tg,
2.43 Tg, and 1.85 Tg. Under Scenario B, the energy consumption, and the emissions
of GHG, SO2, and NOX are 4.91 EJ, 497.11 Tg, 1.78 Tg, and 1.36 Tg.

Fig. 2 Resource input, energy consumption, and environmental emissions under different scenarios
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Discussion and Suggestions

Compared with other significant aluminum producing countries, the proportion
of China’s primary aluminum production for export currently is relatively high,
about 40%. Under the constraints of sustainable development, a moderate reduc-
tion in the proportion of China’s primary aluminum exports is particularly impor-
tant for energy conservation and emission reduction. Additionally, during the vital
process of structural adjustment and developing a circular economy, a shift of
aluminum production from bauxite based to scrap based is essential. The devel-
opment strategy of prioritizing domestic demand and moderately reducing foreign
exports can increase domestic aluminum in-use stocks, thereby increasing future
aluminum scrap production. Figure 3 shows the production process of primary
aluminum and secondary aluminum. Compared with bauxite based, the scrap-based
method to produce aluminum has apparent advantages in terms of resource input,
energy consumption, and environmental emissions. Under three scenarios, China
will be confronted with a substantial increase in domestic scrap during 2020–2030
due to the vast consumption of aluminum products since 1990. However, there is
no well-developed policy to manage and process such vast aluminum scrap. Firstly,
the establishment of a cycle is constrained by insufficient domestic aluminum scrap.
Domestic scrap aluminum was produced 20–30 years ago when aluminum output
was minimal. Secondly, the aluminum scrap industry is poorly managed and uses
backward techniques. For example, some scrapped vehicles are privately refitted to
extend their lives. This unsafe practice may cause some loss of aluminum scrap. In
addition, some aluminum scrap is processed by illegal small-scale factories in poor

Fig. 3 Production flow chart of primary aluminum and secondary aluminum
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technological conditions, which reduces its recycling efficiency and quality. More-
over, compared with other countries, the current aluminum production in China
mainly relies on coal power. Increasing the use of clean energy is essential for the
decarbonization of China’s AID and the reduction of pollutants.

Based on the above analysis, we have put forward some policy recommendations
to promote the sustainable development of the aluminum industry. The first is to
formulate policies to restrict the export of low-end aluminum materials to ensure the
scientific development of the aluminum industry. For economic and environmental
reasons (Fig. 2), it is necessary for China to restrict the export of aluminum products.
In the baseline scenario, China’s primary aluminum production will rise to 57 Tg in
2030. Second, strict energy consumption and pollution regulations should be estab-
lished to promote the sustainable development of China’s AID. The energy densities
of refining and smelting in China were 12,054 MJ/t-Al2O3 and 13,579 kWh/t-Al in
2018, respectively; the current world’s advanced levels were 8938 MJ/t-Al2O3 and
13,200 kWh/t-Al, respectively [27]; thus, the application of new advanced technolo-
gies can also effectively reduce the environmental load of China’s AID. According
to our predictions, the total energy consumption and exhaust gas emissions in BAU
Scenario are as high as 9.22 EJ and 943.82 Tg, respectively. If the export volume
of aluminum scrap is reduced (Scenario A), energy resources and environmental
pressure will be significantly reduced (energy consumption 6.67 EJ, exhaust gas
emissions 681.16 Tg). Third, advanced technology, well-trained workers, and strict
industry standards are indispensable to ensure the quality and supply of aluminum
products. Reducing exports may have a negative impact on the economic benefits
of China’s AID. China’s AID needs to complete the transformation from the export
of low-end raw materials to the manufacturing of high-end aluminum products. At
present, the added value of aluminum products exported by our country is relatively
low. By improving the quality, it is possible to reduce the export volume while taking
into account economic benefits. For example, replace the exported products from raw
materials (aluminum ingots, aluminum foil, etc.) to aluminum-containing products
such as automobiles and airplanes.

Conclusions

In this study, the use of scenario analysis was used to discuss the impact of reducing
exports on the resource and energy consumption and pollution emissions of China’s
AID. If there are no restrictions, China’s aluminum demand may exceed 60 Tg by
2030. Although the output of aluminum scrap will gradually increase in the future,
due to huge demand, primary aluminum production will continue to rise to 58 Tg by
2030. The moderate reduction in exports is critical to the sustainable development of
China’s AID. The upper limit of primary aluminum production capacity set by the
Chinese government is 45 Tg. In Scenario A, China’s primary aluminum production
is basically stable at 40–45 Tg during 2020–2030. Therefore, it is a reasonable choice
to control the ratio of aluminum net exports to total production at about 20%. In the
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future, the government should issue relevant policies to promote the development
of China’s aluminum processing industry to enhance the technological content and
added value of aluminum products. At the same time, the promotion of energy-
saving and emission reduction technologies and the recycling of aluminum waste
are essential measures to reduce the environmental burden of China’s AID.
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Potential Health Impact Assessment
of Large-Scale Production of Batteries
for the Electric Grid

Haoyang He, Shan Tian, Chris Glaubensklee, Brian Tarroja,
Scott Samuelsen, Oladele A. Ogunseitan, and Julie M. Schoenung

Abstract Battery storage technologies such as redox flow batteries (RFBs) and
lithium-ion batteries (LIBs) are appealing candidates for large-scale energy storage
requirements to support the integration of renewable energy into electric grids.
To ensure that their environmental benefits outweigh the environmental costs of
producing battery storage systems, it is vital to assess the potential health impacts
of battery materials and waste emissions during production. Here, we present a case
study based on life cycle impact assessment (LCIA) to characterize the toxicity
hazard associated with the production of six types of battery storage technologies
including three RFBs [vanadium redox flow battery (VRFB), zinc-bromine flow
battery (ZBFB), and the all-iron flow battery (IFB)], and three LIBs [lithium iron
phosphate (LFP), lithium nickel cobalt manganese hydroxide (NCM), and lithium
manganese oxide (LMO)]. USETox® v2.0 (USETox®) was used for LCIA and
we found higher impacts found higher impacts on human health outcomes for the
production of LIBs than for RFBs, noting that uncertainties associated with the char-
acterization factors demand caution in interpreting the results. Overall, the study
provides (1) a comprehensive evaluation of life cycle impacts for materials, compo-
nents, and systems associated with the production of burgeoning six battery energy
storage technologies and (2) an important foundation for the identification of battery
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technologieswith lower potential negative impacts associatedwith integrating energy
storage in strategies for upscaling renewable energy sources.

Keywords Battery · Energy storage · Energy grid · Renewable · Life cycle impact
assessment · Human health impact

Introduction

In order to mitigate the adverse environmental impacts of conventional non-
renewable energy resources, it is necessary to deploy energy storage systems to
manage variable renewable resources. For example, California has implemented
policies such as the Renewables Portfolio Standard (RPS) and Senate Bill 100
to promote the use of renewable resources such as wind and solar for its long-
term carbon mitigation goal [1, 2]. Energy storage systems, which are designed to
temporarily store the electrical energy from renewable resources in a form that can
be converted back for electricity generation, can enable a high renewable penetra-
tion level on the electric grid. Among the various energy storage systems developed,
lithium-ion batteries are the most popular candidates given their high energy density
and lower cost [3]. Flow batteries are also potential candidates due to their separa-
tion of energy capacity and power capacity, which can be easily scaled up for the
electric grid [4]. In general, the implementation of renewable energy systems could
reduce environmental impacts by substituting for non-renewable sources. However,
the manufacturing of batteries, including the extraction of raw materials, processing,
and assembly, may have a negative environmental impact. In recent years, research
projects focusing on sustainability assessments of batteries are emerging under the
pressure to promote renewable energy. For example, methods including life cycle
assessment, materials flow analysis, and risk assessment have been applied to address
issues on environmental impact, supply chain, and chemical exposure, respectively
[5–9]. Nevertheless, systematic assessment designed to evaluate the human health
effects across the whole battery production process is still lacking. Therefore, there
is a need to perform these assessments to better support materials selection decisions
regarding the production of grid-connected energy storage systems.

The goal of this study is to investigate the potential human health impact in terms
of the life cycle of battery systems, components, and materials during the battery
production chain. In total, we selected six types of batteries for energy storage for
evaluation, which include three redox flow batteries (RFBs).

• Vanadium redox (VRFB),
• Zinc-bromine (ZBFB), and
• All-iron (IFB);

and three lithium-ion batteries (LIBs):

• Lithium iron phosphate (LFP),
• Lithium nickel cobalt manganese hydroxide (NCM), and
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• Lithium manganese oxide (LMO).

We considered opportunities to minimize the use of toxic chemicals through life
cycle impact assessment (LCIA) methods to assess the associated compositional
materials used to manufacture flow batteries and lithium-ion batteries.

Materials and Methods

Battery Products for Energy Storage

Information on battery components and materials used for RFBs and LIBs are
provided in Tables 1 and 2, respectively. The data for those batteries are collected
from recently published literature with the information on battery energy density and
materials mass percentage highlighted [10–12]. In this study, only the materials and
components that are essential for battery functions are considered, while peripheral
components such as battery management system, powder conditioning system, and

Table 1 Major components and primary materials used for the three flow batteries—vanadium
redox flow battery (VRFB), zinc-bromine flow battery (ZBFB), and all-iron flow battery (IFB)

Battery type VRFB [10] ZBFB [10] IFB [10]

Energy density 18.68 kg/kWh 14.40 kg/kWh 32.52 kg/kWh

Cell stack component

Bipolar plate Graphite Titanium Graphite

Polyethylene Polyethylene Bisphenol-A epoxy-based vinyl ester
resin

Electrode Carbon fiber felt /a Carbon fiber felt

Membrane Nafion® /a Polyethylene

Cell frame E-glass fiber Polyethylene E-glass fiber

Polypropylene Polyester resin

Current collector Copper Titanium Aluminum

Electrolyte storage component

Electrolytes Vanadium pentoxide Zinc bromide Iron (II) chloride

Hydrochloric acid Potassium chloride

Sulfuric acid Bromine Manganese chloride

Hydrochloric acid

Tank Polyethylene Polyethylene Isophthalic polyester

Pipe Polyethylene Polyethylene Polyvinylchloride

/a No extra electrode and membrane materials required for ZBFB
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Table 2 Major components and primarymaterials used for the three lithium-ion batteries—lithium
iron phosphate (LFP), lithium nickel cobalt manganese hydroxide (NCM), and lithium manganese
oxide (LMO)

Battery type LFP [11] NCM [11] LMO [12]

Energy density 7.86 kg/kWh 6.15 kg/kWh) 6.80 kg/kWh

Cell stack component

Cathode Lithium iron phosphate Lithium nickel cobalt
manganese hydroxide

Lithium manganese
oxide

Carbon black Carbon black Carbon black

Polytetrafluoroethylene Polytetrafluoroethylene Latex

N-methyl-2-pyrrolidone N-methyl-2-pyrrolidone

Cathode substrate Aluminum Aluminum Aluminum

Anode Graphite Graphite Graphite

Polytetrafluoroethylene Polytetrafluoroethylene Carbon black

N-methyl-2-pyrrolidone N-methyl-2-pyrrolidone Latex

Anode substrate Copper Copper Copper

Electrolytes Lithium
Hexafluorophosphate

Lithium
Hexafluorophosphate

Lithium
Hexafluorophosphate

Ethylene carbonate Ethylene carbonate Ethylene carbonate

Separator Polyethylene, low
density

Polyethylene, low
density

Silica sand

Phthalic anhydride

Acetone

Polypropylene Polypropylene Polyethylene, low
density

Hexafluoroethane

Polyvinyl fluoride

battery shell and packages are not included in the assessment. To ensure consis-
tency of the comparative assessment, all the results presented are normalized to per
kilowatt-hour (kWh) energy capacity of a given battery system.

Life Cycle Impact Assessment

We conducted life cycle impact assessments (LCIA) to evaluate the human health
impacts associated with potentially hazardous emissions from the production of the
six battery technologies. To construct the life cycle inventory (LCI), data compiled
from the Ecoinvent database were used as input for the SimaPro LCA software to
generate outcomes [13, 14]. USETox® version 2.0 (USETox®) model (endorsed by
the Society for Environmental Toxicology and Chemistry (SETAC) and the United
Nations Environment Program) was chosen as the LCIA methodology for this study
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[15–17]. The outputs of USETox® are based on sets of chemical characterization
factors (CFs) consisting of fate, exposure, and effect parameters. The mid-point
indicator, which uses the number of disease cases as a comparative toxic unit, was
adopted to assess cancer and non-cancer effects. Two sets of chemical CFs, including
‘recommended’ and ‘interim’, were both considered. Unlike the recommended CFs
on which a scientific consensus has been reached, the interim CFs still have high
uncertainties related to the parameters describing fate and exposure due to insufficient
data or flawed models [18]. Additionally, we conducted a detailed analysis showing
the impact sources attributed to various battery components andmaterials to highlight
the main drivers on human health impact.

Results and Discussion

Potential Impacts of Energy Storage Battery Production

In this section, we present the results of the human health impact assessment based
on the fate, exposure, and effect factors associated with the chemical emissions
during battery production. The assessment focused on cancer and non-cancer effects
determinedbyusing recommended and interimCFs; two scenarios are considered: (1)
Recommended + Interim CFs and (2) Recommended-Only CFs. The interim factors
include chemicals with CFs with no universal consensus, and, for simplification,
metals are the major materials characterized using interim CFs due to their high use
in the six battery technologies.

In Fig. 1, we present the normalized LCIA results by disease case per kWh. The
results show that LIBs generally have impact scores higher than RFBs though the
energy density of LIBs ismuch higher. The results based onRecommended+ Interim
CFs show that the impact of the non-cancer effect is approximately one magnitude
higher than cancer effects with LMO showing the highest impact score and IFB
showing the lowest. Note that low scores are preferred. The relative ranking of the
six battery technologies is the same for both cancer and non-cancer effects. The
results with the Recommended-Only CFs show that cancer and non-cancer effects
are the same order of magnitude, with the LFP and NCM showing higher impact
scores. Interestingly, LMO is now ranked to be the lowest among the six battery
technologies in contrast to the previous results using Recommended + Interim CFs.

The uncertainties associatedwith the results based on different CFswarrant expla-
nation. Since various CFs are directly correlated with their corresponding materials,
we investigated the detailed contributions attributed to different battery components
and each specific material. The results are presented in Fig. 2. These flow charts
show the percentage contribution of each battery component with the accompanying
materials, which the components and materials with a contribution less than 0.5%
are merged into the categories of other components and other materials in order
to highlight the major contributors. We first focus on the findings for LMO due
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Fig. 1 USETox® results showing cancer and non-cancer effects for the six battery energy storage
systems under the two scenarios: Recommended + Interim characterization factors (CFs) and
Recommended-Only CFs

to the large variations observed in the previous LCIA results. When considering
the Recommended + Interim CFs, copper is the highest contributor dominating the
health impact, especially for the non-cancer effect. Since the CFs for copper are
categorized as interim CFs, this explains the large impact reduction of LMO when
using the Recommended-Only CFs. For VRFB, another important contributor to
human health impact (especially for cancer effect) is vanadium pentoxide, which is
the active material used in the VRFB system. When considering the results based on
Recommended-Only CFs, the impact contributed by Nafion® membrane increases.
The major contributing materials for the ZBFB are titanium, zinc bromide, and
bromine regardless of what types of CFs were applied. For the IFB, the impact results
are more uniformly distributed to each component and material, while the impact
contribution of several polymer resins that are not relevant to the battery functional
performance is slightly higher. For LFP and NCM, the contributing components and
materials are similar since the original data for these batteries were extracted from
the same study. Interestingly, the major contributors for LFP and NCM, no matter
what types of CFs considered, are not the cathode active materials. When consid-
ering the scenario using Recommended + Interim CFs, copper is among the highest
contributors. However, when considering only the recommended CFs, polytetrafluo-
roethylene, which is used as the electrode binder, tends to be the highest contributor
for both of these two batteries.
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Fig. 2 Numbers represent percentage contributions of each component and material to the total
impact of their associated batteries as generated by USETox® results for cancer and non-cancer
effects considering the recommended and interim characterization factors
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Fig. 2 (continued)

Conclusions

This assessment of potential health impacts of battery production materials success-
fully highlighted the major contributors of impact for each battery system, so that
safer alternatives could be identified to decrease the potential impact of batteries
installed in a scaled-up renewable energy grid systems. The LCIA results based on
USETox® indicate that the human health effects can be substantial and vary for each
battery type given the differentmaterial choices. Inmost cases, the total impact results
of LIBs could be much higher than RFBs. With the expansion to consider the contri-
bution of impacts attributed to components andmaterials, the use ofmetals, especially
copper, would be the major contributors among several metal-based batteries when
using Recommended + Interim CFs. If solely looking at the Recommended-Only
CFs, complex synthetic polymers would instead be the major contributors.
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Validation of an Innovative On-Line
Legionella Detection Technology
in Water-Cooling Systems

Marie-Christine Simard and Geneviève Doyer

Abstract Bacteria of the Legionella family are known to grow in water-cooling
systems, where conditions are favourable. Because these bacteria can cause Legion-
naires’ disease (Legionellosis), the owners of such systems are bound by legal obliga-
tions. Currently, the only accepted method for the legal requirements for quantifying
Legionella in all type of water-cooling systems—growth on a culture medium—can
take up to 14 days to obtain results, which does not allow proactiveness. The tech-
nology tested in this project, the BioAlert Lp15™ by BioAlert Solutions, is a fully
automated, on-site equipment that samples, quantifies, and sends a Legionella result
within four hours. The technology showcase project described herein has demon-
strated the applicability of the equipment in heavy industry environments as it was
possible to establish a control and action chart based on the daily results obtainedwith
the BioAlert Lp15™. This instrument provides numerous benefits, such as a lower
risk of Legionella exposure, better understanding of the Legionella metabolism and
its influencing factors, improved operational practices and, finally, reduced impacts
on production.

Keywords Legionella pneumophila · BioAlert Lp15™ · Cooling systems

Introduction

Legionella bacteria are at the root of Legionnaires’ disease, a severe, acute lung
infection with pneumonia-like symptoms which can kill immunodeficient individ-
uals [1]. The Legionella genus (Legionellaceae family) numbers 59 species and
70 serotypes, of which nearly half have been linked to human diseases [2]. They
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develop in humid environments (water-cooling systems) at temperatures between
25 and 45 °C. The Legionella pneumophila genus is associated with over 85% of
all infections. They belong to 15 different serotypes, and serotype 1 represents more
than 61% of reported cases [3]. In the USA, reported Legionella cases have increased
ninefold since the year 2000 (Fig. 1) [4]. The owners of water-cooling facilities are
bound by legal requirements for monitoring and managing Legionella bacteria levels
in their systems, in accordance with existing public health standards. Table 1 shows
the mandatory legal compliance in Quebec [5].

The currently only legal accepted method for quantifying legionella in water-
cooling systems is by colony growth on culture medium. However, this method,
which is carried out in accredited laboratories, requires a delay of 7 to 14 days before
the analysis results are available. This prevents effective monitoring of the system

Fig. 1 Increase in cases of Legionnaires’ disease in the USA, 2000–2018

Table 1 Legal compliance for the control of Legionella contamination in water-cooling systems
in Quebec

Legionella pneumophila
contamination level

Risks System condition Specific action

<10,000 CFU/L Negligible Under control Normal operation

10,000–100,000 CFU/L Low Under monitoring Process optimisation

100,000–1,000,000 CFU/L High Early contamination Preventive actions: identify
causes, apply corrective
actions, effectiveness check

>1,000,000 CFU/L Critical High contamination Immediate corrective actions
required: shut down airflow
(fans), apply emergency
decontamination (12–72 h),
effectiveness check
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and endangers people in the vicinity of the installations. In addition, poor monitoring
of Legionella and poor process treatment control can have significant consequences:

• social repercussions: reputation, employee health, citizen health;
• economic repercussions: production slowdowns and losses, increased processing

costs, early equipment and system wear, legal action;
• environmental repercussions: overuse and disposal of chemical products, signifi-

cantly higher water consumption, lower energy efficiency in towers.

In order to reduce Legionella contamination hazards and their negative repercus-
sions, the installation of an on-site, on-line detection, andmonitoring system can lead
to improved risk control. Within the framework of this technology showcase project,
three monitoring instruments were installed in three separate aluminium smelters in
the Saguenay—Lac-Saint-Jean region of Quebec, with the aim of assessing the bene-
fits and limits of the technology in heavy industry environments. This paper briefly
illustrates the technology and compares it with the accredited method, describes
the assessment project, and follows up with a presentation and discussion of some
results.

Legionella Pneumophila: Quantification and the Bioalert
Lp15tm Technology

The standardmethod,which is also the referencemethod herein, is the culturemethod
(AFNOR NF T90-431) [6]. Water-cooling system samples, with or without dilution,
are deposited on specific culture media to foster the development of Legionella spp.,
the full range of Legionella species. The colonies are counted, and the results are
expressed inColony FormingUnits (CFU)/L. Subsequent steps are needed to confirm
the presence of Legionella pneumophila. Bacteria development requires several days
and, consequently, results are usually only available in 5–10 days’ time. In theory,
only viable Legionella cells can develop in a culture environment, but shipping times,
the presence of other microorganisms and chemicals can create interferences, which
greatly limit the reproducibility of the tests.

Genetic material quantification (qPCR) in genomic units (GU/L) has gained in
popularity to evaluate Legionella level in industrial water-cooling systems as it yields
faster results. However, the method quantifies the full range of genetic material in the
samples: living bacteria, dead bacteria, and cell-free DNA [7]. Whiley and Taylor
(2016) show that 26/28 qPCR studies detected higher counts of Legionella than
culture media [8]. Therefore, the method tends to overestimate Legionella counts [9],
which can lead to inappropriate corrective actions having repercussions on processes
and production. Various research works have focused on developing new Legionella
detection and counting methods in recent years: fluorescence in situ (FISH), solid-
phase cytometry, optical spectroscopy, DNA electrochemical probe, immunology
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Fig. 2 Presentation of the BioAlert Lp15™: a Outside view, including the power supply housing
(top), sampling and analysis housing (bottom), and external module (right); b inside view, including
the pre-filter, reagent bottles, and carousel c test-cartridge

methods (ELISA, etc.), etc. [8]. The latter are difficult to automate, making them
unsuitable for industrial environments.

BioAlert Lp15™ is an on-line Legionella detection and measurement solution for
cooling systems. This unique, patented technologymeasures quantities of Legionella
pneumophila bacteria from serotypes 1–15, living or dead and whose form is intact,
by capturing them in a filter and quantifying the genetic material (DNA).

The device (Fig. 2a) is equipped with a sampling system that can take water
samples at a given point in the water system either by initiating an analysis upon
request or according to a defined schedule. The water samples are then analysed
using cartridges housed within the instrument (Fig. 2c). The cartridges are inserted
in a carousel that can accommodate up to 16 cartridges (Fig. 2b). Following each
test, the carousel changes position, making a new cartridge available for the next
test. Once all the cartridges have been consumed, the equipment requires a refill of
consumables (carousel test-cartridges, reagent bottles and a pre-filter). [10]

The device also has an external module (Fig. 2a) allowing to test other sampling
points. It is also used to clean the equipment.

Technological Showcase

The devices were installed in three Saguenay—Lac-Saint-Jean smelters, in the
casting water treatment centre. The casting of various aluminium products requires
processed and cooled water, to which casting lubrication oil is added to lubricate
the casting moulds. The water that has been used in casting becomes heated and oil
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charged. It is routed to a treatment centre where the oil is removed using a clari-
fication and flotation system. The water then recirculates in the system and flows
through cooling towers before it can be reused in casting. The physico-chemical
matrix of the process water favours the proliferation of Legionella pathogens due
to the system design, flowrate variations according to production, nutrient intake,
biofilm formation, and the possibility of dead arms.

Prior to installing the device, a compatibility study was carried out by BioAlert
Solutions to ensure their equipment was compatible with our process water matrix
at various sampling points. The results showed that the process water did not create
interference with the quantification method.

To ensure the strength and validity of the technology, the BioAlert Lp15™ results
were compared weekly with the results of culture tests (AFNORNF T90-431) [6] by
an ISO/CEI 17,025: 2005 accredited laboratory (Genochemia, Saguenay). Compar-
ative study samples were taken at the same time as the BioAlert Lp15™ samples and
at the same sampling points.

BioAlert Lp15™ can detect when there is an upward trend in the Legionella
counts (Fig. 3) and therefore allows for rapid planning and implementation of correc-
tive actions. During summer (May to September), an extra water-cooling system is
required for efficiency. Figure 3 shows that after start up of the additional system,
Legionella counts increased significantly. This finding made it possible to improve
operational practices.

The comparative results with the culture tests (Fig. 3) gave us the tools needed
to improve our internal decision-making process—the risk-control chart based on
legal requirements (Table 1). The control chart uses a colour code which guides
our decision-making process in terms of corrective actions and risk management
according to Legionella counts in the systems. Required actions are identified using
a risk scale. Adding the BioAlert Lp15™ results to the monitoring tool represents a

Fig. 3 Chronological evolution ofBioAlert Lp15™Legionella pneumophila results comparedwith
culture results at Grande-Baie casting water-cooling system
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complementary parameter for process control, thus accelerating the decision-making
process. The risk-control chart must be adapted to each process since several site-
specific factors can affect detection levels.

The results also showed that the device is highly efficient in detectingmalfunctions
and/or instabilities in a process and/or water quality change, which can influence
Legionella proliferation.

As an example, Fig. 4 shows the effects of stopping biocide injections, as well as
the effectiveness of shock treatments on Legionella level.

Despite a first shock treatment, a second such treatment was required a few weeks
later in order to bring conditions under control. This observation was also made
at the other sites equipped with BioAlert Lp15™ devices. BioAlert Lp15™ allows
taking proactive actions if the process becomes unstable, thus avoiding potential
major outbreaks.

There is no perfect equivalence between the BioAlert Lp15™ and culture results.
Based on Table 2, it can be said that correspondence is 74% (42% + 32%). This
gap can be due to several factors, such as fundamental differences between the two
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2 per. Mov. Avg. (BioAlert L.  Pneumophila  UG/ml)
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Fig. 4 Legionella count variations in process water treated at the Grande-Baie smelter due to the
failure of the chlorine pump, corrective actions, and shock treatment

Table 2 Equivalence/comparative matrix of BioAlert Lp15™ and culture results
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methods, which are expressed in different units: CFU/L for culture, and GU/L for
BioAlert Lp15™. The culture method assesses the development potential of bacteria
while qPCR quantifies genetic material. According toWhiley and Taylor (2016), the
twomain factors influencing bacteria development in culture media are the growth of
undesirable microorganisms and the presence of viable but non-culturable bacteria
(VBNC). When under stress (chlorine, temperature, etc.), bacteria can fall into a
dormancy state, which can slow their development in a culturemedium, and thus lead
to underestimated counts [8]. In addition to the differences between the twomethods,
sampling and processing times greatly affect culture tests, as opposed to BioAlert
Lp15™, whose process is repeatable. All these factors together are the cause of
variations between tests. Genetic material measurements, such as BioAlert Lp15™,
yield results that are more stable, with less variation over time. The results have
shown that BioAlert Lp15™ is an effective complementary tool for the management
of Legionella proliferation in water-cooling systems.

Summary

The BioAlert Lp15™ technology allows monitoring Legionella counts in water-
cooling systems, with direct, on-site sampling. This technology showcase project has
shown that the device is compatible, reliable, and durable for use in heavy industry
environments. The instrument yields fast Legionella count variation results and can
detect process instabilities and malfunctions, thus allowing to better understand the
conditions that influence the metabolisms involved in Legionella proliferation.
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Environmental Benefits of Closing
the Solar Manufacturing and Recycling
Loop: Preparation of Solar
Manufacturing Inventories
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Abstract The cumulative global solar panel waste stream is projected to reach
between 60 and 78million tonnes by 2050. Steps towards developing, demonstrating,
and implementing processes that recover glass, metals, and semiconductor materials
fromend-of-life solar panels have alreadybeen taken.However, these processes result
in the downcycling of most secondary solar materials. Critically, the costs and bene-
fits of capturing these secondary materials for use in new solar panels are unknown.
To evaluate the environmental benefit associated with solar material recycling and
reuse in next generation panels, prior inventories must be updated and prepared for
integration with recycling processes to examine the benefit of closing the material
loop between solar panel end-of-life and new panelmanufacturing. This current work
describes steps taken to upgrade existing inventories that detail the manufacturing
of cadmium-telluride (CdTe) panels from the Ecoinvent -v2.2 life cycle inventory
database to Ecoinvent -v3. During this update, material inventories were modified to
capture different realistic material supply chains within the constraints of Ecoinvent
-v3. Materials discussed in detail in this work include primary flat glass, aluminum,
steel, copper, and CdTe. This work demonstrated that environmental indicators such
as embodied carbon, acidification, and terrestrial eutrophication associatedwith solar
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panel production can be reduced by 25% to over 40% through improved primary
material sourcing.

Keywords CdTe solar panels · Life cycle analysis · Solar panel materials ·
Recycling · Life cycle inventory

Introduction

The cumulative global solar panel waste is projected to reach between 60 and 78
million tonnes by 2050 [1]. Assuming that solar cell architecture and bulk material
composition remain stable over the next two decades, 80 to 95% of solar panel waste
will consist of glass, aluminum, copper, and other metals [2]. These materials can
potentially be captured such that material quality is maintained [3–7], allowing for
reuse in next generation solar panels. Panel recycling processes have been demon-
strated at scale for cadmium-telluride (CdTe) panels [8] and are under development
for most other semiconductor types, including silicon [9]. Aside from recovery of
semiconductor material from CdTe panels [7], it is unclear if the material recovered
through these processes is of sufficient quality to supplant primary material used in
new solar panels.

Processes required to maintain material grade after recycling must clearly result
in isolated secondary material outputs. Steps towards accomplishing this task are
more readily accomplished for metals used in panel frames, mounts, and wiring
where material can be recovered through non- or minimally destructive processes.
Analogous steps for the capture of clean glass cullet suitable for flat glass used in solar
panels are not as apparent due to (1) the intimate layering of glass, semiconductor
material, and other panel layers and (2) the strict glass cullet purity requirements
for use in float glass processes [10]. The ultimate application of these processes will
depend on the technical, economic, and environmental attributes compared against
all other competing options.

Techno-economic analyses and life cycle assessments of solar panel recycling
have been documented extensively [11–13] and have focused on capturing the bene-
fits associated with the capture of secondary materials [14–16]. Understandably, the
focus has been on establishing economic and environmental value for solar panel
recycling processes, not in recommending how secondary material should be used.
Additionally, others articles have argued that panel recycling techniques should focus
on the recovery of rare minerals and metals for reuse [17], allowing for the downcy-
cling of bulk materials such as glass and aluminum. Regardless, the economic and
environmental benefits and costs associated with recovery processes that maintain
material quality are not known and have not been predicted.

This current effort is focused on predicting the value of recovering secondary
material from end-of-life (EoL) panels, followed by the recycling and processing of
the panel material for reuse in next generation solar panels. The focus of this work is
on establishing the environmental impacts through life cycle analysis (LCA) of a solar
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panel from procurement of materials for manufacturing through EoL panel recovery,
recycling, and disposal. The primary motivation for the consideration of LCA prior
to techno-economic feasibility is to establish if and how much of an environmental
benefit can be generated from closing the loop between panel material recovery and
new panel manufacturing. The focuses of this work are the Series 4 and Series 6
(S4 and S6, respectively) [18, 19] panels manufactured by First Solar (FS). These
panels are a prime choice for analysis due to the extensive documentation of panel
manufacturing, installation [11, 12] and recycling processes [20, 21]. This recycling
process includes capture of bulk panel material (glass, aluminum, copper, etc.), as
well as the recovery of cadmium and tellurium semiconductor materials.

In order to predict the environmental benefit associated with secondary material
recovery and reuse in new solar panels, the following tasks must be accomplished:

1. Existing solar panel manufacturing life cycle inventories must be analyzed and
updated in preparation for integration with secondary material recycling and
production.

2. Life cycle inventories for recycling and processing of secondary material for
use in new solar panels must be predicted and developed.

3. Secondary material use scenarios in new solar panels must be developed.
4. The life cycle analysis of replacing primary material in solar panels with

secondary material derived from end-of-life solar panel recycling must be
evaluated.

This current work is focused on Task #1, while Tasks #2–4 are still ongoing and
will be reported on in a future publication. The purpose of analyzing and updating
existing solar panel manufacturing life cycle inventories is to consider primary mate-
rial inventories used to form the product inventory. In particular, the focus is on inven-
tories associated with material that can be recycled and potentially reused in future
panels. A successful update of the FS manufacturing inventory will generate a set
of inventories that account for differences in how and from where primary material
is sourced. The goal of this current work is to identify and select different primary
material sources that can reasonably provide material input for S4 and S6 panels.

The FS panel inventories adapted in this work were originally presented in Sinha
et. al. [12]. The remaining paper is organized as follows: Sect. “Current CdTe Panel
Life Cycle Inventories” discusses current life cycle inventories that are adopted
and modified in this work, Sect. “Updates to CdTe Panel Life Cycle Inventories”
describes how these inventories are updated in preparation for upcoming work,
and Sect. “Life Cycle Analysis Results” presents results on how changes in the
manufacturing inventory affect the environmental burden associated with solar panel
manufacturing.
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Current CdTe Panel Life Cycle Inventories

The two panels considered in this work are the FS S4 and S6 panels. The S4 and
S6 panels have an area of 0.72 and 2.47 m2, a panel mass density of 16.67 and
14.17 kg per m2, and a peak power density of 155 and 175 watts per m2, respectively
[12]. These cells consist of a solar photovoltaic laminate that can be mounted to
a racking or tracking system. Three key differences between the S4 and S6 panels
are as follows: (1) S6 panels are mounted on an aluminum frame while S4 panels
are not, (2) S6 front and back glass is thinner than S4, and (3) the cadmium sulfide
layer present in S4 panels has been replaced with a cadmium selenide layer in S6
panels. The first and second changes are captured in life cycle inventories. The
third change to the semiconductor mixture is not captured in the literature, and an
updated inventory is not available for this work. We assume that this change will
not significantly affect LCA results for the following two reasons: the total mass
fraction of semiconductor material within the solar laminate (the cell prior to frame
attachment or mounting) is small (0.001 and 0.002 for the S4 and S6 laminates,
respectively), and both the cadmium sulfide and cadmium selenide layers make up
less than 10% of total semiconductor material.

Prior efforts by the International Energy Agency (IEA) Photovoltaic Power
Systems (PVPS) have produced life cycle inventories formanufacturing the S4 panels
based on actual FSmanufacturing data [2], mounting andwiring processes, and recy-
cling based on actual FS recycling data [16]. This information was combined for the
S4 panel in [12], which presents LCI information for both manufacturing and recy-
cling. Using this reference in combination with [11] provides the entire LCI for the
S4 panel.

Complete data from S6 manufacturing were not available from FS at the time of
this study due to continuing developments and refinements to the S6 manufacturing
process. An estimation of the manufacturing and recycling inventory for the S6 panel
is provided in [12]. Additional estimates include that the addition of the aluminum
frame reducedmountingmaterial requirements by 33%, and that thewiring inventory
used for S4 panels can be scaled by area to the S6 panel.

Both the S4 and S6 inventories account for location through region-specific inven-
tories associatedwith energyuse and infrastructure-related inventories basedonpanel
production capacities of 86.2% inMalaysia and the remainder in theUSA [12]. Inven-
tories associated with materials and chemicals used during panel manufacturing use
definitions associated with production and sourcing in Europe and Switzerland. All
prior inventories used definitions from the Ecoinvent v2.2 database and determined
environmental impacts using the ILCD 2011 Midpoint V 1.09 impact method with
long-term emissions excluded [2, 12, 16]. The functional unit used in this prior work
is kWh electricity production assuming a 30-year lifetime and electricity production
of 975 kWh per kW solar, or an 11% capacity factor based on average European
deployment [12]. In total, the S4 and S6 panel inventories include the solar photo-
voltaic laminate, mounting equipment used in a rooftop installation, and back panel
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wiring. The S6 inventory also includes the aluminum frame that the solar PV laminate
is attached to.

Updates to CdTe Panel Life Cycle Inventories

The goal of updating the CdTe manufacturing inventory is to identify and select
potential primary material production pathways that can be used to source primary
material input for S4 and S6 panels. This step is taken in preparation for quantifying
the impact of recovering and reusing secondarymaterial fromend-of-life solar panels.
The inventory update is accomplished by transitioning from the inventory set used in
prior work, Ecoinvent-v2.2, to Ecoinvent-v3 [22]. A major difference between these
two inventory databases is the addition of new region and country-specific material
production inventories in Ecoinvent -v3. Any change in country or region-specific
codewasmade to capture the possibility of sourcing primarymaterial from a different
location. The process for selecting geographically unique inventories was made by
(a) using U.S. Geological Survey material production information or comparable
information to determine major material production hubs, followed by (b) selection
of primary material production pathways that produce sufficiently different environ-
mental impact results or can be readily integratedwith secondarymaterial production
processes. While all primary material and chemical inputs captured in prior inven-
tories [12] were examined, only materials associated with glass, aluminum, copper,
steel, cadmium, and tellurium are discussed in this work. Beyond these six mate-
rials, little to no difference in environmental impact was observed when examining
all remaining materials and chemicals used during panel manufacturing. Analysis
and results used to select updated material inventories were done using results from
the ILCD 2011 Midpoint V 1.09 impact method with long-term emissions excluded,
or the same method as used under the Ecoinvent -v2.2 inventory. Note that these
prior inventories [12], which were designed to capture the impacts of actual solar
panel manufacturing, used a mix of primary and secondary material input based on
supplier data, while this work assumes only primary material input.

Flat Glass

Flat glass material used in the front and back glass sheets accounts for over 70% of
laminatemass for both S4 and S6 panels.Within the Ecoinvent -v3 database, there are
only two definitions for flat glass production: global and Europe. Additionally, there
are negligible differences between the current -v3 and prior -v2.2 life cycle impact
results under the ILCD method. Due to the limited options, the global inventory was
selected for use in the updated inventory. Note that inventory selection does notmatch
well versus global flat glass production. As of 2015, 50% of flat glass was produced
in China, 12% in Europe, 8% in North America, and 4% in South East Asia [23]. The
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major sources of air pollution impacts are due to combustion-related processes that
occur during flat glass production. Additionally, total pollutant emissions per unit
glass depend heavily on post-combustion and emission release controls [3], which
can vary significantly between regions. This mismatch between potential sources
and suppliers of flat glass and Ecoinvent inventories could result in underestimated
environmental burdens associated with flat glass production. However, further explo-
ration of flat glass production in Central and Southeast Asia falls outside the scope
of the current work.

Aluminum

Aluminum is the primary material used in solar panel mounts, contributing approxi-
mately 2.8 and 1.9 kg per m2 of installed S4 and S6 panels, respectively, and 11% of
S6 panel mass is due to the aluminum frame. According to the 2020 Minerals Year-
book from the U.S. Geological Survey (USGS) [24], 57% of all finished aluminum
production occurred inChina, 4.8% inCanada, and 1.5% in theUSA. These countries
ranked first, third, and ninth in total aluminum production. Furthermore, according
to the 2018 Minerals Yearbook, approximately half of all 2018 aluminum imports
into the USA originated from Canada [25].

The Ecoinvent -v3 database includes inventories for China (CN), North America
excluding Quebec (NA), and Quebec (QB). For comparison against Ecoinvent -v2.2
aluminum production, aluminum production in Europe (EU) was also considered.
The embodied carbon emissions and mineral and fossil resource depletion totals
for these four aluminum sources are shown in Fig. 1. These inventories include the
mining and processing of bauxite into alumina (shown as “primary material process-
ing” in purple and “primarymaterials” in yellow inFig. 1), followedby the conversion

Fig. 1 Embodied carbon and mineral and fossil resource depletion for primary aluminum produc-
tion from China, North America, Europe, and Quebec, Canada, from the Ecoinvent -v3 database
[22]
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of alumina to aluminum (all other processes shown inFig. 1).Depending on detail and
quality of data, allocation of environmental burdens associated with alumina produc-
tion between resource extraction processes and the actual resource varies drastically
between regions. Regardless, both carbon emission and mineral depletion indicators
show that the primary burden associated with aluminum production is caused by the
production of alumina.

These results also show significant differences in carbon emissions between
regions with aluminum produced in China resulting in nearly five times more carbon
emissions than aluminum produced in Quebec. These results are indicative of all
other environmental indicators captured in the ILCD method (e.g., eutrophication,
acidification, ozone formation, etc.) except for mineral and fossil resource deple-
tion. Closer examination of these indicators shows that fuel inputs for electricity
combustion processes are key drivers in environmental impact aside from mineral
and fossil resource depletion. Energy input in China uses a combination of coal and
heavy oil, while Quebec receives electricity from hydroelectric power plants. Both
North America and European aluminum use energy mixtures that fall between these
two extremes. These differences in primary energy sources are responsible for major
differences in environmental impact between these regions.

Mineral and fossil energy depletion shows similar levels of depletion regardless
of region. Under the Ecoinvent database, the primary driver of mineral and fossil
depletion is the mining of bauxite for primary aluminum. Conversion efficiencies
of bauxite into aluminum are similar across all regions, resulting in a similar level
of mineral resource depletion between the regions. For this current work, CN and
QB primary aluminum production were adopted as two potential material sources.
FS data do not include sufficient detail to resolve origination of aluminum used in
panel racks and mounts. However, Fig. 1 shows that these two locations span the
environmental impacts associated with primary aluminum use.

Steel

Steel components are used to assemble frame and mounting assemblies. The steel
mass fraction in both S4 and S6 panels is approximately 0.05. Region-specific steel
production inventories are provided for steel production in India, Europe, and across
the globe. According to the USGS, nearly 69 and 56% of pig iron and raw steel were
produced in China. Like glass, the lack of detailed regional or country-specific steel
inventories creates another potential source of error. Regardless, steel production
can be updated to reflect potential shifts in steel production. If all steel components
used in FS solar panels are 18|8 steel (18% chromium, 8% nickel, and remainder as
iron), two production pathways for steel production are documented in Ecoinvent
-v3: oxygen converter and electric arc furnace pathways. Both inventories are taken
for “global” production. Since results are taken from a global production perspec-
tive, ILCD indicator values are similar across all environmental impact categories.An
example of this is shown in Fig. 2, which shows embodied carbon for both production
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Fig. 2 Embodied carbon
associated with the
production of 18|8 steel
through a converter and arc
furnace pathway, from the
Ecoinvent -v3 database [22]

pathways. This figure is indicative only of both pathways yielding similar environ-
mental impacts and does not signify that the converter furnace pathway produces
steel with a lower environmental impact.

Ultimately, differences between these two production pathways are small when
considering allmaterial, chemical, and energy inputs required for S4 andS6manufac-
turing. Due to the negligible difference, total system results presented in Sect. “Life
Cycle Analysis Results” only consider steel components produced using a converter
furnace. However, the arc furnace is included in preparation for addressing the
recovery and recycling of steel components, which are typically processed using
an electric arc furnace.

Copper

Copper is primarily used in S4 and S6 wiring and is also used in small quantities in
panel interconnections. Copper contributes between 0.03 and 0.04 of FS panel mass
fractions. According to the USGS, Chile and Peru produce 40% of global copper
[25]. The next closest country, China, produces 8% of the global copper supply.
Furthermore, Ecoinvent copper production definitions span a wide range of mining
and extraction operations where copper is a primary driver for mineral extraction
and some where it is a by-product of other mining operations. The result is a dilute
set of copper production pathways with no clear dominant copper source. Without
further information on copper sourcing for FS panels, two copper production path-
ways are adopted: primary copper fromSouthAmerica and global copper production.
Total carbon emissions for these two copper sources are shown in Fig. 3. In general,
these results are indicative of other ILCD indicator results. Similar to aluminum
production in Quebec, the South American copper inventory receives hydroelectric
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Fig. 3 Embodied carbon
associated with the global
and South American
production of copper, from
the Ecoinvent -v3 database
[23]

energy, generally resulting in a lower overall impact than comparable copper produc-
tion pathways. Exceptions to this are mineral and fossil resource depletion, marine
eutrophication, freshwater eutrophication, and terrestrial eutrophication, which are
all driven by copper ore mining processes.

Similar to steel, coppermakes up a small fraction of totalmass contributed towards
both S4 and S6 panels, and the difference between considered copper production
pathways is small. As a result, only global copper is considered in subsequent results.

Cadmium Telluride

Cadmium telluride makes up only a tiny fraction of overall solar panel mass fraction.
According to reports on solar panel life cycle development, CdTe life cycle inven-
tories were developed to capture the environmental impacts of CdTe solar panel
production [26]. Two CdTe production pathways are available in Ecoinvent -v3,
which match the v2.2 inventory. The global CdTe production inventory was adopted
for use in this work.

Functional Units

The final change to the life cycle inventory is a shift in functional unit from per kWh
produced to per kW nameplate capacity. This shift serves two purposes. First, it elim-
inates latitudinal, installation orientation, and local weather effects that affect solar
panel output and life cycle analysis results. Second, a kW functional unit captures
panel improvements that result in increased panel capacity, allowing for the analysis
to capture structural and chemical design changes.
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Life Cycle Analysis Results

S4 and S6 life cycle inventory modifications described in Sect. “Updates to CdTe
Panel Life Cycle Inventories” were applied to the inventory described in [12] and
evaluated using the ILCD 2011Midpoint V 1.09 impact method. Results were gener-
ated for two scenarios: one where aluminumwas sourced fromChina (scenario name
“Global Materials”) and one where aluminum was sourced from Quebec (scenario
name “QB Aluminum”). Both scenarios assume all new material that steel compo-
nents are made using a converter furnace and that copper components are sourced
through the “global” pathway. Results are shown for embodied carbon, acidification,
terrestrial eutrophication, and mineral and fossil resource repletion, all versus the
nameplate capacity of the applicable solar panel. Results only indicate the environ-
mental burden due to panel manufacturing and installation and do not include any
burden associated with panel end-of-life.Results for the S4 panel are shown in Fig. 4,
which shows total impacts per kW separated by installed panel component. These
components include the laminated solar cell, mounting material, wiring, and instal-
lation. These results indicate a drop in overall impact due to sourcing aluminum from
low impact production centers, predicting a 36.7%, 24.7%, and 30.6% reduction in
embodied carbon, acidification, and terrestrial eutrophication, respectively. Shifting
aluminum sourcing, however, does not reduce mineral and fossil resource deple-
tion, which remains virtually unchanged. Note that a shift in steel sourcing from a
converter furnace to arc furnace would yield negligible changes in life cycle anal-
ysis results across more indicators. Changes in copper sourcing, however, can have
a measurable impact due to the significant contributions to environmental burdens
such as acidification and eutrophication.

Results for the S6 panel are shown in Fig. 5. The effect of sourcing aluminum
from a low impact production center results in larger decreases than observed for
the S4 panel, reducing embodied carbon, acidification, and terrestrial eutrophication
by 43.5%, 29%, and 36.5% respectively. These larger reductions are due to design
differences in the S6 panel versus S4. Specifically, the reduction in glass thickness
and addition of an aluminum frame makes the S6 panel more sensitive to changes to
aluminum.

These results also demonstrate the improved environmental impact due to a shift
from the S4 to S6 panel, replicating results produced by Sinha and Wade in [12].
Close comparison of these prior and current results shows differences in total reduc-
tion and, in certain instances, disagreement in results. These differences stem from
the scope of the current and prior work. Sinha and Wade considered panel manufac-
turing, installation, operation, and end-of-life including panel recycling. Modeling
of panel recycling included attribution of benefits derived from material recycling,
reducing the overall burden associated with S4 and S6 operation. The current work
only considers panel manufacturing. As a result, agreement can be found when
comparing the updated panel inventory impacts versus the impacts generated through
the manufacturing process described in [12]. Recycling benefits will be addressed in
subsequent work that includes potential modifications to improve panel recyclability.
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Fig. 4 Updated LCA results for the S4 panel, showing embodied carbon, acidification, terrestrial
eutrophication, and mineral and fossil resource depletion per kW capacity
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Fig. 5 Updated LCA results for the S6 panel, showing embodied carbon, acidification, terrestrial
eutrophication, and mineral and fossil resource depletion per kW capacity
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Summary and Conclusion

There is a potential opportunity to further reduce the environmental impact of solar
energy by recycling end-of-life panel material for use in next generation solar cells.
The environmental benefit associated with closing the material loop between old
and new solar panels has not been estimated. This work is the first step towards
developing this estimation by updating and preparing existing solar panel manu-
facturing inventories for integration with secondary material inventories associated
with solar panel recycling. This work focused on the Series 4 and Series 6 panels
manufactured by First Solar, both of which can be recycled to recover nearly all
glass, aluminum, steel, copper, and semiconductor material. The update focused on
selecting realistic material production pathways that create a range of environmental
impacts associated with panel production. It was assumed during inventory develop-
ment that only primary material is used during manufacturing to establish an upper
environmental impact boundary (actual aluminum, steel, and copper material tend
to include a mix of primary and secondary material input). During this process, it
was found that selection of the primary aluminum production pathway was crit-
ical to establishing manufacturing scenarios with a high and low environmental
impact. Testing the results showed that informed sourcing of primary materials can
reduce environmental impact by 25% to over 40%. The updated inventories also
produced similar environmental impacts as preceding inventories for the S4 and S6
panels, showing agreement between the current and previously vetted inventories.
Future work will use these updated inventories presented in this work to quantify the
impacts of secondary material recovery and the reuse of recovered solar materials in
next generation solar panels.
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Abstract To ensure that the production cost of battery energy storage systems for
the electric grid does not compromise the environmental benefits gained from the
substitution of traditional fossil fuels, it is important to evaluate and manage the cost
feasibility of the feedstock materials used in battery production. In this study, we
present a techno-economic analysis to evaluate the cost ofmaterials in three emerging
redox flow battery products: vanadium pentoxide redox flow batteries (VRFB), zinc-
bromine flow batteries (ZBFB), and all-iron flow batteries (IFB), with a focus on
primary materials used in functional components. Furthermore, we performed sensi-
tivity analysis for selected materials to explore the uncertainty due to dynamic varia-
tion in market prices. The normalized results indicate that the major cost contributors
for each battery type vary significantly over time, and the historical variations in
material prices could largely affect the battery system production cost. Thus, mate-
rial costs should be considered as a key attribute in material selection and product
design for installing flow battery technologies in the electric grid.
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Introduction

Among the current battery technologies on the market, redox flow batteries
(RFBs) are positioned to serve as a key component for renewable energy grid
evolution, namely high energy capacity due to a physical design with separate
charging/discharging and storage subsystems, and are attractive for renewable energy
systems. Additional advantages of RFBs include a large depth of discharge, minimal
degradation, and a long lifespan [1]. The cost and revenue associated with the
RFB systems are critical to their widespread application. While previous research
has focused on analyzing the potential for cost reduction in RFBs and identifying
possible practices for enhancing the revenue of RFB operation. However, most of the
published studies have focused on the relatively mature vanadium pentoxide redox
flow batteries (VRFB), whereas RFBs with different chemical combinations such
as zinc-bromine flow batteries (ZBFB) and all-iron flow batteries (IFB) are yet to
be explored. In this study, we assess the material costs associated with flow battery
production of not only VRFB, but also zinc-bromine flow batteries (ZBFB) and
all-iron flow batteries (IFB). Based on material inventories provided by the manu-
facturers, we applied a techno-economic analysis (TEA) approach.We also provide a
component cost distribution for each flow battery type, including sensitivity analysis
to account for temporal variations in the price of raw materials.

Methodology

Techno-Economic Analysis Model

To perform cost sensitivity analyses, we relied on methods of techno-economic anal-
ysis (TEA) [2–4]. The goal is to investigate and understand the cost contributors for
flow battery systems because these technologies are relatively early in their commer-
cial deployment. Therefore, this section focuses on material costs because these
costs are associated with each flow battery type, while the other costs (e.g., utilities,
labor, and fixed costs) vary frommanufacturer to manufacturer and business strategy
and are not able to be assessed with currently available data. The cost assessment
is performed for the three flow batteries based on manufacturer-provided materials
inventories, and the unit materials costs are derived from various published sources.
The cost distribution by battery component is determined to highlight the major cost
drivers in battery systems. Lastly, uncertainty due to price variability is evaluated.
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Material Cost Data and Uncertainty

For the TEA model, data on the prices of key materials used in the flow battery
systems are required. Gathering material cost information that complies with data
quality and reliability standards, however, can be difficult. The cost of materials is
subject to the dynamics of global markets and trade, causing these values to vary
over time. The sources for price information in our case can be classified into four
types: (1) international market prices, (2) United States (U.S.) import prices, (3)
prices published in the literature, and (4) retail prices.

(1) The “international market price” is suitable for materials that are traded as bulk
commodities, where their prices are continuously monitored and updated in
international trade, such as metals like copper and aluminum.

(2) The “US import price” is collected based on the price of goods imported to the
USA. These are well documented by several US governmental institutes and
databases such as the United States Geological Survey (USGS) and Statista.

(3) The “literature price” is based on price values found in the published litera-
ture for the material costs of flow battery production. The advantage of using
literature data is that the cost information is complete even for materials that
are difficult to track to a market, and these data are peer reviewed. Due to the
lack of original studies and primary data in these studies, however, much of
the cost information in literature studies are predicted values, while some are
cited from previous publications. These values, therefore, may not capture the
dynamic price variations to reflect the current situation.

(4) The “retail price” is thematerial price collected from the vendors who purchase
those materials from upstream supply chains and sell them directly to the
commercial end-users.

Collectively, we refer to these four types as “market prices”. Due to the varia-
tions in the market prices for materials, we conducted sensitivity analysis to explore
the uncertainty in market price variability for selected materials, specifically: vana-
dium pentoxide, titanium, bromine, and carbon fiber felt. A three-point estimation
is applied based on a pessimistic price (worst case), most likely price (current value)
and optimistic price (best case). The three-point estimation creates an approximate
probability distribution to predict the outcomes of future events, e.g., materials price,
when only limited information is available. In this study, a double-triangular distri-
bution is used, as shown in Fig. 1. The notation “a” is the optimistic price which
represents the best case, “b” is the pessimistic price indicating the worst case, and
“m” is the most likely price, which indicates the current price [5]. With the three
value points determined, a weighted average (E) as expected price and a standard
deviation (SD) can be calculated as follows:

E = (a + 4m + b) /6 (1)

SD = (b − a) /6 (2)
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Fig. 1 Example of a
probability distribution used
for three-point estimation

Results and Discussion

Baseline Cost Analysis

Vanadium Pentoxide Flow Battery

Thematerial costs and the associated distribution by component for theVRFB system
are provided in Table 1 and Fig. 2. Due to the high cost of vanadium pentoxide and its
use as the major species in the electrolyte, the cost of electrolyte accounts for 80%
of the total material cost. Surprisingly, the material cost for the whole cell stack,
which is related to the power capacity, only contributes 4% to the total material cost.
When only considering the power capacity component, the Nafion® membrane is the
highest contributor and accounts for 55% of the material cost for the power capacity
subsystem.

Zinc-Bromide Flow Battery

Thematerial costs and the associated distribution by component for the ZBFB system
are provided in Table 2 and Fig. 3. The power capacity components comprise the
largest share of total material costs as the cell stack accounts for 33% of the total
material cost. The electrolyte and the bipolar plate are identified as material cost
drivers, as they account for 29% and 22% of the total material cost, respectively.

All-Iron Flow Battery

The material costs and the associated distribution by component for the IFB system
are provided in Table 3 and Fig. 4. Contrary to the VRFB and ZBFB, the battery
management system in IFB contributes to the largest share of the material cost at
49% of the total material cost. The cell stack accounts for 25% of the total material
cost, while the electrolyte only accounts for 5%.
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Table 1 Material price information for materials used in the VRFB system

Battery technology VRFB

Component Price Unit Data type Data source

Bipolar plate

Graphite 1.58 $/kg 2015 Market average USGS [6]

Polyethylene, low
density

1.22 $/kg 2017 Import average STATISTA [7]

Cell frame

Polypropylene 1.84 $/kg 2017 Import average STATISTA [8]

Glass fiber 2.00 $/kg Estimated value Amirhossein et al. [9]

Electrode

Carbon felt paper 237.60 $/kg Literature value Minke et al. [10]

Membrane

Nafion® 937.53 $/kg Literature value Minke et al. [10]

Cell stack accessories

Steel, low alloyed 0.69 $/kg 2019 Market average Worldsteelprice [11]

Copper 6.61 $/kg 2018 Vendor value USGS [12]

Polyvinylchloride 0.97 $/kg 2019 Market average Investing.com [13]

Electrolyte

Vanadium pentoxide 35.75 $/kg 2019 Market average USGS [14]

Hydrochloric acid 0.13 $/kg 2018 Market instant ICIS [15]

Sulfuric acid 0.06 $/kg Literature value Minke et al. [16]

Water 0.00241 $/kg Government value [17]

Tank

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Pipes

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Pump 13.46 $/kW Literature value Minke et al. [19]

Inverter 112.13 $/kW Literature value Minke et al. [16]

Battery management system

Aluminum 2.54 $/kg 2018 Import average USGS [20]

Titanium 30.00 $/kg 2019 Market instant TRICORMETALS [21]

Power control
system

150.00 $/kW Literature value Minke et al. [19]

Balance of plant accessories

Steel, low alloyed 0.69 $/kg 2019 Market average Worldsteelprice [11]
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Fig. 2 Materials cost distributed by component in the VRFB system

Sensitivity Analysis Due to Material Price Variations

The cost analyses presented in this study are driven by material prices; however, the
price of raw materials used in the three flow battery systems is subject to historical
variations due to fluctuations in the global markets. Therefore, in this section, we
describe sensitivity analysis of variations in raw material prices based on historical
fluctuations. The three-point estimation values (described in Sect. “Techno-Eco-
nomic Analysis Model”) are summarized in Table 4 for the four materials assessed.
With the three price points determined, aweighted average (E) as the expectedmarket
price is calculated with a standard deviation available to reflect the variations. The
larger the price gap between the pessimistic and optimistic price, the larger the
standard deviation identified.

The results of the sensitivity analysis are presented in Fig. 5. The total material
cost of the VRFB system due to the variations in vanadium pentoxide price (Fig. 5a)
ranges between $186 and $648 per kWh when using different price points. The
expected price value is estimated to be $466/kWh with a standard deviation value
of $77/kWh. Thus, changes in the price of vanadium pentoxide will greatly affect
the VRFB system cost. The baseline value, $491/kWh, is near the upper value in the
range, reflecting that recent prices for this material have been higher than historical
values. The influence of titanium and bromine prices on the ZBFB cost is shown
in Fig. 5b, c, respectively. The expected ZBFB cost ($158/kWh) is higher than the
baseline estimated value ($153/kWh), relative to titanium sensitivity, whereas the
expected cost for the bromine scenario ($149/kWh) is lower than the baseline esti-
mation, but these differences are relatively small. The material cost deviations due
to variations on titanium price are larger than the case for bromine, and both are
relatively small compared to the vanadium pentoxide for VRFB. For the IFB, the
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Table 2 Material price information for materials used in the ZBFB system

Battery technology ZBFB

Component Price Unit Data type Data source

Bipolar plate

Titanium 30.00 $/kg 2019 Market instant TRICORMETALS [21]

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Cell frame

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Cell stack accessories

Steel, low alloyed 0.69 $/kg 2019 Market average Worldsteelprice [11]

Titanium 30.00 $/kg 2019 Market instant TRICORMETALS [21]

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Electrolyte

Bromine 4.90 $/kg 2017 Import average USGS [22]

Zinc 3.20 $/kg 2018 Import average USGS [21]

Water 0.00246 $/kg Government value [17]

Tank

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Pipes

Polyethylene, high
density

1.26 $/kg 2017 Import average STATISTA [18]

Pump 13.46 $/kW Literature value Minke et al. [19]

Inverter 112.13 $/kW Literature value Minke et al. [16]

Battery management system

Steel, low alloyed 0.69 $/kg 2019 Market average Worldsteelprice [11]

Aluminum 2.54 $/kg 2018 Import average USGS [20]

Copper 6.61 $/kg 2018 Vendor value USGS [12]

Power control
system

150.00 $/kW Literature value Minke et al. [19]

Balance of plant accessories

Steel, low alloyed 0.69 $/kg 2019 Market average Worldsteelprice [11]

Aluminum 2.54 $/kg 2018 Import average USGS [20]

Titanium 30.00 $/kg 2019 Market instant TRICORMETALS [21]
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Fig. 3 Materials cost distributed by component in the ZBFB system

variations in material cost due to price changes for carbon fiber felt are provided
in Fig. 5d. The expected material cost ($191/kWh) is slightly lower than the base-
line estimated value ($196/kWh). The decrease in material cost using the optimistic
price is larger than the increase inmaterial cost when using a pessimistic value, which
indicates the future price is likely to further lower the cost.

Conclusions

The cost of materials to produce RFBs was analyzed in this study with a focus on
materials used in different functional components. Among the three flow batteries
selected for assessment, theVRFBshows the highest cost formaterials due to the high
unit price and quantity of vanadium pentoxide used as battery electrolytes. For ZBFB
and IFB, total costs of material are comparable, but the major cost contributors are
different. Electrolytes and the bipolar plate are among the largest cost contributors
for ZBFB while; in contrast, the battery management system is the highest cost
contributor in IFB. The uncertainty associated with the dynamic variations in market
prices also affects the total material cost of given battery products, and the price
intervals for total material cost are largely dependent on the upper and lower bounds
based on observed price ranges.
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Table 3 Material price information for materials used in the IFB system

Battery technology IFB

Component Price Unit Data type Data source

Bipolar plate

Graphite 1.58 $/kg 2015 Market average USGS [6]

Polypropylene 1.84 $/kg 2017 Import average STATISTA [8]

Cell frame

Polyester resin 3.36 $/kg 2017 Import average STATISTA [23]

Glass fiber 2.00 $/kg Estimated value Amirhossein et al. [9]

Electrode

Carbon felt paper 237.6 $/kg Literature value Minke et al. [10]

Membrane

UHMW
polyethylene

595.88 $/kg 2019 Vendor value Sigma Aldrich [24]

Cell stack accessories

Steel, low alloyed 0.69 $/kg 2019 Market average Worldsteelprice [11]

Aluminum 2.54 $/kg 2018 Import average USGS [20]

EPDM Gasket 2.50 $/kg Literature value Viswanathan et al. [25]

Electrolyte

Iron chloride 0.35 $/kg 2018 Market instant ICIS [26]

Potassium chloride 0.27 $/kg 2019 Market average Indexmundi [27]

Manganese dioxide 2.21 $/kg 2015 Import average USGS [28]

Hydrochloric acid 0.13 $/kg 2018 Market instant ICIS [15]

Water 0.00186 $/kg Government value [17]

Tank

Polyester resin 3.36 $/kg 2017 Import average STATISTA [23]

Pipes

Polyvinylchloride 0.97 $/kg 2019 Market average Investing.com [13]

Pump 13.46 $/kW Literature value Minke et al. [19]

Inverter 112.13 $/kW Literature value Minke et al. [16]

Battery management system

Carbon felt paper 237.6 $/kg Literature value Minke et al. [12]

Power control unit 150.00 $/kW Literature value Minke et al. [19]

Balance of plant
accessories

None
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Fig. 4 Materials cost distributed by component in the IFB system

Table 4 Price estimation values ($/kg) for selected materials used in flow batteries

Value Vanadium
pentoxide [14]

Titanium [21] Bromine [22] Carbon fiber felt
[10]

Range of years for
available price data

1991–2019 1971–2019 1991–2017 2004–2017

Current—price data for
most recent year

35.75 30.00 4.90 237.60

Pessimistic—historical
maximum price
observed

50.00 62.65 6.00 280.00

Optimistic—historical
minimum price
observed

8.00 17.65 1.00 80.00

Weighted average (E) 32.33 33.38 4.43 218.40

Standard deviation (SD) 7.00 7.50 0.83 33.33
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Fig. 5. Sensitivity of flow battery material cost due to variations in the material price: a vanadium
pentoxide for VRFB, b titanium, c bromine for ZBFB, and d carbon fiber felt for IFB
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Digitalizing the Circular Economy (CE):
From Reactor Simulation to System
Models of the CE

Markus A. Reuter and Neill Bartie

Extended Abstract

Embracing the circular economy, this paper will discuss recent work that scales
reactor technology to system models with relevant digital twins. The aspects that are
discussed are best explained by the figure below.

By the combination of different tools and methods (from AI, CFD, mass- and
heat transfer, kinetics, industrial experience, etc.) and integrating these into suitable
digital platforms, this paper will analyze different circular economy systems also in
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terms of complete supply chains. With a focus on for example thermoeconomics,
exergy dissipation of the systems will be quantified by suitable digital twins for
PV cell manufacture, battery technology, etc. Integration with impact assessment
approaches will show how to minimize the impact of complete supply chains and
showwhich systems produce the lowest footprint products. In addition, the link of the
digital twins to the sustainability development goals (SDGs) of the United Nations
will be elaborated on.

In the quest of digitalizing our metallurgical and CE systems better, this paper
will further discuss among others [1–3]:

• improving the slag solutions models for more complex slag,
• measurement of kinetic data to understand the effect of slag composition and

processing flow conditions on the exchange of materials between different phases
in order to push systems to the thermodynamic limits,

• integration of fundamental and industrial know-how into multi-compartment
dynamic equilibrium-based simulation models of our reactors to better direct
materials into the correct phases and thence metallurgical infrastructures,

• integration of the above into large system models so that one can understand the
footprint of metals supply chains better and supply the footprint data to populate
environmental databases with specific and well-defined data,

• understand the interaction of complex molten slag solutions with refractories and
therefore optimize reactor integrity,

• understand the effect of injection technology interacting with furnace slags,
• provide the detail to help populate environmental and economic physics and

technology-based data (where required), to realize the noble goals of the SDGs
as well as the circular economy, and

• streamline the real-time data (and sensors) and data types and their qualities that
can interact directly with the digital twins via big data approaches.

The above points for examplewill help to ensure the CE system can be driven to its
thermodynamic/exergetic, technological, and therefore economic limit, at the same
time revealing our industry’s key enabling role towards a greener circular economy
society.
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Factors to Consider When Designing
Aluminium Alloys for Increased Scrap
Usage

Luca Montanelli, Eric R. Homer, and Elsa Olivetti

Abstract For a significant shift in alloy design to happen, the aluminium industry
needs to explore a broader range of compositional and processing dimensions. This
work provides the background to guide the design of new alloys, especially where
opportunities are present to improve recyclability. To achieve this, a blending model
with an integrated material flow analysis will be optimised over compositional space
to inform alloy compositions that enable higher quantities of scrap use. Blending
models inform the scrap usage of a candidate alloy when it is set in a predetermined
market landscape. Due to their computational cost, machine learning optimisation
methods such as Bayesian optimisation will be employed to focus the design process.
The optimisation will be subject to constraints that are based on compositions, phase
combinations, and relevant properties to ensure that the alloys not only maximise the
amount of scrap use but also meet technical requirements. This manuscript describes
the background content that will inform this work.

Keywords Aluminium · Alloy design · Bayesian optimisation · Recycling

Introduction

Design of aluminium alloys has historically focused on performance improvements
without direct incorporation of sustainability considerations in the process. However,
based on decarbonisation and recycling goals set by the aluminium industry, a signifi-
cant shift must happen in the design process [1]. In addition, as scrap streams become
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increasingly sought after, we must offer opportunities for a broader range of scrap
compositions to be used by remelters. Recycled streams are accompanied by impuri-
ties including othermetals or glass frommixed collection and incomplete component
separation or organic materials andminerals from coatings used on specific products.
When there is repeated recycling of the material (a goal in more closed systems),
there may be accumulation of these impurities over time if not properly controlled or
accounted for in the scrap beneficiation processes. Impurities are adjusted through
dilution with primary or higher-quality materials, but this presents a challenge in
the desire to use increased scrap quantities. So, there is an important trade-off at
play in the desire to decarbonize materials production: as we approach saturation
of materials, stock emissions reductions are further enabled by the use of old scrap,
but as we have the opportunity to increase circularity (more material coming out
of use than is demanded), we must track the potential for impurity accumulation
more closely. Together with ever more powerful computational tools, this need calls
for the exploration of a broader range of compositional and processing dimensions,
especially where opportunities are present to improve recyclability.

We hypothesize that a blending optimization framework over a broad compo-
sitional space can inform alloy compositions that enable higher quantities of scrap
use. Blendingmodels are optimisation algorithms that are used in alloy production to
calculate the lowest cost to produce alloys considering primary and secondary mate-
rial flows. This approach incorporates a set ofmaterial flows (with their compositions,
quantities, and prices) as well as a set of demanded alloys (with their compositional
specifications and quantities). The output is the mapping from the former to the latter
that leads to the lowest cost. Typically, scrap materials are less expensive than their
primary counterparts, so by minimising the cost to produce an alloy, in most cases,
scrap use is maximised. Blending models can also offer insight into how agents
within a system may respond to different scrap availability or demand scenarios by
varying the material flows and recycled alloy demands. This is especially useful to
consider the design for different market regions or different years [2]. As a result,
blending models allow for a unique insight into how new alloy compositions can
be produced when set into a market landscape which, when using real-world data,
simulates real-world performance.

However, due to blending models’ high number of inputs and outputs, computa-
tional cost, and lack of continuity or derivability, it would be infeasible to perform
regression and apply the common property prediction paradigm. Instead, machine
learning optimisation methods such as Bayesian optimisation (BO) will have to be
employed. BO is a black-box optimisation method that does not assume any func-
tional form and uses a sequential design strategy where samples are selected and
evaluated at each iteration until a stopping criterion is met [3]. It is an efficient
algorithm that aims at minimising the number of calls to the expensive function it
optimises. Furthermore, it has the property of being very flexible to the types of
functions that are optimised as the goal is only to find the maximum (or minimum)
and not perform regression. For applications in alloy development, the optimisation
will be subject to constraints that are based on compositions, phase combinations,
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and relevant properties to ensure that the alloys not only maximise the amount of
scrap use but also meet technical requirements.

We hypothesize that by combining efficient blending optimisation with recy-
clability and property considerations, one can design alloys that use more scrap
while producing desirable alloys. This proceedings contribution provides relevant
background content to support this hypothesis.

Critical Features for Recycling-Friendly Alloy Design

The set of work that forms the basis for the modelling framework proposed includes
approaches that have optimised computational design, assessment of scrap tolerance,
broad studies on accumulation of elements in secondary materials streams, as well as
experimental work to assess links between properties, processing, and composition.

Material Flow Analysis

Given the broad interest in circular economy and stated goals by companies to achieve
high levels of recycled content in their products, recycling may be ultimately limited
by accumulation of undesirable materials constituents or materials characteristics
inherently caused by reprocessing. With respect to aluminium, elements that have
been referenced as problematic include Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V, and Mn.
Plant operators must specifically identify approaches in production to avoid accu-
mulation of these elements. These elements may form intermetallic compounds that
can negatively impact processing downstream, particularly in the case of wrought
alloys. Even minor additions of iron, for example, increase constituent particles
because of the reduced solid solubility of iron [4]. Current approaches for alloy
design or modelling scrap utilisation do not accurately reflect the dynamics of accu-
mulation because these models do not explicitly consider the actions of recyclers
in the system or link alloy design to overall expected material flows. There are
two benefits in inherently linking material flow analysis (MFA) to alloy design:
first, models that ignore the actions of agents through blending may misestimate
expected accumulation and therefore undervalue upgrading technologies that might
mitigate accumulation; second, through explicit accounting of the expected future
trends, alloys can be designedwith a view into the composition of the available scrap.
Previous work has raised concerns that recycling of a resource degrades that resource
and modelled the implication of these accumulation mechanisms throughMFA. This
has been done either at aggregate product levels or by tracking individual elements,
but all through dynamic MFA strategies [5, 6]. Buchner et al. used dynamic MFA
to quantify aluminium-based circularity within a specific geography aggregating at
the level of wrought versus cast Al scrap [7]. They point to the need for separa-
tion between scrap streams for these two products to avoid excess of mixed scrap
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streams, particularly when export of lower-quality scrap is constrained. Hatayama
and co-authors found that effective scrap sorting on end-of-life vehicles, in particular,
addresses the challenges of decreased demand for cast alloys [8]. Other work has
calculated the accumulation of elements over time through composition thresholds
and tracking alloys and products through their lifetimes for aluminium [9], but also
other metals such as steel [10, 11]. Designing for recycling-friendly alloys in the
context of elemental accumulation has been limited in the published literature, but
the modelling approach explored in by Gaustad et al. provides insight into which
elements lend themselvesmost to incorporation of scrap [12]. However, there is a gap
in this literature that links these concepts. Methodologically, we choose to do that
linking through the use of efficient blending optimisation linked to overall material
flows.

Experimental Alloy Design

Meeting sustainability goals and managing the accumulation of elements in the recy-
cling stream are two issues that have been present in the research on the experimental
designof aluminiumalloys. For example, a key strategy in achieving energygoals is to
design aluminium alloys for better operability at higher temperatures enabling higher
efficiencies, in the case of electrical cables and heat exchangers, or the lightweighting
of cars and planes by replacing currently used steel alloys [13]. However, current
commercial aluminium alloys are limited under load-bearing conditions to temper-
atures of around 220 °C. Beyond this, the creep resistance of those alloys begins
to suffer due to phase transformation and precipitate coarsening, amongst other
effects. Extensive research has been done in this field, and better creep resistance
can now be achieved through the promotion of L12 or α-Al(Mn,Mo)Si precipitates
with microadditions of Sc, Zr, Er, or Mo, respectively. Using such methodology,
operable temperatures have reached the 400–450 °C range [14]. Alternatively, the
effects of impurities have been investigated, most notably in Al-Si cast alloys that
are commonly used in the automotive industry and are particularly sensitive to the
accumulation of iron in the scrap supply [15, 16]. This is because of the presence of
the β-Al9Fe2Si2 intermetallic phase affecting negatively the castability and tensile
properties of those alloys. Amongst the few strategies to deal with the β phase is
the addition of Ni, Cu, or Mn to destabilise the detrimental intermetallic phase by
changing its composition or promoting other phases [17–20]. However, experimental
research is inherently limited in scope and time. The classic trial-and-error approach
is too time consuming and is limited to problems that are already present, with little
consideration of or means to predict future problems such as accumulation.
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Computational Alloy Design

The optimal computational design of an alloy, for example to optimise a certain
property, is usually done via regression where models are created to relate known
information about the alloys with the targeted properties. Thosemodels are then used
to perform property prediction to find better alloys. This methodology, however, only
works in cases where sufficient data is available for models to be good estimators
of properties. In our case, the input space of a blending model coupled with an
MFA is very large, as it contains the compositions, quantities, and prices of scrap
and demand material in addition to the common MFA parameters. Therefore, where
large amounts of data are not available, or, equivalently, the feature space is too
large, formulating the design process as an optimisation problem becomes more
efficient than property prediction. Such methodology has been applied in the field
of high entropy alloys where the common trial-and-error design methodology that
has dominated metallurgy for centuries is inefficient because of the large size of the
design space, which includes many elements with significant variability [21–23]. It
has also been applied to various types of alloys to, for example, increase hardness,
yield strength, or multiple mechanical properties at once [24–26]. However, little
research has considered sustainability or recyclability in the design process. Barnett
et al. introduced the concept of scrap tolerance via a compositional flexibility metric
in their discussion of high entropy alloys, but the optimisation process was still
exclusively focused on the maximisation of precipitation hardening [23].

Integrated Design

To meet the decarbonisation and recycling goals set by the industry, it is imperative
to incorporate recyclability considerations in the design of new aluminium alloys,
with explicit inclusion of dynamics associated with elements that may accumulate
in scrap reprocessing. The common experimental design approach that has been
employed extensively until now has managed to give answers for certain specific
alloys and cases but lacks the outlook and integration needed to properly manage
future flows problems such as accumulation. Instead, the shift in alloy design towards
computational optimisation canprovide a unique opportunity to introduce sustainable
design of alloys either by considering relevant metrics as constraints or, even better,
objectives. We must employ techniques looking at a broader range of compositions
such as blending models and MFA to properly assess the extent to which a new alloy
can be produced with more scrap and mitigate recycling problems of the future.
Drawing on the methodologies of previous research in alloy design by optimisation,
we propose to optimise an integrated blending model with MFA to consider the next
generation of design challenges that the aluminium industry will face to reach a fully
circular economy.
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Framework for Alloy Design Through Optimization

Themodelling frameworkpresentedhere contains three areas not previously explored
across one line of inquiry. Those are as follows: (1) the high cost of the objective
function, (2) the extensive use of constraints, and (3) the high dimensionality of
the design space. Genetic algorithms are usually the algorithm of choice in material
science problems, but they often require a lot of iterations to converge and do not
work well with constraints, especially if the design space is non-convex [21, 22, 24,
25]. In contrast, this work will use BO, a more efficient algorithm that can imple-
ment constraints easily even when considering mixed continuous and discrete vari-
ables such as compositions and processing parameters [27]. Finally, the design space
needed to evaluate blending models on is of high dimensionality. This is because, to
properly quantify the uncertainties in scrap supply and alloy production, the compo-
sitional ranges (lower and upper compositions) of each element present in an alloy
must be considered. The design space therefore lies in 20 dimensions when consid-
ering only the nine most common alloying elements as well as aluminium, and this
is without adding the dimensions for processing parameters. However, for all of its
advantages, BO is usually said to reach its limit at around 20 dimensions. At higher
dimensions, BO proves to be an intrinsically hard problem that requires the use of
different methodologies such as special acquisition function or lower-dimensional
embeddings to function properly [28–30].

We summarise these gaps as an optimisation problem with the following form:

maxx∈Rn B(x) (1)

s.t. li ≤ ci (x) ≤ hi ∀i (2)

where the vector x is the n dimensional descriptor of an alloy, B(x) : Rn → R is
a function of a blending model and MFA that outputs the scrap usage of x based
on a predetermined scenario, and ci (x) : Rn → R are the constraints imposed on
the optimisation, bounded by the values li and hi . The modelling framework will be
implemented in the following stages:

1. Integration of the blending model and the MFA together into a function
B(x) along with the necessary demand scenarios and representation of the
current material flow landscape (quantities, prices, compositions of primary
and secondary material).

2. Development of the optimisation algorithm, which includes the selection of the
best alloy descriptor, best acquisition function for BO, and any methodologies
used to manage the high dimensionality, cost, and discontinuity of B(x).

3. Selection of the constraints ci (x) to define the design space.As stated previously,
those will fall into one of three categories: compositions, phase combinations,
and properties. Compositional constraints ensure that the vector descriptor is
a valid alloy, but they can also be used to limit the quantities of elements or
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limit the design space to certain alloy series. Phase constraints will implement
CALPHADcalculations to ensure that x is a solid solution alloywith a controlled
amount of unwanted phases. Finally, property constraints direct the optimisation
towards alloys with desired specifications.

The scope of the project is ultimately to provide with a complete design method-
ology to enable aluminium alloys with higher scrap usage. By specifying a range
for any property constraints for which a model is implemented, the output of the
optimisation can be tailored to fit a wide range of specifications. Furthermore, to
reflect the real-world scrap usage of an alloy, the integrated blending model and
MFAwould need to represent the current material flow landscape as best as possible.
This includes the possibility of modelling different demand scenarios such as the rise
in electrical vehicle consumption or increased incentives to recycling. This requires
data on quantities, prices, and compositions of post-consumer and post-industrial
scrap for different sectors, regions, and years. This data has already been collected
as part of other previous projects and can therefore be used in this analysis too. The
more granular the data, the more possibilities there is to design alloys for specific
regions or demand scenarios. Additionally, the availability of data for multiple years
enables the model to assess the scrap usage of an alloy throughout its lifetime there-
fore incorporating the effect of future material flows, such as accumulation, in the
analysis.
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An Automated Recycling Process
of End-of-Life Lithium-Ion Batteries
Enhanced by Online Sensing
and Machine Learning Techniques

Liurui Li, Maede Maftouni, Zhenyu James Kong, and Zheng Li

Abstract This paper attempts to address key challenges to automate unit opera-
tions (e.g., disassembling and sorting battery components at the cell level) of the
lithium-ion battery direct recycling process. In our previous publications, we intro-
duced the design and prototype of an automated disassembly system that can sepa-
rate cell cases, metal tab, cathode, anode, and separators of a LIB pouch cell with
minimum human intervention. In this paper, we take one step further to integrate
industrial vision cameras and sensors into the prototyped system which allows real-
time process defect detection and corrective action. Specifically, this paper focuses
on online sensor integration in the electrode sorting step for separating cathode and
anode electrode sheets. The electrode sorting and separation method developed here
simplifies the subsequent materials extraction and purification operations of the LIB
direct recycling.

Keywords Lithium-ion battery · Smart manufacturing · Battery recycling ·
Machine learning · Online sensing

Introduction

The estimated annual demand for lithium-ion batteries (LIBs) in 2025 will reach 408
GWh due to the market expansion of electric vehicles (EVs) [1]. The lifespan of EV
battery packs ranges from 4.5 to 14.5 years depending on their operating conditions
[2, 3]. Therefore, a tremendous amount of end-of-life (EOL)LIBswill be generated in
the foreseeable future which creates severe concerns on environmental sustainability
and the security of the critical materials supply chain [4]. Meanwhile, the EOL LIBs
are a potential resource of valuable metals (e.g., Ni, Mn, Li, or Co) [5]. Therefore,
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it is important to develop an effective recycling process that is ecologically friendly
and economically feasible for EOL LIBs.

The incumbent EOL LIBs recycling methods combine mechanical pretreat-
ments and metallurgical processes [6]. Mechanical pretreatments comprised steps of
discharging battery packs, dismantling packs into cells, and separating materials of
single cells. Metallurgical processes that consist of pyro-, hydro-, and bio-metallurgy
are generally downstream procedures of mechanical pretreatments [4]. Despite that
the metallurgical processes are widely practiced in industry, hazardous gas emis-
sions, acid waste, and high-energy consumption issues have always been barriers
toward truly sustainable closed-loop recycling [7]. In recent years, a direct recycling
approach that regenerates cathode materials proved to be feasible [8–10]. While the
coated electrode materials recovery rate for metallurgical processes is only around
75% [11], the coated material recovery rate through the direct recycling process can
reach as high as 97.4% if electrode sheets can be separated and extracted with their
integrity well preserved [12]. Although direct recycling is more eco-friendly and
energy conserving with high materials recovery rate, the development of direct recy-
cling does face some challenges including complex unit operations, high recycling
production cost, and requirement for battery presorting when scaling up the opera-
tion. Specifically, the existence of anode powders and mixed current collector metals
in extracted EOL cathode powder during the direct recycling process increases the
complexity of downstream processing and negatively impacts the electrochemical
performance of the final recycling product [13].

To simplify the material extraction and purification in direct recycling, an auto-
matic disassembly system has been designed and prototyped for dismantling and
separating cathode sheets, anode sheets, separators, and Al laminated film housing
from lithium-ion pouch cells in our previous report [14]. Compared to the destruc-
tive pretreatment widely adopted in the metallurgical process, this proposed system
has a great potential to achieve a higher coating material recovery rate as well as
yield purer cathode powder. In this paper, we take one step further to integrate indus-
trial vision cameras and sensors into the prototyped system which allows real-time
process defect detection and corrective action. Specifically, this paper focuses on
online sensor integration in the electrode sorting step for separating cathode and
anode electrode sheets. The electrode sorting and separation method developed here
simplifies the subsequent materials extraction and purification operations of the LIB
direct recycling.

Disassembly Sequence and System Overview

Figure 1 shows the continuous process for direct regeneration of cathode materials
recycled from E LIBs in our laboratory. As part of this direct regeneration strategy,
our proposed single battery disassembly system has great potential to ensure the
automatic separation of Al laminated films, separators, cathode sheets, and anode
sheets with their well-preserved integrity. Before being fed into the disassembly
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Fig. 1 a Configuration of a pouch LIB and b continuous process for recovery of cathode coating
from EOL LIBs [14]

system, EOL LIBs need to be fully discharged in saltwater to avoid any explosions
or fire hazards. Then, three sealed edges along with metal tabs are cut off from the
core area sequentially. The remaining folded Al laminated housing film needs to
be stretched from both sides by external forces to extract the electrode separator
compound (ESC). Separators need to be unfolded and continuously fed forward. For
EOL LIBs, electrode sheets tend to attach to the separator due to the surface tension
of the electrolyte or the aging of the electrodes. Thus, specialized skiving tools are
needed to scrape cathode and anode sheets off from opposite sides of the separator.

The system is physically designed and built into three modules as shown in Fig. 2
pouch trimming module, housing removal module, and electrode sorting module.
These modules can achieve the automated disassembly of LIB and finish three key
corresponding steps encircled in Fig. 1. All mechanisms or toolsets involved in these
three modules can be divided into three categories: end effectors, fixtures, and trans-
porters. Each module contains several customized key apparatuses to achieve the
designed connection removing plan. These apparatuses are usually called end effec-
tors. Special fixtures are also needed to hold the position of targeted assemblies or
subassemblies while the end effectors operate. Between each module, the remaining
subassemblies such as Al film housing covered ESC and the ESC itself need to be
transported between fixtures located in adjacent modules by transporters. The coop-
erating of end effectors, fixtures, and transporters assures the success of connection
removing as well as material separation in our automated disassembly line. Detailed
design of these key apparatuses is introduced in [14].
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Fig. 2 Prototyped LIB pouch cell disassembly system overview [14]

Electrode Sorting Module

The separation of cathodes, anodes, and separators is a critical process for any LIBs
recycling process. It directly influences the purity and recovery rate of the recycled
materials. Our proposed electrode sorting strategy extracts cathode sheets and anode
sheets, respectively, without applying destructive forces. By automatically stretching
and feeding the Z-folded separator, cathode sheets and anode sheets attached on
opposite sides of the separator are scraped off by specialized toolsets as the schematic
shown in Fig. 3a. Since commonly used PVDF binder can be removed by either
dissolving in organic solvents or decomposing at temperatures above400 °C,multiple
combinations of chemical, thermal, and mechanical treatments will then be used to
break the adhesion betweenAl foil and cathode coating. The prototype of thismodule
is shown in Fig. 3b. The functionality of this module was verified in the dummy cell
test [14].

The sensor-integrated sorting module was assembled in a fume hood so that the
electrode sorting process of a real ESC from LIB pouch cell could be recorded and
analyzed accordingly. Three FLIR S USB 3 mono industrial cameras with 1.6 MP
resolution and 226 FPS as shown in Fig. 4a are integrated. These cameras integrate
the industry’s most advanced sensors within a 29 mm * 29 mm * 30 mm cube. Both
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Fig. 3 a Schematic and b prototype of the electrode sorting module

Fig. 4 Vision sensor network components: a FLIR S USB3 mono industrial cameras with 1.6 MP
resolution and 226 FPS and b tension sensor modified from strain gauge-based load cell



480 L. Li et al.

automatic and precise manual control modes over image capture and on-camera pre-
processing are available, thus enabling us to record videos and capture images with
trigger signals from LABVIEW. A load cell that measures force and outputs the
force signal as an electrical signal is also integrated into the sorting module. The
selected load cell as shown in Fig. 4b uses a strain gauge to detect load changes, and
hydraulic or pneumatic load cells are also favorable choices. The strain gauge-type
load cell usually integrates four strain gauges in a Wheatstone bridge. Such bridge
circuits originally have two balanced legs. When external load deforms the strain
gauge, the electrical signal changes can be captured by the HX711 24 bit precision
ADC module that is connected to LabVIEW via Arduino Mega 2560 R3 board.

Figure 5 shows the schematic of the sensor-integrated electrode sorting module
with minimum changes on the separator feeding mechanism. The original pinch
roller toolset is replaced by an initiative roller for the convenience of recording the
load change on the roller which equals the resistance force applied to the separator
from guiding posts and skiving blades. The overview of the upgraded sorting module
is shown in Fig. 6. The first industrial camera focuses on the ESC unfolding area as
indicated in Fig. 6d. The second industrial camera monitors the first guiding post and
the first skiving blade from the above so that the separation process of the electrodes
positioned on top of the separator can be monitored as shown in Fig. 6b. Ideally,
the third industrial camera should focus on the separation process of the electrodes
attached to the bottom of the separator. However, due to the space restriction, the
camera is set to 45◦ tilted from the horizontal direction as shown in Fig. 6c. In this
sensor-integrated system, any electrodes separation defect (e.g., failed to be skived
off from the separator) can be detected through the semi-transparent wet separator.
The output of the load cell is shown in Fig. 6e, and the negative value between 5 and
10 s at the very beginning indicates a calibration step by applying a standard 100 g
weight to the load cell.

The control UI constructed within LabVIEW is shown in Fig. 7. The image acqui-
sition section as encircled in Fig. 7a allows us to integrate as many industrial cameras
as needed into the control software so that future upgrades on the entire prototyped
disassembly system are convenient. Figure 7b displays the real-time data collection

Fig. 5 Schematic of the sensor-integrated electrode sorting module
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Fig. 6 Sensor-integrated system operating with EoL H605060 LIB: a system overview, b the
operating frame of industrial camera #2, c the operating frame of industrial camera #3, d the
operating frame of industrial camera #1, and e the recorded resistant force from the load cell

Fig. 7 LabVIEW control unit front user interface: a image acquisition section, b load cell reading
section, and c linear motion control section

from the load cell with the autoscale adjusting function. Figure 7c is the linear motion
control section integrated with functions of the position restoration, precise linear
positioning, and arbitrary speed adjustment.
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The Closed-Loop Controller

The closed-loop controller is implemented in the EOL LIB disassembly system to
execute the corrective action in real timebased on the sensor data. The condition of the
EOLbatteries can vary dramatically due to their different operating parameters. Thus,
a closed-loop controller that can adjust parameters to correct the anomaly or defect
is needed to improve the electrode separation quality. Figure 8 shows the overall
architecture of the closed-loop controller. The physical part can be directly transferred
from the prototyped disassembly system introduced in the previous sections with an
integrated sensor network. The cyber part established within MATLAB or Python
environmentswill include two steps: defects diagnosis and defectsmitigation actions.
For the electrode sorting module, the separator from an EOL LIB can be fragile, and
small cracks shown in Fig. 9 can lead to the breakage of the separator and eventually
compromise the sorting process by having a discontinuous separator. If such cracks

Fig. 8 Control architecture of the closed-loop process monitor for the electrode sorting module

Fig. 9 Input images of a intact separator and b cracked separator
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can be detected by the industrial cameras at the nascent stage, machine learning
algorithms will be able to identify them by classifying the captured images. Then
the corresponding system operating parameters can be adjusted to either decrease
the pulling force applied to the separator or simply shut down the operation and
call for human intervention. Thus, the implementation of this closed-loop controller
will enable the machine to cognize the possible uncertainty and apply necessary
parameter adjustment correspondingly in real time. An example of detecting defects
as shown in Fig. 9 and adjustingmachine parameters according to the physical model
of the apparatus is demonstrated here.

The convolutional neural network (CNN) is used to identify the defects by contin-
uously classifying images captured by integrated industrial cameras during the elec-
trode sorting process which shows promising results in image classification by auto-
matically discovering the separator interconnections [15]. Two image labels for the
cracking defect are defined as “new” and “crack” in the preliminary CNN classifica-
tion model development. Around 750 images for each label are used as the training
data set, and 350 images for each label are used as the validation set. Images are
downsized from the resolution of 4032 * 3024 to 200 * 1150 to minimize the model
training time. Hyperparameters in a CNNmodel, such as learning speed, depth of the
neuron network, and batch size, determine the neuron network structure and setting.
These parameters are tuned to the best possible condition based on the classifica-
tion accuracy of the validation set before initiating the model training utilizing the
training set. Here the Bayesian hyperparameter tuning method, which can smartly
explore the space of potential choices of hyperparameters in CNNmodel by deciding
which combination to explore next based on previous observations, is adopted. The
trained CNN model will label each image with the highest probability value as the
classification result shown in Fig. 10.

The trained CNN model is then tested by an 1120 mixed image pool containing
images from both categories. A confusion matrix is utilized to demonstrate the effec-
tiveness of trained CNN models. The matrix is a summary of prediction results on
the classification to provide an insight into the errors being made by the CNNmodel.
Figure 11a gives the basic structure of a 2 * 2 confusion matrix which is also the
matrix size for cracking defect detection since only two labels are involved. P in
predicted class and actual class represents that the observation is positive and N
represents the negative observation. Here in the cracking defect detection task, P
represents the “crack” separator and N represents the “new” separator. True positive
(TP) represents a positive observation and a positive prediction. True negative (TN)
represents a negative observation and a negative prediction. Both TP and TN are
favorable results for the observation that agrees with the prediction. False negative
(FN) represents a positive observation but is predicted as negative, and false positive
(FP) represents a negative observation but predicted as a positive. Thus, FN and FP
are major sources of inaccuracy and should be avoided as much as possible. With
TP, TN, FN, and FP available, the accuracy of the CNN classification model can
be calculated by Eq. (1). With the confusion matrix of the preliminary algorithm
indicated in Fig. 11b, the accuracy of the trained CNN model proved to be 98.12%,
which is a satisfying result.
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Fig. 10 Examples of image classification result and probability value

Fig. 11 a Structure of the confusion matrix and b the confusion matrix of the classification model
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Accuracy = (TP + TN)/(TP + TN + FN + FP) = (TP + TN)/(P + N ) (1)

The last step to fulfill the closed control loop is to enable the real-time machine
parameter adjustment based on the physical model of the mechanism so that detected
defects can be mitigated or even eliminated. After detecting the “crack” defect, a
series of actions will be taken to reduce the tension applied to the separator along its
feeding direction. These actions may include decreasing the separator tilting angle,
reducing the feeding speed of the separator, and increasing the blade tilting angle,
which will be further verified by the physical model of the mechanism and a series
of design of experiments. The commands for machine parameter adjustment will
be sent from MATLAB or Python to LabVIEW, thus the continuous feeding of the
separator can be assured by this control loop. The closed control loop for the entire
LIB disassembly system will be completed in the future development of this project.

Conclusion

Anautomated disassembly system for EOLZ-folded pouchLIBs has been introduced
in which cathode sheets, anode sheets, separators, and Al laminated film housing are
automatically separated. The preliminary effort to integrate sensor networks and
implement machine learning and closed-loop control is investigated and reported to
improve the robustness of the module. Compared to the destructive pretreatment,
the integrity of cathode sheets can be well preserved which will greatly benefit
downstream direct recycling processes. Further research activities will focus on
implementation of closed-loop control for the entire LIB electrode sorting system.
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Steel Production Efficiency
Improvements by Digitalization

Markus Schulte

Extended Abstract

Steel is one of the most important engineering and construction materials and plays
a critical role in the overall economic development. However, iron and steel industry
is one of the most energy-intensive industries which accounts for >20% of global
industrial energy use and about a quarter of industrial CO2 emissions in the world.
Energy efficiency improvements are one driver for production optimizations, but effi-
ciency improvements in steel production can be reached in several ways like equip-
ment availability improvements as well as yield increases or optimized production
schedules.

Using digitalization for these improvements in steel production requires reliable
data pipelines from the sensors and automation systems to the applications. An
additional data collection and storage layer between the IT and OT systems helps to
process these data and inserts them in a compressed form in a data warehouse. The
applications can access the data in that additional layer through a generic API. This
data warehouse, which unifies data from different data sources, is the key enabler
for the successful and quick deployment of value adding applications.

Our integrated energy platformhas the capabilities tomanage and optimize energy
consumption as well as to track the carbon footprint on a product level. It helps to
reduce overall consume of resources by process efficiency modeling, simulation, and
forecasting.

Process data are used to train AI/ML models which can be utilized in the area of
asset optimization. Especially in the current steel market situation, the availability
of the equipment is critical for steel producers. Forecasting of the time-to-failure of
critical components helps to reduce the unplanned downtimes, to extend the lifetime
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of the assets, and to avoid catastrophic failures. Pattern in the data of hundreds of
signals indicates upcoming equipment failures in early stages and helps to trace down
the root cause of the issue. This is has successfully been developed for several use
cases for electric arc furnaces, e.g. for refractory relines, taphole failures, and panel
failures.

Despite the fact that digitalization drives and enables these efficiency improve-
ments and data are the foundation for the value of these applications, the under-
standing of the physics and processes in metallurgy as well as of automation are
required for a successful application in the field. Especially when the data basis is
small or not even existing, the physical models and measurement capabilities play
an inherent role to close that gap. In this way, we could develop smart applications,
which, e.g. optimize mechanical properties, reduce the amount of virgin material
consumption by increased consume of recycled material and the optimization of
heat treatment times and temperatures for reduced energy waste.

These types of applications get more and more accepted in the steel industry as
they have shown their value for the producers. The use of these applications starts
usually for small and isolated processes, but the future is heading towards a more
holistic optimization for production areas, entire plants, and even enterprises which
will increase the impact of AI/ML for this industry for the next years significantly.



Refractory Lifetime Prediction
in Industrial Processes with Artificial
Intelligence

Nikolaus Voller, Christoph Pichler, Christine Wenzl, and Gregor Lammer

Abstract This paper deals with refractory lifetime prediction by using artificial
intelligence (AI). Through the effective use of process parameters, obtained from
various operational processes within the Industrial (Cement/Lime, Non-Ferrous
Metals, Process Industries, Foundry) and Steel sector, an AI model is generated.
With the assistance of modern surveying technology, a correlation can be identified
between process parameters and refractory wear. Using this method, suitable predic-
tion of the refractory lifetime, as well as the wearmechanism, is possible. In addition,
maintenance cycles can be adjusted, and the optimal maintenance intensity of the
operated furnaces can be ensured.With our intelligent Automated Process Optimiza-
tion (APO) solution, the prediction of refractory lifetime and wear mechanism can
be done in real time. Thus, we can provide value-added service to our customers.

Keywords APO · Refractory wear · Lifetime prognosis · Artificial intelligence ·
Process optimization

Introduction

Through the ongoing digitalization process in different industries and the transition
to Industry 4.0 applications based on artificial intelligence are becoming increasingly
important. The popular term “Industry 4.0” is often used in different contexts as well
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as with different meanings. In the following, Industry 4.0 has its focus on intelligent
production, processes, and products [1]. Modern production mills aim to be smart
factories and enables networking between people, machines, and products [2, 3].
As the amount of recorded data from various processes is constantly increasing,
decisions based on automated, self-optimized systems will increase rapidly in the
future [4]. The aim of such systems, especially the patented Automated Process
Optimization (APO), is to increase safety, optimize production, and lower production
losses [5]. In addition, the lifetime of the refractorymaterial itself is always extremely
difficult to assess. The right time must be chosen in order both to avoid wasting
refractory material that is still usable and to prevent the furnace from a break-through
that would cause extensive damage. Decisions for maintenance actions or process
modifications are still mostly made by humans based on their experience. Therefore,
the correlation between process parameters and refractory wear based on this AI
system is extremely valuable, and the demand for using APO is raising too [6].

In the following, the applicability and requirements to set up such a system,
the data processing, as well as a practical example of a self-optimized system are
highlighted.

Applicability

Originally, the APO system was developed for the steel industry, and first successful
applications are in operation. The important aspect is that APO is also applicable for
all different types of furnaces in industrial processes where continuous process data
is generated. The key point is to fulfill the minimum requirement as shown in Fig. 1.

Fig. 1 Minimum requirements for APO
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On the one hand, a measuring device must be used to generate the necessary
lining data. In the best case, a modern technology, like laser scans, is used. To save
as much time as possible and reduce the thermal shock for the refractory, a laser
scan can be used under hot conditions, as the furnace does not need to be cooled
down. However, since this variant needs a special laser system, that withstands the
high temperature, a scan in cold conditions can also be applied. On the other hand,
relevant production data, as temperature, process time, and/or charging mixture, is
needed to run the application properly. This could be historical data at the beginning
of the implementation and real-time data at a later stage. The APO system is learning
based on this input data. Therefore, the more valuable the input data is, the better the
results will be in the prediction of refractory wear and lifetime.

Data Processing

The APO system is built on artificial intelligence combined with machine learning
[1, 7] and is calculating a digital twin of the refractories in the furnace [5]. Figure 2
shows the data processing pipeline for an APO system.

Fig. 2 APO data processing pipeline [1]
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The minimum requirements to establish an APO system are lining and production
data. By combining these data sources, the AI model (digital twin) is generated.
Modern machine learning and artificial intelligence methods are used to process
this data [1]. The system evolves in an agile manner, and additional maintenance
data enhances this self-learning process. Important is the selection of the most useful
production parameters (feature selection). For many data analysis methods, selecting
the appropriate features has become increasingly valuable [8–10]. The aim is to
exploit only influential production features to achieve the best possible refractory
wear prediction [7]. Furthermore, detection of outliers in the lining data packages
takes place in order to denoise them. This ensures higher accuracy in the prediction
process. Especially with small data packages, outliers cause disadvantages for the
training and the self-development of theAPOsystem [7].Amore detailed explanation
of the data processing steps to obtain a suitable APO model is provided in [1, 7, 11].

In addition to selecting the most significant parameters for wear, it is also possible
to manually force parameters that affect the production process itself. With this
capability, not only refractory wear can be related to the data, but it also allows
different production problems or scenarios to be linked.

Practical Example/Implementation

To best demonstrate the functions and capabilities of the APO system, a more hands-
on approach is useful. Therefore, a practical example based on a short rotary kiln is
chosen. This kiln can be used in different industrial production lines, like aluminum,
lead, copper, and many others. After the relining of the furnace, the first lining data
is generated through a laser scan. In the meantime, historical production data is
transferred by the APO data processing pipeline. During normal production, new
process data is transferred continuously to further enhance the self-learning system.
If maintenance work takes place as part of the production campaign, a new laser scan
can be used to obtain up-to-date data on the refractory material inside the kiln. At
the end of the campaign, the used lining is measured again.

All gained information and predictions will be displayed in the APO dashboard
that the end-user can adapt according to specific needs.Besides important parameters,
details about remaining heat cycles, and critical refractory areas, also the refractory
wear prediction are visible on the dashboard. An example of such an APO dashboard
with lifetime prognosis is shown in Fig. 3.



Refractory Lifetime Prediction in Industrial Processes … 493

Fig. 3 Refractory wear and lifetime prognosis dashboard

The median lining thickness is plotted on the ordinate and the number of process
cycles on the abscissa. The thin vertical lines represent additional lining scans. Based
on the correct process parameters and the lining data, the APO system can predict
the number of process cycles remaining before relining is necessary. Moreover, the
predicted refractory wear, as well as the predicted remaining process cycles (#1021),
is visible between the already finished process cycles (#2181) and the maximum
possible process cycles predicted (#3200). Furthermore, the most influencing key
parameters, as well as the respective area analyzed, are displayed on this APO
dashboard.

All required information about refractory wear and important process parameters
are displayed on this dashboard and can be accessed by the operator anywhere via
tablet or mobile device. Thus, optimal furnace and refractory performance can be
achieved.

Results and Achievements

TheAPO system can improve our customers’ production process and save resources,
time, and money too, as already proven by successful installations at several of
RHIM’s steel customers. The implementation ofAPOgenerates benefits fromvarious
improvements: On the one hand, process cycles times can be improved and tap-to-
tap times reduced through process optimization. Moreover, these improvements in
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process control result in cost savings through more efficient use of the production
process. On the other hand, optimal usage of the existing refractory material can
be obtained. As a result, maintenance tasks can be better planned, and any sudden
furnace breakouts can be prevented. Both aspects save customer’s valuable time and
resources. In general, a total benefit of approximately 15% to 20% can be achieved.
This primarily relates to the increased furnace availability.

In addition, the APO system provides a visualization of the furnace wear profile,
as shown in Fig. 4. This enables a better understanding of the differently influenced
areas in the furnace and promotes quick operator interventionwhen critical situations
occur.

Fig. 4 Virtual profile of the furnace’s refractory wear
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Conclusion

The ability to predict refractory wear is a significant advantage of our APO tech-
nology. Furthermore, the understandingof the process canbe improved andoptimized
by the appropriate selection of parameters (feature selection). The use of APO thus
improves not only themonitoring of the refractory wear mechanisms but furthermore
also the process control. Subsequently, it allows for optimization of production, as
well as safety standards in the operational business.

The decisive factor is the use of suitable production and lining data to create the
APO model. The customer dashboard can be customized to meet specific needs,
allowing an easy and quick overview of key indicators and the visualized profile of
the furnace’s refractory wear.

Due to the wide range of applications in countless different industrial furnaces,
numerous customers can benefit from the implementation of the APO technology.
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Digitalization for Advanced
Manufacturing Through Simulation,
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Abstract Computer simulation, visualization, and machine learning are increas-
ingly playing key roles in the digitalization of advanced manufacturing processes.
These technologies can be used to create cutting-edge physics-based and data-driven
tools for real-time decision making to address critical issues related to energy effi-
ciency, carbon footprint, and other pollutant emissions, productivity, quality, opera-
tion efficiency, maintenance, and more. They can also provide fundamental under-
standing and practical guidance for process design, troubleshooting, and optimiza-
tion, new process development and scale up, as well as workforce development.
The Center for Innovation through Visualization and Simulation (CIVS) at Purdue
University Northwest, established in 2009, has used these technologies to develop
and implement digitalization for Advanced Manufacturing in partnerships with steel
and other industries.
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Introduction

Computer simulation, visualization, and machine learning are increasingly playing
key roles in the digitalization of advanced manufacturing processes. These tech-
nologies can be used to create cutting-edge physics-based and data-driven tools
for real-time decision making to address critical issues related to energy efficiency,
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carbon footprint, and other pollutant emissions, productivity, quality, operation effi-
ciency, maintenance, and more. They can also provide fundamental understanding
and practical guidance for process design, troubleshooting, and optimization, new
process development and scale up, as well as workforce development. The Center
for Innovation through Visualization and Simulation (CIVS) at Purdue University
Northwest, established in 2009, has used these technologies to develop and imple-
ment digitalization for Advanced Manufacturing in partnerships with steel and other
industries.

Methodology

CIVS has developed an integrated and application-driven methodology to apply
digital technologies to solve real-world industrial problems. This methodology inte-
grates numerical simulation techniques such as computational fluid dynamics (CFD)
with virtual reality (VR) and augmented reality (AR) visualization to create 3-D inter-
active virtual processes, which can be further integrated with sensor data, machine
learning, and reduced-ordermodeling (ROM) to create 3-D digital twins as illustrated
in Fig. 1.

Fig. 1 CIVS integrated methodology
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Examples

Integrated Virtual Blast Furnace

A key component in integrated steel mills: the blast furnace is an extremely complex
energy-intensive process with complex dynamic and physical–chemical phenomena,
operating at more than 1500 °C. The operability and observability of the process
are also rather limited. Due to the complexity of the process and difficulties in
attaining sensor measurements, modeling and simulation are promising tools for
further improvements. Over the past 20 years, blast furnace CFD models have been
developed and integrated with advanced visualization technology to create virtual
blast furnaces (VBF) of real blast furnaces at Purdue University Northwest in collab-
oration with the steel industry. These VBFs have been used for troubleshooting,
optimization, design, and training, resulting in significant reductions in cost and BF
downtime.

Recently, a large-scale collaborative effort, funded by the Department of Energy
Advanced Manufacturing Office, has been initiated to develop and implement a
novel, next-generation, physics-based and data-driven integrated virtual blast furnace
(IVBF) using advanced modeling and simulation, high-performance computing
(HPC), state-of-the-art artificial intelligence (AI) methods, 3-D visualization, and
novel sensor technology (see Fig. 2). The IVBF will allow operators and engineers
to conduct real-time visualization and analytics for monitoring BF performance and
internal states, rapid off-line modeling to quickly adapt to changing conditions and
investigate “what-if” scenarios and high-fidelity analysis for evaluating new tech-
nologies. Once completed, the IVBF will provide the U.S. steel industry with a

Fig. 2 Integrated virtual blast furnace (IVBF)
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unique and powerful tool for improving BF operation, stability, energy efficiency,
and carbon footprint.

Smart Ladle

Refining of liquid steel in a ladle is a key process in steelmaking primarily due to its
overall impact on operational efficiency and performance of finished products. The
ladle is also used for transportation of liquid steel from primary steelmaking (EAF
or BOF) sites to the ladle metallurgy facility (LMF) or the ladle treatment station
(LTS), where the steel chemistry is refined and its temperature is maintained before it
is transported to the caster. Some facilities also feature a degassing stage between the
LMF/LTS and casting. Variations from the optimum casting temperature can affect
the casting process. Steel temperatures that are too high increase the likelihood of
breakouts, and casting would need to be slowed down to allow proper solidification.
Too-low temperatures can result in nozzle clogging due to premature solidification.
Thus, temperature variations can impact casting quality, equipment integrity, and
safety, potentially leading to significant production losses and/or safety hazards.
Therefore, it is crucial to have an accurate steel temperature control.

In order to achieve consistent casting quality and maximize productivity, a smart
ladle has been created using a deep learning network to develop quantifiable relation-
ships between the casting temperature and various factors during the ladle refining
process to enable predictions of casting temperature and precise adjustments to steel
temperature prior to the ladle reaching the casting stage of the production process. The
smart ladle is developed based on the facility at SDI Butler Division. It can provide
information on the heat loss in the ladle between the LMF and the caster as well as
information on the tundish temperature behavior for that future heat. The predictions
from the smart ladle tool have a mean absolute error and RMSE close to the accuracy
of the thermocouples used to take temperature measurements, discounting extreme
outliers. Further model robustness is being developed to include additional data as
well as enable the model to handle datasets from other production facilities (Fig. 3).

Caster Digital Twin

Digital twins are becoming increasingly viable across many industries and are set
to play a very impactful role in Industry 4.0. Some examples have focused on data-
driven models, where data is shown primarily in tablature or graph format, and in
others, CAD modeling is used to show a virtual version of a piece or an array of
equipment to show a whole process visually. Under a grant from the Clean Energy
and SmartManufacturing Innovation Institute (CESMII), a prototype of a 3-D digital
twin has been developed for usage as part of operations at a caster in the Cleveland
Cliffs Burns Harbor Plant. The caster digital twin incorporates different information
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Fig. 3 Smart ladle

Fig. 4 Caster digital twin

and features from across many different casting HMIs, combining them into one
concise interface that can be modular. The resulting digital twin solution can be
modified for many other processes outside of casting as well (Fig. 4).

Summary

Advanced digital technologies such as simulation, visualization, and machine
learning have demonstrated great promise for smart manufacturing. The integra-
tion of these technologies can provide physics-based and data-driven tools for the
following applications:

• Real-time visualization and analytics for monitoring and optimizing process
performance.
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• Rapid off-line modeling for fast and accurate predictions, allowing operators to
quickly adapt to changing conditions and investigate “what-if” scenarios.

• High-fidelity analysis for developing new technologies and virtual training.
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Abstract Pyrometallurgical recovery of nonferrous metals involves a combina-
tion of thermally intensive transformations during exothermic gas-phase reactions,
endothermic decomposition of solid charge, and melting of simpler solids. In the
recovery of secondary lead, simultaneous thermal effects in a reverberatory-style
furnace cause a melt pool to accumulate at the bottom, with lighter solids (slag)
floating above and gaseous products from decomposition of the charge diffusing
through the gas–slag interface. Species from oxy-fuel combustion of natural gas,
species profiles from smelting reactions, and the formation of a melt pool consisting
primarily of lead are simulated via a time-averaged formulation. Predictions of
outflow are compared with preset inflow profiles to ensure conservation of mass.
Thermal profiles for solid, liquid, and gas phases are presented by species. A
novel method is implemented to model the latent heat of fusion using a hetero-
geneous chemical reaction. The simulation is conducted in Simcenter STAR-CCM+
v. 16.02.009-R8.
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Introduction

Computational simulations of chemical recovery processes require the implementa-
tion of suitable validated models to account for the thermally driven physical and
chemical transformations. Commercial software packages implement finite-element
and finite-volume formulations of conservation laws to model and simulate the
transport of species, energy, and momentum encountered during pyrometallurgical
processes. Thesemodels are developed for generic applications and donot necessitate
compatibility with other models developed to resolve isolated effects, as inferred by
the authors in an exhaustive review of relevant literature. For instance, the recovery of
nonferrous metals involves heterogeneous chemical reactions, gas-phase reactions,
and melting of certain solid products. However, the model for melting–solidification
was developed in the Eulerianmultiphase (EMP)mixture framework and is not inher-
ently compatible with particle reactionmodels that are used to simulate heterogenous
chemical reactions between particulate solid (Lagrangianmultiphase [LMP]) and gas
(EMP) phases [1]. As such, the record of published simulation work in pyrometal-
lurgical recovery is largely restricted to gas–solid interactions. The effect of residual
heat on consequent melting of simpler solids has conventionally been simulated as
an isolated effect.

Work published on computational fluid dynamics (CFD) models applied to the
pyrometallurgical industry has given little attention to the dynamics of the gas-burden
interface and metal-phase transformation. Much emphasis has been devoted to the
recovery of Al and Cu, with a sparsity of studies on Pb. Current modeling and
simulation efforts of thermal effects in secondary Pb furnaces have been restricted
to emulating heat from the pyrochemical reactions by defining artificial volumetric
heat sinks above the gas-burden interface in pseudo-transient formulations [2, 3].
Although this approach allows the multiphysics CFD model to inform the design
or operational changes based on the distributions within the gas region, it limits the
model’s ability to predict the effect these changes might have on furnace efficiency
or productivity because the simulation does not provide any spatial or temporal
resolution of the consumption of heat by charge to the furnace. Therefore, the multi-
physics model cannot predict the actual production of the metallurgical species of
interest without using additional empirical models or correlations. Furthermore, this
treatment of the gas-burden interface could lead to inaccuracies caused by not fully
accounting for factors such as melting, heat loss, and phase change of the charge
material. Development of a robust, high-fidelity method for resolving the interaction
between the gas space and furnace burden regions will allow CFD simulations to
produce information on improving the efficiency and productivity of reverberatory
furnaces as a function of design changes.
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Background on the Recovery of Secondary Pb

Reverberatory furnaces are commonly utilized for the pyrometallurgical processing
of secondary Pb. A reverberatory furnace is powered by the exothermic oxy-fuel
combustion (OFC) of a gas such as natural gas, and heat from combustion is absorbed
by a solid charge, which causes endothermic decomposition of larger molecules
(sulfates, carbonates, hydroxides) to simpler solids. Of these simpler solids, some
are elemental (Pb, As, Cd, Sn, Sb), and some aremolecular (oxides, sulfides). OFC of
natural gas is commonly initiatedby ignitionof the air–fuelmixture at lower operating
temperatures between 300 and 473 K, whereas decomposition of charge material has
been experimentally indicated to occur primarily between 800 and 1473 K [4]. Over
this large range of temperatures, several significant effects contribute to the thermal
balance of the reverberatory furnace. Thermophysical properties of various solid
compounds in the charge material vary with temperature. This variation is greater for
elemental components than for molecular compounds. The presence of moisture in
the feed (up to5%) is a common result of unit operations upstreamof the reverberatory
furnace. This moisture evaporates before larger ionic solids decompose, and water
vapor contributes to the species profile of flue gas emanating fromOFCof natural gas.
In this case, water vapor can further participate in the validated four-step mechanism
for OFC of hydrocarbons in natural gas [5, 6]. Although the presence of moisture
is quantitatively insignificant, it can delay the transfer of heat to the burden (i.e.,
the accumulated mass of charge inside the reverberatory furnace). The presence
of moisture within the burden can create localized dry spots if the burden is not
uniformly heated by burners.

Chemical reduction of metals is typically accomplished in the presence of carbon
from coke, gaseous carbon monoxide (CO[g]), and gaseous carbon dioxide (CO2[g])
for heterogeneous transformations. Petrochemical coke is routinely added to chem-
ically reduce larger molecules in the solid charge to simpler molecular or elemental
species. Petrochemical coke has various constituents: carbon and moisture are the
most plentiful; therefore, they are of highest thermal relevance to the recovery
processes. The moisture from coke must evaporate, which requires latent heat of
vaporization to be absorbed from OFC of natural gas and adds to the species profile
of flue gas. Carbon in the coke could be further oxidized by free oxygen in the product
of combustion (POC) if that free oxygen is not fully utilized by natural gas or nitrogen
to form nitrous oxide and gaseous nitric oxide (NOx(g)). Sulfates in the solid charge
are reduced by carbon in the coke to release CO2(g), and simpler sulfides and oxides
form elemental Pb and gaseous sulfur dioxide (SO2(g)).

The recovery of secondary Pb requires a measurable amount of Pb product in the
slag layer [7, 8]. Various chemical methods have been explored to isolate Pb product
from the slag; however, the underlying reasons for entrainment of product Pb in
the slag are not well understood. Therefore, the nonuniformities in the following
processes must be understood: (i) the distribution of temperature in the burden; (ii)
the rate of decomposition of Pb-bearing compounds relative to their temperature
inside the burden; (iii) the entrainment created by bubbling burden gases and drag
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forces from the flue gas, which flocculate relatively heavier product Pb into the slag
layer; and (iv) entrainment of unreacted burden downstream of the converging flames
fromburners. Thermal decomposition reactions of Pb-bearing compoundswith avail-
able experimental thermochemistry involve lead sulfate (PbSO4) [4], lead carbonate
(PbCO3) [9], and lead sulfide (PbS) [10, 11]. According to the Arrhenius model, the
chemical kinetics data for these reactions range from 1 × 107 to 2 × 108 J/kmol for
activation energies and1×105 to 1×1012 J/kmol for pre-exponential factors.Despite
this available literature, existing measurements are insufficient for the thermochem-
ical response of Pb-bearing compounds over the range of temperatures encountered
in the recovery of secondary Pb. Therefore, deterministic approaches from statistical
thermodynamics are being used to inform the thermochemical responses of a given
molecule without relying solely on the Arrhenius theory for kinetic data [12, 13].

Without full insight into the sequence of effects in recovery processes, formationof
chemical complexes [14] and entrainment of product in the slag [8] have been shown
to reduce productivity. Therefore, strategies have been developed to recover more
desired product from slags [7] or improve thermal distribution conversion of desired
products and process efficiency. These strategies have been demonstrated using CFD
simulations for aluminum reverberatory furnaces via intermittent directed heat from
transient heat burners [15]. Ineffective transfer of heat from burners can lead to the
formation of soot, an undesiredPOC fromanyflammable fuel source.Amethodology
to simulate chemical reactions in the gas phase (OFC of natural gas, soot formation),
solid phases (heterogeneous decomposition), and melting of solid products in the
recovery of nonferrous metals is demonstrated using secondary Pb processing as
an example. Simcenter STAR-CCM + v. 16.02.008-R8 was used for simulation on
high-performance computing resources at Oak Ridge National Laboratory.

Methodology

Computational Domain

The combustor volume (1 × 3 m), shown in Fig. 1, is supplied with natural gas by
isolated streams of natural gas, enriched air, and technical oxygen and is fitted with
a 0.25 m outflow pipe. Particle decomposition is simulated in two steps: injection
and settling. The particles are first continuously injected using a fictitious conical
volume, assigned to type “Random Injector” in Simcenter STAR-CCM+ [1]. The
injection stops when the number of injected particles approaches 100,000, allowing
the charge particles to settle into a burden. The injection cone is not meshed and is
artificially mapped to the physical domain for the purpose of particle injection.

A finite-volume mesh was generated for a symmetric model of the 3D geometry
using volumetric controls to refine the shape and location of the expected flame near
the burners and the burden. A representation of the finite-volume mesh is shown in
Fig. 2. The generated mesh comprised 811,514 polyhedral cells. The cell count was
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Fig. 1 Computational representation of the reverberatory furnace

Fig. 2 Finite-volume representation of the simulated domain (2D)

reduced to a 2D representation of 97,213 cells to reduce the time and CPU count of
computation.

Solver Setup

In this study, the reverberatory furnace is powered by OFC of natural gas. Natural
gas is assumed to comprise methane, ethane, propane, carbon dioxide, and nitrogen.
Chemical reactions for OFC are implemented based on the benchmark study for
hydrocarbons using the modified four-step Jones–Lindstedt scheme. OFC of an
alkane, CnH2n+2, follows the steps listed in Eqs. (1)–(5). Each step is described by
a rate equation that was verified and validated for the International Flame Research
Foundation 0.8 MW furnace as a benchmark [16] and supported by prior studies [6,
17]. Equations (1)–(5) summarize the values used to simulate the kinetic scheme
for methane, ethane, and propane (i.e., n = 1, 2, 3) in Simcenter STAR-CCM+ .
The eddy break-up model was used for gas-phase reactions in a hybrid formulation,
wherein the mean reaction rate for each species was limited by the mixing length of
eddies and the net reaction rate from chemical kinetics. The eddy break-up ignitor
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was used to ignite the fuel mixture at the throat of the burner.

CnH2n+2 + n

2
O2 → nCO + (n + 1)H2

d
[
CnH2n+2

]

dt

= ATbe− E
RT · [

CnH2n+2
]0.5

[O2]
1.25 (1)

CnH2n+2 + n

2
H2O → nCO + (2n + 1)H2

d
[
CnH2n+2

]

dt

= ATbe− E
RT · [

CnH2n+2
]
[H2O] (2)

H2 + 1

2
O2 → H2O

d[H2]

dt
= ATbe− E

RT · [H2]
0.25[O2]

1.5 (3)

H2O → H2 + 1

2
O2

d[H2O]

dt
= ATbe− E

RT · [H2]
−0.75[O2][H2O] (4)

CO + H2O → H2 + CO2
d[CO]

dt
= ATbe− E

RT · [CO][H2O] (5)

where in the system of units given by (J, kmol, K, s), A is the Arrhenius pre-exponent
factor, T is the temperature, b is the temperature exponent, R is the universal gas
constant,E is the activation energyof the hydrocarbonmolecule, and t is time.The gas
phase was represented by a multi-component gas model in Simcenter STAR-CCM+
and was developed in the Eulerian multiphase (EMP) framework. A single transport
equation for the mixture of gaseous reactants and products was solved for each of the
transport of species, energy, and flow using the coupled flow solver. Additionally,
closure models for turbulence were enabled to solve for turbulent kinetic energy and
specific dissipation rate, ω, to obtain the turbulent viscosity ratio using the SST k-
omega (Menter) turbulence model. A wall treatment model was used to account for
near-wall flows. A constant Courant-Friedrichs-Lewy condition number of 0.5 at a
time step of 0.005 s was used to numerically stabilize the progress of the simulation.
Radiative heat transfer was solved using the weighted sum of gray gases model in
accordance with published recommendations [18].

The solid charge material was represented by a multi-component particle model
in the Lagrangian multiphase (LMP) framework. This formulation allowed indi-
vidual particles to be tracked throughout their life in the furnace. Thus, each charge
particle contains a fixed proportion of larger Pb-bearing compounds such as lead
sulfate (PbSO4), lead carbonate (PbCO3), lead hydroxide (Pb(OH)2), and recycled
Pb, as well as non-Pb-bearing compounds such as sodium sulfate (Na2SO4), sodium
carbonate (Na2CO3), plastic, wood, As, Cd, Sn, Sb, and other trace elements. For
this study, only the Pb-bearing compounds were considered in the charge because
the primary goal was to study the formation of Pb, Pb(l), and the slag layer of simpler
compounds from thermal decomposition of the charge. Carbon content in the coke,
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Table 1 Summary of reactions in the burden

Reaction Activation
energy, E
(J/kmol)

Temperature
exponent, n

Pre-exponent,
A

Rate of molar
flux
(kmol/m2-s)

Diffusion
coefficient
(m2/s)

PbCO3 →
PbO + CO2(g)

1.8 × 108 0 1 × 1012 – 4.5 × 10−5

PbSO4 + 2C →
PbS + 2CO2(g)

– – – 1 × 10−9 –

Pb(OH)2 →
PbO + H2O(g)

1.36 × 107 0 1 × 1012 – 4.5 × 10−5

2PbO + PbS →
3Pb + SO2(g)

– – – 1 × 10−9 –

2PbO + C →
2Pb + CO2(g)

– – – 1 × 10−9 –

Pb → Pb(l) 0 0 1 – 4.5 × 10−5

moisture in the coke, and moisture in the charge material were also included within
the multi-component particle. This setup allowed particle reactions (Table 1) to be
simulated as a hybrid of the LMP–EMP framework. The discrete element method
model is a subset of the LMP framework and was used to simulate accurate colli-
sions and contacts between particle pairs and between particles and walls [1]. For
heterogeneous chemical reactions involvingmore than one component from theLMP,
Simcenter STAR-CCM+ does not allow the use of Arrhenius coefficients.

Results and Discussion

The simulation forOFCof natural gaswas run until the outflow temperature stabilizes
within ±10 °C. Figure 3 shows profiles of temperature, velocity, and mole fraction
across the central axial plane of the furnace. Figure 4 illustrates how the presence of
loaded charge material imposes a physical barrier which affects the trajectory and
momentum of the flame.

Two-way coupling between Eulerian and Lagrangian phases is relayed by an
equivalent Eulerian volume fraction of the Lagrangian phase (charge particles) in
the furnace, as seen in Fig. 4. The charge material is denser (~7,500 kg/m3) than
the gas mixture (~1.5 kg/m3); therefore, it deflects the impinging flame and initiates
the breakup of larger eddies, thereby creating a warm front on the burden’s exposed
perimeter. The modified geometry is not an idealistic representation of true furnace
operations, as evidenced by the cold zone created near the mouth of the burner
owing to compressibility effects. Some direct heat from the flame is also observed
to penetrate voids in the burden and create heating from within the depth. Heat from
the flame is transferred to the surface of each multi-component particle and recorded
as a surface value. Due to conduction, heat is transferred to particles at the bottom of
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Fig. 3 Profiles of key species from OFC of natural gas

Fig. 4 Profiles of charge particles in the furnace

the burden, where the enthalpy of charge particles increases leading to endothermic
chemical reactions and the release of gases, as well as melting of Pb. Much of the
heat released by OFC is consumed by the formation of CO2(g) and H2O(g). The
deflected flame creates recirculation zones above and below the burden that stabilize
the flame. The trajectory of the flame continues along the exposed perimeter of the
burden and is traced by product gases seen in Fig. 5 and the location of solid products
in Fig. 6.

The qualitative distribution of Pb followed that of other solids in the charge.
However, the latent heat of fusion was quickly absorbed, resulting in a phase change.
The properties of Pb(l) were computed using temperature-dependent functions [19].
Figure 7 shows that Pb begins to melt at the top of the burden, and Pb(l) begins
to trickle through voids in the burden, accumulating downstream at the floor of the
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Fig. 5 Profiles of product gases and evaporation of moisture from particles

Fig. 6 Profiles of solid species in the furnace

Fig. 7 Profiles of Pb and Pb(l) in the furnace

furnace, eventually forming a continuous layer. Note that, the reduction in mass
fraction of Pb in the particle phase also occurs because of simultaneous thermal
decomposition of other solids in the charge, which decreases in mass as they are
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consumed. Eventually, the mole fraction of Pb(l) on the floor of the furnace exceeds
0.9.

Conclusions

The setup, approach, and execution of simulated recovery processes for secondary
Pb in a reverberatory furnace are summarized. The furnace was powered by OFC of
natural gas, and the heat of reaction was used to smelt Pb-containing solids in the
charge. Pb(l) forms by melting Pb in the charge and by melting Pb that was formed
as a product of thermal decomposition of larger Pb-containing solids such as PbSO4,

PbCO3, Pb(OH)2, PbO, and PbS. Lead sulfate and lead oxide are chemically reduced
by carbon in coke added to the charge material, whereas the other solids decompose
spontaneously upon absorption of heat equivalent to the activation energy. These
simultaneous changes were simulated in Simcenter STAR-CCM+ , and a method to
model phase change of a single component from a multi-component particle mixture
was implemented. Future work includes acquiring accurate data to characterize the
kinetics of thermal decomposition and enhance the level of compatibility between
EMP change models and heterogeneous chemical reactions.
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Development of Virtual Die Casting
Simulator for Workforce Development

John Moreland, Kyle Toth, John Estrada, Junyi Chen, Na Zhu,
and Chenn Zhou

Abstract High-pressure die casting is a complex manufacturing process that
requires a highly developed work force. A virtual die casting machine has been
developed for operators to provide a better understanding of how the machine works
and how to deal with a variety of practical situations and issues that arise on the
shop floor. Computational fluid dynamics (CFD) simulations have also been devel-
oped and integrated into the simulator to help die casters understand how parameters
such as shot speed can affect the resulting quality of castings being produced. A
virtual melter furnace is also being developed to learn and practice maintenance and
safety procedures. The simulator was developed for virtual reality (VR) headsets and
controllers, but is also usable on standard PCwithmouse and keyboard. Development
methodology and overview of simulator functionality will be discussed.

Keywords Virtual reality · Simulator · Training · Die casting

Introduction

High-pressure die casting is a complex and high-stakes process that relies on well-
trained operators to produce high-quality parts. Much of the process is hidden from
view, and new operators often have difficulty understanding what is happening inside
the machine and do not intuitively realize the effect that operating condition changes
can have on the resulting castings. To address this issue, a virtual reality simulator is
being developed by the Center for Innovation through Visualization and Simulation
(CIVS) at Purdue University Northwest in collaboration with the North American
Die Casting Association (NADCA).

The die casting machine injects molten metal into a cavity, where it cools, solidi-
fies, and is subsequently ejected and removed by robotic arm. Much of the process is
automated, but the operators andmaintenance technicians setup, initiate, andmonitor
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production, troubleshoot issues, and make adjustments as necessary to ensure that
the castings produced by the machine are high quality and free of defects.

Virtual simulators enable operators and maintenance personnel to learn, interact,
and practice setup, operating, and troubleshooting [1–4]. This virtual simulator
enables die casting personnel to improve understanding of the die casting machine,
how it operates, and the visualizing the results of simulated castings and changing
operating conditions using computational fluid dynamics (CFD) and 3Dvisualization
that are integrated into the simulator.

Methodology

Interactive Simulator

The interactive simulator uses a combination of 3D models, CFD visualizations, and
interactive controls to enable users to learn, explore, and practice machine operation.
CAD models of the die casting machine were optimized to reduce the complexity of
geometry to allow for sufficient frame rate in virtual reality (Fig. 1). The Unity 3D
game engine was used to develop the interaction system, placing the user in the die
casting environment where they can explore and interact from a first-person point of
view.

Controls were originally developed for virtual reality, enabling two-handed inter-
action with the environment while wearing a VR headset. The controllers are tracked
in 3D space, allowing users to reach and touch virtual objects in the environment.
Buttons on the controllers allow users to grab objects, turn switches, and operate
controls on the die casting control panel and other interfaces within the die casting
environment (Fig. 2). The current system is specifically tailored for the Oculus Quest
2 VR system (Fig. 3), but has also been modified to allow users to interact with
mouse/keyboard and view on a standard monitor as well.

Fig. 1 Virtual die casting machine, and surrounding environment was modeled based on configu-
rations used in industry, including die casting cell layout, safety guards, and support equipment
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Fig. 2 Die casting control panel (left) was modeled in 3D (center) to control the virtual die casting
machine. Users see their virtual hands in VR (right) and use controller buttons to trigger pointing
and grabbing gestures to interact with buttons, levers, and toggle switches on the machine

Fig. 3 Oculus Quest 2 VR system enables users to view the virtual environment on a tracked 3D
headset and interact with the environment using two tracked 6-DOF controllers

CFD Simulation

Integrating CFD simulations into interactive simulations has been done in a variety of
contexts andhas been shown to improve understandingof complex processes [5–8].A
computational fluid dynamics (CFD) model of the high-pressure die casting process
was developed in the CFD software STAR-CCM+. The volume of fluid (VOF)multi-
phase approach was adopted to model the transient two-phase (aluminum-air) flow.
The computational domain includes the shot sleeve, the runners, and the casting
cavity (Fig. 1a). Morphing mesh technique was used to model the movement of the
plunger through the shot sleeve. The plunger velocity through the entire process was
prescribed to match the three velocity cycles used in the real process, i.e. (a) slow
cycle, (b) critical slow shot velocity (VCSS) cycle, and (c) fast cycle. The suitable
velocity shot profile was established following the guideline published by NADCA
[9]. The simulation describes the flow of aluminum and air during the entire die
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(a) (b)

Fig. 4 a Computational domain and b Aluminum profile in the early stage of die casting process

casting process. The quality of the parts casted in the die is very dependent on the
shot parameters, such as the amount of liquid aluminum charge in the shot sleeve
and the velocity shot profile. The CFD model developed was used to simulate die
casting with good and bad shot parameters. An example in Fig. 4 shows air pocket
forms near the plunger due to improper velocity shot profile. This air pocket will
later result in air entrapments in the casting, which leads to poor part quality.

Scenarios of different combinations of velocity shot profiles and different amounts
of liquid aluminum charged into the shot sleeve to simulate castingwith good and bad
shot parameter were established. Animations of the liquid aluminum flow generated
from these simulations were incorporated training simulator as shown in Fig. 5. The
simulator allows users to make the machine transparent to see the internal operation
and uses embedded questions to verify that users understand the impact of shot speed
and amount of liquid aluminum on the resulting casting.

Results

The virtual die casting simulator includes a variety of functionality, educational,
and practice scenarios, and supplemental information which can be launched and
reviewed from the main menu (Fig. 6). New users begin with an embedded intro-
duction video and interactive tutorial to teach them how to use the VR controllers
to move around in the virtual environment and interact with menus, objects, and
controls.
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Fig. 5 Animation from CFD simulation embedded in the training simulator

Fig. 6 Die casting simulator provides a variety of interactive scenarios for operators and
maintenance personnel to learn about and practice in a virtual die casting environment

Once users have mastered the controls, they are introduced to the die casting
machine and melting furnaces through an interactive orientation. During the orien-
tation, users walk around and explore the die casting machine, furnaces, and
surrounding equipment. Icons hover in front of important parts of the machine,
prompting users to interact with them to learn about their function through pop-
up information. Each item is automatically checked off on an orientation checklist,
which the user must complete before moving on (Fig. 7).

After the user is familiar with main parts of the machine, learning scenarios teach
them step-by-step procedures and operation of controls that startup the die casting
machine and begin producing castings (Fig. 7). Troubleshooting scenarios task the
userwith going through the startup procedure, but introduce simulated issues that they
must investigate and remedy in order to produce good parts. Instruction is embedded
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Fig. 7 Interactive checklist guides users through orientation where they learn about the die casting
machine (left). A startup procedure sheet guides users through the step-by-step process of safety
and status checks and control sequences to turn on the die casting machine and begin producing
parts (right)

within learning mode to teach users how to deal with issues. The interactive testing
mode produces the same issues, but without guidance, verifying whether they can
correct the issues and produce quality castings on their own.

Additional scenarios provide users with capabilities not possible in the real world,
such asmaking parts of themachine invisible to see the innerworkings, viewing simu-
lated CFD visualizations animating inside the machine, and viewing and interacting
with castings and other 3D models in an exploratory fashion that allows the user to
get up close and in some cases put their head through solid objects to see the inside
of castings.

Conclusion

The virtual die casting simulator provides operators and maintenance personnel with
a resource for learning how to operate and troubleshoot the die casting machine,
furnaces, and other support equipment. VR enables users to practice simulated
scenarios in the safety of a virtual environment and gain experience dealing with
issues before interacting with real equipment on the shop floor. The simulator has
potential to improve workforce preparation and understanding of how the die casting
machine operates and the effect that changing operating conditions can have on the
resulting casting quality. Potential impacts include safety, improved part quality,
reduced downtime, and improved tool life through better operation of the machine.
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Evolution of Process Models to Digital
Twins

Alex Holtzapple, Sander Arnout, and Els Nagels

Extended Abstract

Process simulation in the mining and metals industry was introduced in the early
1960s, with the invention of the computer, and has been rapidly evolving since that
time. Programming languages and calculation methodologies have been constantly
expanding to encompass innovative technology and equipment into metallurgical
software for use by engineers and operators. Moreover, with the introduction of
graphical interfaces to process simulators, engineers and metallurgists are able to
be directly involved in the creation of process flow diagrams that include detailed
calculations for mass and energy balances. The next stage of evolution for process
simulation has been dubbed “digital twins”, though a clear definition of such has yet
to be determined.

Simulation itself is a broad term and yields several forms and results, but one
key rule is followed: there is a give and take between restricting the model architect
to pre-built algorithms and ensuring trustworthy results. Microsoft Excel models,
for example, include zero restrictions in their capabilities, but also provide zero
assistance in model construction and technical affirmation of the results; the model
architect is responsible in full for the content. Other types of simulators available
include the aforementioned flowsheet models, as well as statistical-based programs
along with any number of independently written functions in a variety of program-
ming languages. For a given mineral processing plant, most value from these efforts
is achieved when all models and simulations are in communication, whether directly
or indirectly.
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Fig. 1 Dynamic simulation results (red) plotted against actual operational data (blue) over a time
period of ~4.5 years. As the model development progressed and further calibrations were included,
the error between simulator and operations is decreased (Color figure online)

However, before a model or series of models can be implemented into a digital
twin, some key requirements are necessary. Firstly, all models must be properly
calibrated against available laboratory, pilot plant, or operational data to ensure that
technically sound results are produced. As shown in Fig. 1, operational data should
be plotted against simulation results and any areas of major difference addressed.
Once calibrated and proven technically sound, the model should then be configured
to provide a robust calculation routine; i.e. the model must run the calculations every
time when called upon by an external program and provide the results in a timely
manner.

The next requirement is an adequate data management system for: (i) collection
and storage; (ii) data cleansing; (iii) interfile communication; and (iv) final reporting.
One system in place for each of these four categories of data management ensures
that no information is lost from one simulator to the next or from one discipline to
another. Finally, the human–machine interface (HMI) must be selected for personnel
access and display, in line with their responsibilities at the operation. For example,
plant operators should have an HMI that is identical to that which is in the control
room with limited abilities to adjust key inputs to the models, while the engineering
team’s HMI permits in-depth changes to the models along with the ability to forecast
future operational conditions.

Once these pieces are in place, a master list of “tags” can be defined which
represent the data moving through the entire system. Tags generated by one program
or instrument may serve as the input tags for another program within the digital
twin environment. One master list will ensure that all programs are communicating
with the same data and in the same units, eliminating loss of information. Now,
completely functional, training of all personnel on the access, use, and benefit of
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Fig. 2 Data flowchart from operations through the digital twin environment and back

the digital twin is essential, as is the continued maintenance of all systems utilized
within its environment.

Figure 2 shows a simple schematic of data flow from the operating equipment
through the digital twin environment for analysis and calculation, where results are
then sent to the custom HMIs in place where decisions are made and setpoints are
adjusted. Digital twins operate live time, whenever the plant is running, allowing for
quicker optimization and decision making.

Key impacts on the operation when utilizing a digital twin for faster real-time
adjustments and decision making include: better energy efficiency with improved
control of flux and reagents; higher production yields due to less raw material waste;
operation of major equipment more inline with specifications; decreased environ-
mental incidents by maintaining impurity levels in waste streams and inventory;
and finally, safer operations for all personnel when the plant is operating more
consistently.

Continued evolution of process simulation models and how they are applied to
daily operations is sure to change how mineral processing plants operate worldwide,
with several potential advancements. Firstly, off-site control rooms formultiple plants
may be constructed in more urban areas which are attractive for talented and expe-
rienced operators. Autonomous plant control may even be achieved where digital
twin recommendations are proven and safe. Finally, the digital portion of the twin,
including all datamanagement,HMI, and simulation componentsmay be constructed
in parallel to plant construction, providing a platform for personnel training and likely
decreasing the overall commissioning time.

Regardless of the specific programs utilized, constructing a multi-disciplined
metallurgical, engineering, and operational team working together through a digital
twin ensures reliable results and recommendations in an operation.



Audio Signal Processing for Quantitative
Moulding Material Regeneration

Philine Kerst and Sebastian Tewes

Abstract As a natural product with limited resources, sand is of existential impor-
tance for various industries. Foundry technology in particular requires considerable
quantities worldwide for sand moulds and cores. Depending on the process, the sand
is recycled and thus reused. However, especially in the case of inorganically bound
moulding sand, it is still frequently not recycled. Existing regeneration methods
include mechanical, pneumatic, or combined processes. These have been developed,
but have reached their analytical optimisation limits, as the processes are not trans-
parent and make in situ analyses of moulding materials impossible. Within the scope
of this researchwork, amethodology for the computer-aided processing of sound and
image data with the help of convolutional neural networks (CNNs) was developed,
which is to evaluate the non-measurable changes of the moulding material in the
running process in real time via process acoustics. The aim is to optimise process
control in terms of time, cost, and energy efficiency.

Keywords Machine learning · Convolutional neural network (CNN) · Audio
signal processing · Spectrogram · Process technology · Friction regeneration ·
Moulding material

Introduction

As a natural resource, silica sand is a finite natural product. In the foundry industry,
silica sand is essential for creating sand cores and casting moulds. In order to process
this sand for new sand moulds after casting again, several processing steps must be
carried out, such as the removal of metal residues and grain separation. Regenera-
tion processes are already established procedures for the further preparation of the
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sand. Each regeneration process must be individually adapted to the moulding sand
system used in foundries, because different moulding sand systems contain different
pollutants that must be removed from the system [1]. A distinction is made between
three regeneration processes, namely wet regeneration, thermal regeneration, and
mechanical regeneration. These processes can also occur in combination to achieve
higher quality results specific to the application [1].

The given problem is that the quality of the inorganically boundmouldingmaterial
in the mechanical regeneration process under consideration can only be determined
before or after regeneration using the usual quality criteria ofmouldingmaterial anal-
ysis. These criteria include particle size distribution, bulk density, and strength values.
A sample quantity that can be taken during operation through a small opening in the
regeneration device is not sufficient to be able to carry out significant quality anal-
yses. In the future, it should be possible to determine this non-measurable parameter
of themoulding sand quality during the process to be able to control the process more
efficiently. The feasibility of quantitative moulding sand determination during the
process offers the possibility of considering environmentally relevant goals such as
reduced energy requirements, reduction ofCO2 emissions, conservation of resources.

The focus for the quantitative determination of the moulding material quality lies
on process acoustics. It is investigated whether the changes in the moulding material
during the process can be detected acoustically. Audio signal processing offers a
variety of analysis methods for feature recognition. Foregrounded is the analysis of
spectrograms, which visualise the temporal behaviour of the frequency spectrum.
With the help of deep learning, i.e., convolutional neural networks (CNNs), which
are already successfully used in image recognition, spectrograms are to be analysed.
The changes during the process are to be recognised and learned.

In Section “Sustainability”, the focus lies on the environmental background,
before the concept of research work and the applied methods of signal analysis
as well as CNN are presented in the third section. Section “Results” deals with the
data basis and analysis results. Section “Future Work” concludes with an overview
of future research aspects and a summary in Section “Conclusion”.

Sustainability

For silica, silica sand, and silica gravel, there is often no possibility of becoming
part of a circular economy. While high-quality aggregates are used in the produc-
tion of building materials, glass, and glass-fibre-reinforced plastics, among other
things, the grains themselves are not reusable or recyclable in their original shape
and morphology [2]. In foundry industry, silica sand is used to produce sand cores
andmoulds and remains available as a rawmaterial during the process; it is, therefore,
not consumed. This makes it even more important to focus on this industrial sector
where the circular economy is possible. The number of foundries has not changed
significantly over the last 15 years. Table 1 lists the number of foundries of selected
countries from 2005 and 2019. This means that the raw material demand of finite
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Table 1 Year-on-year comparison of the number of foundries in selected countries [3]

Country 2005 2019 Country 2005 2019

China 26,000 26,000 Korea 847 882

India 4500 4500 Germany 630 513

Japan 1708 1738 United Kingdom 422 420

USA 2380 1672 Canada 150 175

Russia 1900 1140 France 505 120

Italy 1077 1036 Switzerland 51 46

Brazil 1264 1017 Austria 45 38

sand resource is constant or even increasing. Added to this, the increasingly global
climate targets are important.

A large part of the casting processes is carried out with sand moulds [4]. Silica
sand has unique properties such as very high thermal stability, low thermal expan-
sion, sufficient thermal shock resistance, and favourable chemical behaviour [1]. In
combination with an application-specific binder system, silica sand can be pressed
into sand moulds or sand cores that can withstand the high stresses of a casting
process.

To produce moulds or cores, depending on the structure of the moulding material
system, between 85 and 98% mould base materials (e.g., silica sands) and 2–10%
moulding material binder are used along with possible additives [1]. The moulding
material is exposed to high thermal and chemical stresses during a casting cycle.
After the casting is removed from the mould, the moulding material remains. Binder
residues are still present on the individual sand grains. This remaining moulding
material could be mixed with new untreated sand and used again for mould or core
production. However, this process is limited, and the moulding material becomes
unusable after several cycles [4]. The contamination of the sands can carry significant
landfill costs when disposed of, as at least the German waste management industry
is run under strict environmental regulations. Possibilities to use foundry sands in
other industries or productions are for example [5, 6]:

• As underfill material in road construction,
• In asphalt production,
• For filling slopes,
• As flowable fillings,
• For reinforcement of soils,
• In cement production.

Further information and details on the reuse of waste foundry sand are given in
[6, 7]. In addition to unprocessed reuse, the regeneration of moulding sand plays an
important role in circular economy. The regeneration of foundry sands is understood
as the conversion into a mould base material with properties similar to new sand
by removing the remaining binder residues through the regeneration process [1].
According to Bührig-Polaczek et al., it is imperative for ecological and economic
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reasons to regenerate old moulding materials in order to ensure their reuse for the
production of cores ormoulds [1]. As early as 1993, Flemming and Tilch also pointed
out the necessity of regenerating moulding materials with the following arguments
[1]:

• The availability of suitable silica sands is decreasing; in addition, the effort for
extraction and preparation is increasing,

• Rising costs for the removal and storage of used sands and bulk materials in
landfills,

• Emerging problems due to increasing waste volumes and legal requirements for
landfill storage,

• Due to the low expansion rate of silica and the saving of binders, the use of reclaim
can lead to technological advantages,

• Reuse of foundry sands is an effective protection of the environment and raw
material resources.

In addition to moulding material preparation itself, optimisation of regeneration
process in terms of energy efficiency and pollutant emission can also contribute
significantly to sustainability. Worldwide, greenhouse gas emissions have increased
from 30.74 billion tonnes (1990) to 46.77 billion tonnes of CO2 equivalent (2017)
[8]. In terms of the German industrial sector, greenhouse gas emissions peak for the
iron and steel industry at 31.4 million tonnes of CO2 equivalent in 2020 [9].

Concept and Methods

Setup

Theprocess under consideration is amechanical regeneration processwith a so-called
fluidised bed cleaner for inorganically bound moulding material. The equipment
consists of a round body and a motor-driven shaft inside. Symmetrically attached to
this shaft are friction bars. The mechanical regeneration of the moulding material
takes place through the rotation of the friction tools and an additional vertical air
flow, which flows through the system from bottom to top. A graphic representation
of the system is shown in Fig. 1 (left). Frictional energy is generated between the
sand grains of the moulding material, the moulding material, and the friction tools
as well as between the moulding material and the shell of the plant during operation.
The resulting thermal energy embrittles the binder shells, which are knocked off
during operation and partly already removed via the exhaust air.

For comparability of the results, the friction generator is operated with a constant
batch weight of 30 kg and always with constant parameter settings. Figure 1 (right)
shows the process parameters that can currently be called up and saved. These include
four key figures of the frequency converter (triangle), a total of nine temperature
sensors (circle), as well as one vibration sensor (rhombus) and one flow sensor each



Audio Signal Processing for Quantitative Moulding … 531

Fig. 1 Graphical representation of the friction generator (left) sensor system of the friction
regenerator (right)

for measuring the incoming air volume (pentagon). In addition, each regeneration
process is recordedwith amicrophone [AnuaMIC- 900, USB capacitor microphone]
(square).

New sand-like properties are the goal of any regeneration process. The central
research question is: How long must the moulding material be regenerated to meet
this goal? Typically, design of experiments (DoE) is set up for such problems, which
involve many experiments to approximate an optimal regeneration time. However,
the focus of this paper is on the acoustic signal. The process acoustics are investigated
to determine whether the regeneration progress can be indirectly determined acousti-
cally. Thus, the research question posed above can be reformulated as follows:When
doesmoulding sand sounds like new sand again? To answer this question, each regen-
eration is recorded as a 16-bit stereo signal with a sampling rate of 44,100 Hz. The
temporal subdivision of the recording belongs to the post-processing or preparation
for the analysis with methods of audio signal processing.

Audio Signal Processing

General audio processing is still limited to rather basic signal models due to diverse
and broad nature of audio signals. Audio classification is part of the larger problem of
processing audio–visual data with important applications in digital libraries, profes-
sional media production, education, entertainment, and surveillance. Speech and
speaker recognition can be considered a classic problem in audio retrieval and have
attracted research attention for decades [10–12].
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Fig. 2 Waveform (left). Spectrum (middle). Spectrogram (right)

The acoustic properties of sound events can be visualised in a time/frequency
diagram of acoustic signals. In order to switch from classical waveform (ampli-
tude/time) to a frequency/magnitude representation first, the fast Fourier transform
(FFT) is performed. This generates the so-calledmagnitude spectrum.With the short-
time Fourier transformation (STFT), time, frequency, and amplitude (due to colour)
of the signal are represented graphically; this is called a spectrogram. Further infor-
mation and the mathematical background to the transformations can be found in
Chap. 2 of the following source [13].

Figure 2 shows the three different ways of representing an acoustic signal. A 0.5 s
audio signal of the regeneration process is used. The signal is processed with the
Python package librosa [14] with a frame length of 1024 and a hop length of 512.

Convolutional Neural Networks (CNNs)

CNNs form the cornerstone of deep learning (DL) methods and thus belong as a
subfield to machine learning [15]. Like shallow neural networks, a CNN has several
layers. A layer typically comprises three phases. The first phase performs multiple
convolutions simultaneously to produce a series of linear activations [16]. In this
process, the inputs of the layers are filtered to find useful features in these inputs.
This filtering process is called convolution, hence the name of this type of neural
network [11]. In the second phase, a nonlinear activation function is applied to each
linear activation, such as the ReLU function (rectified linear activation function).
This phase is also called the detector stage. In the last stage, a so-called pooling
function is used to further modify the output of the layer [16]. The input data of a
CNN can be, for example, (x, y, z) images, where x and y are the width and height of
an image in pixels and z is the number of colour channels of each pixel. The output
of a CNN corresponds to a vector whose length is equal to the number of categories
to be classified [12].
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Convolutional Layer

The goal of a convolutional layer is to extract features from the input and transfer
them into featuremaps,which are then passed on to the next layer, regardless ofwhere
the feature is located on the input image [12]. In image processing, two-dimensional
convolutions are used to implement image filters. These are important, for example,
to find a particular spot on an image or to find a particular feature in an image. The
convolution layers tile an input sensor with a small window called a kernel. A kernel
defines exactly the things a convolution operation should filter for and produces a
strong response when it finds what it was looking for. The parameters learned in
a convolutional layer correspond to the weight of the kernel of a layer. As CNN
trains, the values of these filters are automatically adjusted to extract the most useful
information for the task at hand [11].

Pooling Layer

The task of a pooling layer is to represent and reduce the spatial dimension of
the activation tensor, but not the volume depth, in order to reduce the number of
parameters and computations in the network. This is done in a non-parametric way,
i.e., the pooling layer has noweights [11]. Specifically, one cell is created for each tile.
This strategy allows, on the one hand, to keep control over the overfitting and, on the
other hand, to adjust the computations in the memories. One of the most common
pooling layers is max-pooling, which uses the max-operation, i.e., the maximum
value for all nodes in their convolutional window. For image processing, the most
common form of max-pooling is a pooling layer with filters of size 2 × 2. In this
case, each max-pooling operation generates a maximum over 4 numbers (a 2 × 2
region). The depth dimension remains unchanged [15]. This procedure leads to the
fact that the resolution becomes coarser with increasing depth of the CNN, but no
information of the input data is lost in the CNN [12].

Fully Connected Layer

The fully connected dense layer serves as a classifier. Operations such as convo-
lutional layer, pooling layer, and activation function layer map the raw data to the
hidden feature space. The fully connected layer is then used to map the learned
features to the sample labelling space [17]. The CNN is modelled in Python using
Keras and TensorFlow, respectively, as the interface for recasting and executing
machine learning algorithms [18].

The combination of audio signal processing with machine learning methods is
already known. For example, audio signal processing methods have been used in
medical research to distinguish wet and dry coughs based on the audio profile [19].
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Image recognition with convolutional neural networks also supports areas in radi-
ology [20]. The combination of audio signal analysis as well as deep learning has
been used to detect snoring [21]. In addition to datasets containing environmental
sounds or musical instruments, the first dataset to publish acoustic recordings of
four different industrial machine sounds appeared in 2019. The data is available for
research in the field of audio event recognition, especially for machine noises [22].

Results

For our experimental setup, three separate batches of new sand were loaded with an
inorganic binder system. After the bonded grains had been separated, the moulding
material was regenerated. The regeneration time was varied between the three
batches: The first batch was regenerated for 5 min, the second one for 10 min,
and the third one for 15 min. For each of these three test series, the mixing process
(silica sand with binder) and the regeneration process were repeated ten times. The
first and the last two minutes of the acoustic recordings from this procedure were
then cut into 1-s partial recordings, resulting in a dataset of 1200 1-s records per
phase (beginning phase or end phase of the process) per test series, out of which all
records with interfering noise were removed. Each of the remaining records was then
transformed into its spectrogram. Before any of these spectrograms were passed on
to the CNN model, 10% of the data was randomly separated as test datasets. The
remaining learning data was divided into 70% training and 30% validation data.

The used sequential CNN model starts with four layers, each with one convolu-
tional layer and one pooling layer. The filters and step size remain constant for the
layers. Zero-padding ensures that the image size also remains constant after each
step. The output of these convolutional layers is then passed to the fully linked layers
as a one-dimensional array. The softmax activation function for calculating prob-
abilities for classification in the final stage of prediction is used in the last layer.
Dropout layers are used only in part due to the relatively small size of the datasets.
Keras offers eight optimisers (SGD, RMSprop, Adam, Adadelta, Adagrad, Adamax,
Nadam, and Ftrl) that change the weights of the neurons after each epoch tominimise
losses. For all three test lines, Agagrad delivered the most accurate results (cf. Table
2). The described model was trained in combination with different hyperparameters,
and the prediction results were compared. Table 2 shows the specifications of the
respective models that delivered the best result. Table 3 contains the corresponding
confusion matrices, with Class 0 representing the beginning and Class 1 as the end
phase of the process. The rows of the confusion matrix represent the actual labels,
whereas the columns represent the predicted labels [11]. In particular, for the 5-min
test series, 42.5% of the beginning phase records were correctly classified as such,
while 2.5% of the end phase records were incorrectly predicted to stem from the
beginning phase.

The accuracy of these predictions suggests that the beginning and the end of the
regeneration process can indeed be distinguished using only the acoustic data from
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Table 3 Confusion metrices of the prediction of 5, 10, and 15 min

5 min 10 min 15 min

0 1 0 1 0 1

0 42.5% 7.5% 32.5% 17.5% 37.5% 12.5%

1 2.5% 47.5% 0.0% 50.0% 0.0% 50.0%

Fig. 3 Spectrograms of the first and last phases of one-hour regeneration

the process, even for relatively short regeneration times. The exact influence of the
regeneration time on the quality of moulding material will need to be investigated in
further tests. The following question needs then to be answered:When doesmoulding
material sound like new sand again? For this purpose, new sand is regenerated and
recorded for a total of one hour. Figure 3 shows the spectrograms of one minute from
the beginning (left) and from the end phase (right) of the regeneration process. In
the frequency range around 2048 Hz, the right spectrogram shows a recognisable
change. In addition to the abrasion of the binder, the regeneration process always
involves a certain amount of quartz abrasion, so that a change of the actual grain
form or grain size takes place. The extent to which these changes are significant and
must be considered is to be investigated in the further work of the research.

Future Work

Based on the fact that the grain morphology changes can be detected in the long-term
process, it should be investigated whether a CNN can learn these differences. If this
proves to be feasible, it should then be analysed at which points in time these changes
emerge significantly from the data. In the case of temporal undercutting, time classes
can be delimited via the regeneration of new sands, and a higher information content
can be generated. Otherwise, the data in their entirety form builds the basis for the
acoustic comparison of bonded and unbonded silica sand.
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Another main aspect of future research will be the optimisation of individual
(hyper-)parameters. This involves both, data processing in audio signal processing
and fine-tuning of existing, as well as newly created models of the CNN.

The acoustic recordings have been transformed as 1-s-long snippets and passed to
the CNNmodel. It is to be investigated whether there is a more optimal length of the
audio recordings. Furthermore, the window size, the size of the individual frames,
and their overlapping play a role. The representations of spectrograms for visualising
audio content have a high dimensionality. More ideal would be low-dimensional
features extracted from the spectrograms or even directly from the acoustic signal
that contains only the important distinguishing features of the intended audio classes
[10]. These features have to be examined, exactly thosewhich can extract the essential
differences of the audio signals. Which are the “best” features always depends on the
application area aswell as theway the signals are processed [23]. For the classification
of audio signals, the following research papers and the features they contain will be
used as suggestions [13, 24–26]. Selected features can be transferred to so-called
feature vectors, which are also machine learning methods, and the features can be
learned.

In addition to the hyperparameter optimisation of existing models or models to be
created from scratch, it is planned to investigate whether equally good or even better
results can be achieved with transfer learning. Some papers prove the usefulness of
already trained networks, such as VGG16, VGG19 [27–30], GoogleNet, MobileNet,
in which the basic structure with the learned weights is used, and only the last layers
are adapted.

Conclusion

In this paper, a concept was presented to record process parameters that cannot
be measured directly by means of acoustic signals. Designed for the regeneration
process of inorganically bound moulding materials, the focus is on determining the
moulding material quality during the process. The process recordings are prepared
with methods of audio signal processing for the use of machine learning methods.
Spectrograms of 1-s-long partial recordings of the process are used for transfer to
a specially created CNN model. The main result shows that the initial and final
phases of a regeneration process of moulding material can be captured and learned
by the CNN model. In future experiments, new sand will be regenerated, recorded,
and examined in order to answer the question posed at the beginning: when does
moulding sand sound like new sand? Preliminary results show that changes in the
acoustic signal during the process can be detected in the spectrograms. The aim is
to significantly classify and learn these changes. With this comparative data, the
regeneration process can be stopped exactly when the moulding material sounds like
the original material again.
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Determining the Bubble Dynamics
of a Top Submerged Lance Smelter

Avinash Kandalam, Michael Stelter, Markus Reinmöller, Markus A. Reuter,
and Alexandros Charitos

Abstract Top submerged lance (TSL) smelters are widely used in non-ferrous
metallurgy to extract various primary and secondary materials. The technology has
found wide application with regard to copper, lead and zinc, nickel, tin, while appli-
cations concerning iron and municipal solid waste treatment have been reported.
As of 2019, there are about 66 known operating TSL plants globally. By control-
ling the air/fuel ratio (i.e. by lambda value), the TSL can be operated under
oxidizing/reducing/inert conditions. The bubble dynamics play a crucial role in deter-
mining the reaction kinetics, splashing, turbulence, sloshing as well as the refractory
and lance wear. This paper shows the efforts to determine the bubble dynamics
in a cold TSL model using acoustic measurements and high-speed photography.
The results show a correlation between bubble dynamics with respect to varying
lance submersion depths, bath properties (varying viscosities and densities, i.e.
glycerol/water mixtures), and lance flow rates (i.e. airflow).

Keywords Top submerged lance (TSL) · Extractive metallurgy · Acoustic
measurement · Bubble dynamics · High-speed photography

Introduction

J. M. Floyd invented the top submerged lance (TSL) technology in the 1970s at the
Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia.
Floyd aimed to create a flexible smelter with faster reaction kinetics and to recover
metals from the slags. The initial TSL operations were used to recover tin from tin-
containing slags from the reverberatory furnaces at Associated Tin Smelters (ATS),
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Australia. Later, due to its flexibility and efficiency, the TSL was used to recover
various base metals such as copper, lead, zinc, nickel, iron, and aluminum. Due to
enormous developments in TSL design over the years, equipment, and slag chem-
istry, today, TSL is also used to process municipal waste incinerator ash (MWIA)
and recover PGM’s, minor elements from slags and secondary resources (e.g., e-
waste). The mechanism of the TSL technology is based on a lance carrying fuel and
air/oxygen that is submerged into molten slag, where the combustion gases react
with the bath/feed. The fuel can be of different forms, such as heavy fuel oil (HFO),
natural gas, or milled coal. The air can be enriched with oxygen up to 80% to increase
the combustion potential and oxygen activity/affinity/partial pressure. Apart from its
fuel flexibility and faster reaction kinetics, the SO2 and dust emissions from the TSL
are lower than the traditional smelters, making it a safe operation for a clean envi-
ronment. Further aspects of the TSL plant flowsheets, slag chemistry, and design can
be read in [1–6] and are out of the scope for this article [7, 8].

This article focuses on understanding and predicting one of the most critical
and challenging aspects of the TSL smelter—“bubble dynamics”. The authors have
published [9] preliminary results on acoustics and lance motion system in a water
bath model at the EuropeanMetallurgical Conference in 2021. In general, TSL lance
is considered as the heart of the technology through which the smelting of feed takes
place. When the lance is vertically submerged into the molten bath, the combustible
gases (CG) react with different interfaces such as CG-liquid, CG-solid, and CG-gas.
These interactions will lead to oxidation or reduction reactions, energy transfer, and
intense agitation of the slag layer (turbulence, splashing, and sloshing).Whenever the
CG-liquid interacts (i.e. gas bubble surrounded with molten bath), bubbling occurs,
and the gas surface area reacts with the molten bath. Therefore, the reaction kinetics
are higher when more bubbles (i.e. large surface area) are generated (excluding
the influence of external forces like turbulence). A schematic representation of this
phenomenon is shown in Fig. 1. The left-side image shows the pilot-scale TSL
smelter at the Institute of Nonferrous Metallurgy and Purest Materials (INEMET),
TUBergakademieFreiberg,Germany, and the right-side image projects the simplistic
representation of bubble dynamics.

Although there have been significant improvements in the TSL smelter over the
last five decades, the bubble dynamics is still a black box. The complexity in inves-
tigating the bubble dynamics in a real TSL plant is due to its harsh environment
(i.e., off-gas dust, high temperatures, and splashing). These factors eliminate the
usage/flexibility of traditionalmeasurement techniques such as photography, laser/X-
ray scanning, or sonar. In this article, a method of measuring the bubble dynamics
using acoustics is demonstrated using a cold model. The data is further validated
using high-speed photography.

On the contrary to experimental investigation, there has been a significant amount
ofwork in computational fluid dynamics (CFD)modeling. Thesemodels give a better
and deeper understanding of the bubble dynamics, but they are not validated with
the industrial TSL plants. For example, within this project framework under virtual
high-temperature conversion (Virtuhcon) at TUBergakademie Freiberg, a significant
amount of CFD work is carried out by D. Obiso [10–14], which is focused on TSL
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Fig. 1 Left: Schematic representation of the pilot-scale TSL smelter at Institute of Nonferrous
Metallurgy and PurestMaterials (INEMET), TUBergakademie Freiberg, Germany. Right: Zoom-in
illustration of bubble dynamics at the lance tip and bath surface

bubble dynamics and its influencing parameters. One of the latest developments [15]
in the experimental investigation is visualizing the bubble dynamics in an opaque bath
(i.e. Galinstan, GaInSn, a ternary alloy) using X-ray radiography. This methodology
opens the possibility of investigating the bubble dynamics of different opaque viscous
liquids and validating CFD models for better accuracy. Nevertheless, this technique
is not feasible in a real TSL plant due to its high costs and safety concerns.

In this article, a method of determining the bubble dynamics is investigated on a
cold model using acoustic measurements and high-speed photography. This method-
ology seems to overcome the aforementioned challenges and can also be adapted to
real TSL plants because of contact-free measurement. The patented Metso Outotec
LanceMotion (results not shown/discussed in this article) and Smelter Acoustics
system used was investigated byMetso Outotec, Australia, over many years, starting
at a small scale, resulting in adoption by some commercial users of TSL over the
past few years. Their research and commercial plant work are undisclosed at this
time. The authors thank Metso Outotec for providing the LanceMotion and Smelter
Acoustics system to INEMET together with the Metso Outotec advanced control
technologies (ACT) platform and sharing their expertise.
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Experimental Set-Up

The results shown in this article are conducted on a cold model. The dimension of
the cold model (i.e. cylinder and lance diameter) is similar to the geometry of the
small-scale TSL smelter at INEMET (see Fig. 2, left). The inner diameter of the TSL
cylinder (cold model) is 22 cm and is made of polymethyl methacrylate (PMMA).
The inner diameter of the lance is 2 cm, and it is made of chrome steel. Air flows
through the lance via a manual rotameter which can measure a range between 0.8–50
L/minute. The inlet air pressure is set around 1 bar.

The sensors set-up (LanceMotion and Smelter Acoustics system) and the ACT
software are provided by Metso Outotec as a package within the CIC-Virtuhcon’s
Phase II strategic investment project framework. A LanceMotion sensor is attached
to the lance to register anymovement in the X, Y, and Z axes. The sampling rate of the
motion sensor is fixed to 600Hz. Themotion sensor is coupled toMetsoOutotecACT
software to generate JavaScript Object Notation (JSON) files, which store the lance
movement in all directions with respect to time (results not discussed in this article).
The high-speed camera “ImagerMX” is from LaVision company, and the images are
recorded at 600 fps (i.e., 600 Hz). The camera is connected to the LaVision image
processing software, from which the raw images are extracted [16]. The condenser
microphone “ECM8000” is from Behringer company [17]. The frequency response
of the microphone is calibrated between 15 Hz and 20 kHz (with a sensitivity of
−60 dB); however, the microphone can also record infrasound frequencies (i.e.,
<20 Hz) with less sensitivity. The microphone is connected to the analog to digital
converter (ADC) manufactured by Focusrite, and the model is “Scarlett 18i20” [18].

Fig. 2 Left: Laboratory/small-scale TSL smelter at the Institute of Nonferrous Metallurgy and
Purest Materials (INEMET), TU Bergakademie Freiberg. Right: Geometrically similar TSL cold
model set-up
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The data is processed through ACT software from the ADC, and the raw waveform
audio file (WAV) files are stored in the computer.

Results

The bubble dynamics of the cold model are investigated under the following types
of liquids:

a. 100% glycerin
b. Glycerin: distilled water = 80: 20 (vol. -%)
c. Glycerin: distilled water = 60: 40 (vol.-%)
d. Glycerin: distilled water = 40: 60 (vol.-%)
e. 100% distilled water

The post-processing and analysis are carried as follows:

i. High-speed camera: The stored images (600 fps) can be analyzed using LaVi-
sion software [16] to determine the bubble size, velocity, area, and trajectory.
In this article, the results are visually determined together with the measured
data from the sensors.

ii. Microphone: The recorded WAV files are processed using MATLAB [19] to
filter frequencies and analyze signals. Traditionally, frequency is defined as
the number of events repeating per unit of time. The microphone signal, i.e.
the acoustic/wave frequency is categorized with respect to the wavelength of
the sound wave (i.e., more oscillations = more frequency). In other words,
the smaller bubble collapses faster, and the wavelength/wave period is shorter;
therefore, the smaller bubbles tend to have higher wave frequency, and the
opposite is true for the larger bubbles.

For each liquid type, the airflow (such as 60, 80, 100, 200, 300, and 600 L/hour)
and the lance submersion depth from the bath surface (such as 2, 4, 6, 8 cm) are
varied to investigate the effect on the bubble dynamics. This manuscript aims to
project how the acoustics system can predict a TSL smelter’s bubble dynamics and
be integrated into the dynamic flowsheet models to control the process.

Bath Properties

The correlation between the volume fraction to the density and the dynamic viscosity
is shown in Fig. 3 [20]. On x-axis, “1” represents 100% glycerin bath. It can be
observed that the viscosity is significantly decreased with 20 vol.% of water addition
to glycerin. On the other hand, the density steadily decreases with increasing the
volume percentage of water. In comparison with the industrial TSL, a typical copper
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Fig. 3 Influence on density and viscosity with respect to the volume fraction of glycerin

slag at 1200 °C has a density of ~3485 kg/m3 and a viscosity of ~0.175 N-s/m2 (own
measurements).

High-Speed Photography

In all experiments, the camera was set to capture 600 fps for 2 s (i.e., 1200 images,
which consumes ~4 GB space). For example, Fig. 4 shows the bubble dynamics
(i.e., bubble formation, detachment from the lance tip, trajectory, and collapse at the
surface) for two extreme conditions (i.e., 100% distilled water and 100% glycerin)
at a 60 l/h airflow rate through the lance and 2 cm lance submersion depth. For
more viscous liquid (i.e. glycerin), the whole process time (i.e. bubble formation
to bubble collapse) is 3.5 times higher than water. In addition, during the bubble
collapse for lower viscous liquid (i.e. water), there is a tendency to form additional
smaller bubbles at the bath surface.

Fig. 4 Bubble dynamics of 100% distilled water (top) and 100% glycerin (bottom) under the
conditions—60 L/hour airflow rate and 2 cm lance submersion
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Fig. 5 Influence of airflow rate on the bubble formation at the lance tip for glycerin (blue) and
water (orange) bath when the lance is submerged 2 cm (Color figure online)

Due to the buoyancy forces and stresses acting towards the bubble from the bath
at lower flow rates, the bubble shape is assumed to be elliptical at the lance tip.
Considering this assumption, the surface area/circumference of the bubble is calcu-
lated [21], as shown in Fig. 5. It should be noted that only “half-side of the ellipse”
is in contact with the bath at the lance tip. Therefore, when calculating the surface
area of the bubble, these values should be taken in half. Except for the 600 l/h airflow
rate, the bubbles were intact during its path (i.e., from the lance tip until the bath
surface). Hence, after the bubble is detached from the lance tip, both the sides of the
ellipse will be in contact with the bath (i.e., the values in Fig. 5). In case of higher
viscosities and lower bath submersion depths, the bubble might be attached to the
lance during its trajectory towards to surface (see Fig. 4).

Acoustic Measurement

The raw acoustic signals can be processed in MATLAB to plot each experiment’s
amplitude versus time graph. As the surrounding noise is significantly less than
the bubble collapse sound, filtering the signal is unnecessary. As shown in Fig. 6,
60 L/hour of air is fed to the lance, which is submerged 2 cm in various liquids.
It can be observed that there is a pattern of peak formation, which represents the
series of events during the bubble collapse. For example, the events (i.e. red circle in
Fig. 6) include the sound wave moving through the air during the bubble rise, bubble
expansion, bubble collapse, and bubble dissipation at the bath surface. Of course,
the loudest event (i.e. highest peak/amplitude) occurs during the bubble collapse.
This can be validated by comparing it with high-speed photography. For example,
in a water bath model, the results from high-speed photography (see Fig. 4) show
that the bubble collapse occurs every ~0.3 s, which is similar to the acoustic data as
shown in Fig. 6 (see green rectangles). For 100% glycerin bath, the camera shows
that the bubble collapse occurs ~1 s, but the acoustic signal does not show any change
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Fig. 6 Amplitude versus time plot for 60 L/hour airflow rate and 2 cm lance submersion under
different bath properties

because the bubble collapse is unregistered by the microphone. This effect is due to
the high surface tension and high viscosity, leading to a weak bubble collapse noise.

The acoustic signals are processed in MATLAB, and fast Fourier transformation
(FFT) is carried out in order to differentiate various acoustic frequencies. The time
duration for recording 1 WAV file is 60 s. The background noise is considered and
subtracted from the real measurement. Apart from the general background noise
from the environment, the noise/vibration of the air flowing through the lance is also
deducted from the real signal in order to measure the noise of bubble collapse at the
surface. For clarity of acoustic signal, the microphones are placed in close proximity
to the bath surface (see Fig. 2). Figure 7 shows the influence of airflow rates through
the lance in different viscous baths. Firstly, if the signal’s amplitude is higher, the
event occurs frequently within the time frame, i.e. the bubble collapsing at 200 Hz
is formed more often at 600 l/h than 60 l/h. Additionally, in more viscous liquids,
the bubble collapses at the surface happen less than in less viscous liquids because
of higher surface tension. In this scenario, the bubble deformation occurs after it is
detached from the lance tip, and at the surface, it dissipates into the bath in the form
of ripples without proper mixture of the bath.

Figure 8 shows the influence of lance submersion depth at different airflow rates.
Only the water bath model example is illustrated in Fig. 8. At lower flow rates, the
bubble collapses can be distinguished throughout the smaller frequency range, while
at higher flow rates, the dominant frequency is about 350 Hz.
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Fig. 7 Influence of the airflow rate (a = 60 l/h, b = 80 l/h, c = 300 l/h, and d = 600 l/h) on the
bubble dynamics of different viscous bath

Fig. 8 Effect of the lance submersion depth of the bubble dynamics at different airflow rates (a =
60 l/h, b = 80 l/h, c = 300 l/h, and d = 600 l/h)

Discussions and Conclusions

This article illustrates a novel method of determining the bubble dynamics in a cold
model, which may also be feasible under industrial TSL operations. It is observed
that if the lance submersion depth increases, the bubble sphericity decreases, i.e., the
bubble elongates and surface area increases. If the bath is less viscous, the bubble
tends to break into secondary or ternary bubbles during the bubble trajectory towards
the surface. The acoustic signal shows that 80 l/h (i.e. 0.08 Nm3/h) airflow generates
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smaller bubbles than higher flow rates with the current lance configuration. At 600 l/h
(i.e. 0.6Nm3/h),many bubbles are generated around 200Hz, even at different viscous
baths. This could be the primary bubble, which is collapsing near the lance surface.
The effect on lance submersion depth is also evident in the acoustic signal.Whenever
the lance is submerged deeper in a water bath, most bubbles are generated around
350 Hz and tend to form the lower end of the frequency spectrum. The lance motion
system and high-speed photography support acoustic measurements (i.e. amplitude
vs. time). Each photograph frame can be compared with the acoustic signal and
lance motion data. However, compared to the industrial TSL, one could normalize
the results by considering the flow rates, which range between 30,000–50,000 Nm3/h
with a lance inner diameter of ~0.5 m.
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Pilot Scale Test of Flue Gas Recirculation
for the Silicon Process

Vegar Andersen, Ingeborg Solheim, Heiko Gaertner, Bendik Sægrov-Sorte,
Kristian Etienne Einarsrud, and Gabriella Tranell

Abstract Flue gas recirculation (FGR) for the silicon process may facilitate
increasing the CO2 concentration in the off-gas, which will be beneficial for potential
future carbon capture. Lower oxygen concentration in the combustion gas will also
reduce NOX emissions. An existing 400 kVA submerged arc furnace (SAF) pilot
setup was modified to be able to recirculate flue gas and equipped with gas analysis
to monitor both the flue gas and the mixed combustion gas entering the furnace.
Over a running period of 80 h, including 32 h of startup, twelve different combina-
tions of FGR ratios and flow rates were tested using typical industrial raw materials.
Increased CO2 flue gas concentrations were successfully demonstrated with concen-
trations over 20 vol. % CO2. Emissions of NOX were shown to be reduced when
isolating stable comparable periods within each tapping cycle.

Keywords Silicon · Flue gas recirculation · Silicon production off-gas

Introduction

Silicon is an essential element that is used in many of the products of modern society
such as electronics, silicones, and for alloying other metals. So far, the only industrial
way of producing silicon is through carbothermal reduction, where quartz is reduced
to silicon with carbonaceous reductants at high temperatures in a submerged arc
furnace. The silicon alloy is tapped from the bottom of the furnace, and the process
also produces the combustible gases siliconmonoxide (SiO), carbonmonoxide (CO),
and hydrogen (H2) which combust in the furnace hood and are the source of the
byproduct silica fume, as well as CO2. A detailed description of production of high-
silicon alloys can be found in the work of Schei et al. [1].
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Carbon capture and storage (CCS) may reduce the environmental impact of
producing silicon by preventing carbon dioxide from entering the atmosphere.
Mathisen et al. [2] assessed the opportunity for carbon capture for the Norwegian
silicon industries through a techno-economic investigation. Low concentration of
CO2 in the off-gas was one of the challenges identified, resulting in a high capture
cost. Of the two plants investigated, one operation had an off-gas containing 1%CO2,
while the other operation had a concentration of 4%. Mathisen et al. suggested that
flue gas recycling (FGR) could be a way of increasing CO2 concentration, thereby
decreasing capture cost.

Flue gas recycling is the concept of recirculating some of the combusted gases
back to the process. Flue gases are mixed with combustion air and introducing into
the furnace. This is a well-established emission control strategy for reducing NOX

emissions formed during combustion [3, 4]. NOx formation in the silicon process
has been described by Kamfjord [5] and Panjwani et al. [6], who also calculated
potentialNOX reduction usingFGR [7]. FGRcan also be used in oxy-fuel combustion
processes to avoid excessively high temperatures in the combustion zone, such as
optimizing coal power plants for carbon capture [8].

Conventional silicon submerged arc furnaces have a semi-closed hood to capture
the flue gases. The fume hood is operated at pressures lower than atmospheric pres-
sure. Due to the pressure gradient, an excessive amount of surrounding air is drawn
into the furnace hood, thereby ensuring that the combustion process is contained to
the hood and off-gas system. Dilution with fresh air results in off-gas rich in oxygen
and nitrogen, but dilute CO2 concentrations. Reducing the amount of gas extracted
from the furnace and thereby reducing dilution with air is the most effective way of
increasing CO2 concentrations but will be limited by either high off-gas temperature
or loss of process containment.

With decreasing off-gas extraction, smoke and process gases would at some point
start to leak out of openings in the hood. Closing the furnace has been investigated by
both Elkem in the 1980s [9] and by DowChemical in the 90s [10] with mixed results.
Still, almost all industrial silicon is produced in conventional furnaces with semi-
closed hoods. Flue gas recirculation could be a potential solution for bridging the gap
between a semi-closed and a fully closed furnace. Themaximum off-gas temperature
is primarily set by the downstream processes. Baghouse filtration, commonly used
in silicon production, is usually limited to an off-gas temperature of around 250 °C.
Installing a heat exchanger/boiler between the furnace and the filter is a solution
which allows higher off-gas temperatures. Maximum off-gas temperature would be
limited by fouling issues in the off-gas system between the furnace and boiler.

Experimental Setup

The pilot furnace, located at the NTNU/SINTEF laboratories in Trondheim, Norway,
was lined with a monolithic high alumina refractory side lining and a silicon carbide
bottom lining, as illustrated in Fig. 1. Tapping was done through a carbon block
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Fig. 1 Schematic illustration of furnace body and hood

tapping portal, using either iron rods in combination with sledgehammers or heavy-
duty drill to open the taphole.

Electrical power was supplied through a 400 kVA electrical supply through a 6′′
graphite electrode of EG90 quality, delivered by Tanso. The target electrical load was
160kW,basedon experienceswith previous experiments [11], but in several cases had
to be reduced to limit the temperature of the off-gas. Variations in electrical resistance
and latency in electrode regulation also contributed to deviations in load. In practice,
a setpoint for current was entered into the power supply, and the corresponding
resistance, to achieve the right load, was adjusted by manually moving the electrode
to the right height.

To investigate the effects of FGR for silicon production, an experimental matrix
with two different flow rates and six different FGR rates for each flow was planned
and shown in Table 1. The FGR rate was here defined as the ratio of flue gas to the
total gas going into the furnace hood. A broad matrix with several FGR rates was
selected to get an overview of which settings could be applicable for the industry and
to test what was possible to achieve with the equipment in use. The experiment was
conducted in a one-phase SAF as a continuous 3-day run with discontinuous tapping,
where each tapping cycle of roughly 1.5 h was one separate experimental step. When
comparing different steps, only the stable part of the tapping cycle was included.
Temperatures within operational range, normal silica fume generation, and minimal
concentration transients characterized the stable part of operation. The period right
after charging was a transient period where gas composition stabilized, while the end
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Table 1 Experimental matrix

Exp ID Flow rate [Nm3/h] FGR rate [%] Parallels completed

1 1000 0 3

2 1000 50 2

3 1000 70 2

4 1000 80 1

5 1000 88 2

6 500 0 3

7 500 45 3

8 500 60 3

9 500 70 1

10 500 78 3

11 1000 100 2

12 500 100 2

of the cycle was usually dominated by a collapsing charge and excessive blowing.
These periods are omitted in the comparison since the process variations influence
the results stronger than the different FGR rates of the experimental matrix.

A mix of industrially used raw materials was supplied by Elkem Thamshavn and
Elkem Rana. Details of each material are shown in Table 2. The woodchips were
dried in a heating cabinet at 100 °C for 24 h before use, while the other materials
were used as received. Raw materials were premixed and added after each tapping
from the top openings of the furnace. Before adding new raw materials, the charge
was stoked with pneumatic chisels to break up crust formations. Carbon coverage
was 100% after the initial filling of the furnace.

Figure 2 shows the off-gas system for the experiment. The off-gas system was
modified to extract combusted process gas from the furnace hood, remove partic-
ulate matter through a baghouse filter, and distribute the gas either back to the
furnace or to the smokestack, depending on the desired FGR rate. Pneumatically
controlled butterfly valves were used for directional control, and fan F2 was installed
to overcome the pressure drop in the recirculation line. A 4-m-long double-pipe

Table 2 Raw materials used for the experiment

Coal Coke Charcoal Woodchips Quartz

Moisture wt % 10.8 11.7 4.7 4.8 N/A

Fix C (DB) wt % 57.7 92.0 85.2 25.0 N/A

Ash (DB) wt % 1.5 2.0 2.1 1–2

Volatiles (DB) wt % 40.8 6.0 12.7 N/A

Size fraction mm 1–7 5–15 5–25 20–50 5–25

Share of C-mix % Fix C 40 15 30 15 N/A
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Fig. 2 Illustration of the off-gas system.Valves are denotedV#, and fans are denotedF#. Instrumen-
tation placement is also shown, where pressure sensors are marked DP#, temperature measurements
KTC#, and flow measurements FT#

heat exchanger cooled the off-gas before the analysis station. After gas analysis, a
baghouse filter removed particulate matter before the gas was directed either to the
smokestack or back to the furnace. The baghouse filter was operatedwith amaximum
off-gas temperature of 180 °C, which turned out to be a limiting factor for the length
of some experimental steps. Emergency ventilation to the smokestack through Valve
6 was implemented as a safety feature and used when temperatures exceeded the
operational limit. Enclosure of the furnace hood was done by installing a distribution
manifold over the already semi-closed hood. The furnace, combustion hood, and
parts of the off-gas system are illustrated in Fig. 3.

Permanent openings in the furnace hood were closed, and with the manifold
mounted to the furnace hood, the system was in principle closed. Baghouse cleaning
with pressurized air pulsing was only performed in periods of charging and stoking,
to avoid adding more air than necessary. Tapping gas was directed into the same
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Fig. 3 Picture of the furnace and parts of the off-gas system during tapping

off-gas system but was only open in the short periods of tapping. Air was added to
the system through the air inlet close to V1. Adding air here was done to make sure
that air and flue gas were well mixed before entering the combustion hood.

Although efforts were made to make the system as sealed as possible, air leakage
into the system was observed. Purging of measuring instrument added roughly 0.6
Nm3/h N2 gas and 2.4 Nm3/h of air. Leakages of fresh air into the filter and through
valves were considerably larger and were estimated to be in the range of 50–100
Nm3/h at the highest FGR rates, calculated from the dilution of CO2 at the off-
gas analysis point to the inlet gas analysis point. The furnace hood was lined with
refractory material and had to have large hatches to be able to access the furnace for
charging and stoking, which proved hard to get airtight. To limit the leakage into the
hood, pressure sensors DP1 and DP2 were placed close to the hood so that fans F1
and F2 could be operated at loads giving as close to ambient pressure as possible in
the hood itself. The same principle was applied to limit air leakage in the baghouse
filter.
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Both the off-gas and the in-gas were analysed during the experiment. Off-gas
was analysed with an Agilent 490-PRO Micro-GC, ProtIR 204 M combustion gas
analyser, and LaserGas II instruments for measuring CO2, O2, and NOx. Dust in
the off-gas was measured with a LaserDust instrument. Inlet gas was analysed with
another Agilent 490-PRO Micro-GC and two LaserGas II instruments, measuring
CO2 andO2. Both LaserGas and LaserDust instruments were fromNEOmonitors. In
addition, isokinetic sample extraction of silica samples and off-gas for PAH analysis
was performed on the off-gas line.

The Agilent 490-PROMicro-GCs used the Pro-station and Soprane II software to
quantifyH2,O2, N2, CO2, CH4, andCO (C2H4, C2H6, COS). TheGCswere equipped
with two columns to separate the gas constituents and thermal conductivity detectors
(TCD) to quantify the gas species. GC Channel 1 was equipped with 10 mMolsieve
5 Å column, operated at 110 °C with argon as carrier gas. The injector temp. was set
to 90 °C and injection time of 50 ms. Channel 1 was back-flushed after 7 s.

The ProtIR 204 M FTIR analyser runs Protea Analyser Software (PAS) using
the Protea combustion model with pre-defined analysis routines for 20 common
combustion gases. The FTIR was used to quantify among others, CO, CO2, and
NOx. An on-board zirconia sensor provides oxygen concentration results.

Results and Discussion

Over the course of the almost 80 h long experiment, 27 experimental steps were
completed. A total of 7725 kWh electrical energy was used, where 725 kWh was
used for baking the lining and 1075 kWh for heating during filling the furnace with
raw materials and starting the process, leaving 5925 kWh distributed over 48 h for
the actual production process. This gives an average load of 123 kW, well below the
set point of 160 kW, which partly is explained by the down-time during tapping and
charging. However, due to high temperatures in the off-gas system, the loadwas often
reduced to reduce heat load. Load variations were also caused by varying electrode
resistance and regulation latency. Average load in the periods of stable operation was
136 kW.

A total of 176.3 kg of siliconwas tapped, and 65.41 kg of silica fumewas collected
in the baghouse filter. The total quartz consumption ended up at 800 kg for the full
experiment, where 200 kg was used to fill the furnace. With residual raw materials
left in the furnace during shut down, the actual consumption was estimated to 600 kg.
The average power consumption was 33.6 MWh/tonne silicon and 9.9 MWh/tonne
quartz. The silicon yield, calculated from the amount tapped Si divided by the amount
of Si charged to the furnace as quartz, was 62% after the quartz used for filling the
furnace was deducted. Note that, some silicon was left in the furnace during shut
down. Since a significant amount of silica fume was released directly through the
smokestack during periods of stoking, charging, and periods of too high off-gas
temperatures, calculating silicon yield with regards to silica fume would give an
erroneously high estimate.
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Fig. 4 Median boxplot of CO2 concentration in off-gas, measured with the NEO LaserGas instru-
ments, with increasing FGR rate where the FGR rate is based on CO2 dilution (FGR4). Each column
represents an experimental step

Figure 4 shows the CO2 concentration in the off-gas with increasing FGR rate.
CO2 concentration was successfully increasedwith both flow rates in the experiment.
The FGR ratio used in this figure is based on the FGR rate from the dilution of CO2

from the off-gas to the in-gas. Correspondingly, O2 levels in the combustion gas
going into the furnace hood are shown in Fig. 5. In both boxplots in Figs. 8 and 9,
each bar represents one experimental step, where the width of the bar shows the span
of FGR rate within each step. The highest off-gas CO2 concentration was achieved
in the runs with the lower flowrate, which allowed for lower pressure differentials in
the system, a reduced leakage of fresh air.

A decreasing generation of NOx was observed with increasing FGR. The NOX

concentration also appeared to be correlated with the silica fume concentration in the
off-gas. The periods with a high concentration of silica fume in the off-gas can be
explained by direct blowing of SiO from the crater. As SiO combusts in the furnace
hood, the high local temperatures would give a high rate of thermal NOX production.
The same effect was observed by Kamfjord [5] for industrial furnaces and has been
modelled by Panjwani [7].

For future experiments, effort should be put into closing potential leakage points.
This will allow better control of and higher FGR rates. An evaluation of the energy
content in a future charge composition against the capacity of the heat exchanger
in the system should also be done. For this experiment, the energy content in the
charge mix was too high. The charcoal had a significant content of fines, and the
woodchips were dried before use, reducing the moisture content from roughly 50%
down to 4.75%. This resulted in too-high off-gas temperatures right after charging
where the gas was too hot to handle for the filter and delayed start of the experimental
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Fig. 5 Median boxplot of O2 concentration in off-gas, measured with the NEO LaserGas instru-
ments, with increasing FGR rate where the FGR rate is based on CO2 dilution (FGR4). Each column
represents an experimental step

step. Increasing the sampling time for each step could be done by either reducing the
energy content in the charge or increasing the capacity of the heat exchanger in the
system.

Conclusions

Flue gas recirculation has been successfully used to increase the CO2 concentration
in the off-gas from a pilot scale silicon process using typical industrial raw mate-
rials. Measured NOX emissions were lower with decreasing oxygen content in the
combustion gas. These findings are promising in terms of industrial application in
larger scale and suggest that further research is warranted.
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Supercritical Carbonation
of Steelmaking Slag for the CO2
Sequestration

Jihye Kim and Gisele Azimi

Abstract Mineral carbonation of industrial byproducts is a promising carbon
capture and storage technique to abate global warming. Steelmaking slag is the
main byproduct of the steelmaking industry, and it is a potential source of alkaline
oxideswhich can be transformed into carbonates. The carbonation of the steelmaking
slag has proven to be a great countermeasure to sequester significant amounts of CO2

emitted from the steelmaking process at the point sources while offering the environ-
mental benefits of waste reduction. In this study, a supercritical carbonation process
is developed to sequester CO2 using steelmaking slag. Compared with conventional
aqueous carbonation, this process has several advantages including higher reactivity,
less waste generation, and better economic feasibility. A response surface method-
ology is utilized to assess the effect of operating parameters on carbonation effi-
ciency and to optimize the process. Under the optimum conditions, the maximum
CO2 uptake of 213 gCO2/kgSlag is achieved.We believe that the findings of this study
would help enable efficient CO2 mitigation utilizing an efficient and environmentally
sustainable process and thereby contribute to carbon neutrality and waste reduction.

Keywords Supercritical carbonation · Steelmaking slag ·Mineral carbonation ·
Process optimization · Response surface methodology

Introduction

Iron and steel are essential materials that enable a modern way of life filled with
buildings, automobiles, and bridges. Steelmaking slag is the main byproduct of the
steel industry and is a potential source of alkaline oxides which can be transformed
into carbonates [1, 2]. In 2019, world iron slag production was estimated to be
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between 320 and 384million tons, with steel slag production estimated to be between
190 to 280 million tons [3]. Of all steel slags produced globally, about 14% are
landfilled [4]. The main reasons behind the partial utilization of steel slags are their
volume instability and their leaching behavior [5].

The carbonationof steelmaking slag canoffer the benefits of improving the volume
stability of the slag and producing enhanced construction materials with better inert-
ness and corrosion resistance. Furthermore, considerable amounts of CO2 emitted
from the steelmaking industry can be sequestered at the point sources via steel-
making slag carbonation, and in turn, abating global warming. The steelmaking
industry generated 1.85 tons of CO2 for one ton of steel produced in 2018, and it
accounts for 7–9% of the direct CO2 emissions from global fossil fuel use [6]. To
this end, the carbonation of slag has come to the fore as a breakthrough technique to
mitigate the CO2 gas emissions resulting from the steelmaking industry.

In this study, a supercritical carbonation process of steelmaking slag was devel-
oped for CO2 sequestration. A response surface methodology was used to quantify
the effect of four operating parameters, i.e., slag particle size, CO2 pressure, reaction
temperature, and water-to-slag ratio, on the carbonation efficiency and to optimize
the process. Themain contributor to enhance the carbonation efficiencywas revealed,
and the maximum CO2 uptake was obtained under the optimum conditions.

Experimental

Materials

The steelmaking slag was obtained from an undisclosed source. Glass vials were
supplied fromVWR(USA). The liquidCO2 tankwas purchased fromMesserCanada
Inc. (Canada). Hydrochloric acid (36.5–38.0 vol.% assays) and nitric acid (68.0–70.0
wt% assays) were purchased from VWR. Milli-Q Integral water purification system
(MilliporeSigma, Germany) was used to produce deionized water (0.055 μS/cm). A
certified standard stock solution of iron, calcium, magnesium, silicon, manganese,
aluminum, and chromium (1000 mg/L) was purchased from Inorganic Ventures, Inc.
(USA) and used for calibration of the analytical instrument.

Experimental Procedure

For the supercritical carbonation of EAF slag, the EAF slag samples with different
particle sizeswere prepared using a jaw crusher (BB 200 JawCrusher, RetschGmbH,
Germany), ball mill (roll lab ball mill, The Galigher Co., USA), and ro-tap (RX-29
ro-tap,W.S. Tyler, USA). Afterward, the dried slag sample with a certain particle size
was thoroughly mixed with water at different water-to-slag ratios. The glass vials
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containing the mixture of the slag sample and water were placed in an autoclave
reactor (Parr 4560 mini-benchtop reactor-600 mL, Parr Instrument Company, USA).
Next, the reactorwas sealed and heated to a set temperature (ramp-up time of 30min).
In the meantime, the pressure reached a setpoint utilizing a supercritical CO2 pump
(GB40-CO2, Dongguan Usun Fluid Control Equipment Co., Ltd., China) and air
compressor. The reaction time was maintained constant at 48 h, and no agitation was
made. After the test was completed, the carbonated slag sample was dried at 80 ºC
for > 24 h and analyzed by different characterization techniques.

Factorial Design of Experiments and Empirical Model
Building

A systematic study was carried out to investigate the effect of operating parameters,
namely slag particle size (X1), CO2 pressure (X2), reaction temperature (X3), and
water-to-slag ratio (X4), on the CO2 uptake. The primary and quadratic effects of
one factor, alongside the second-order interactions between two factors, were quan-
titatively analyzed. Each parameter was coded to five levels (−2, −1, 0, +1, +2) to
directly compare the effect of different parameters. Upper and lower limits of factor
levels were determined on the basis of the preliminary experimental results and the
operating ranges of comparable processes in the literature [7–10]. Table 1 shows the
detailed information of operating parameters.

A response surface methodology was used to design the experiments and to build
an empirical model. The experimental data were then fitted to the empirical model
Eq. (1) using multiple linear least squares regression (mLLSR, Eq. (2)).

ŷ =β̂0 + β̂1X1 + β̂2X2 + β̂3X3 + β̂4X4 + β̂12X1X2

+ β̂13X1X3 + β̂14X1X4 + β̂23X2X3 + β̂24X2X4

+ β̂34X3X4 + β̂11X
2
1 + β̂22X

2
2 + β̂33X

2
3 + β̂44X

2
4 (1)

Table 1 Factor levels for operating parameters for supercritical carbonation

Factor X1 X2 X3 X4

Factor description Slag particle size CO2 pressure Reaction
temperature

Water-to-slag ratio

Units μm bar °C mL/g

−2 level −420 + 250 80 40 0.1

−1 level −250 + 177 90 50 0.2

0 level −177 + 105 100 60 0.3

+1 level −105 + 74 110 70 0.4

+2 level −74 + 44 120 80 0.5
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where β
∧

is the vector including each of the model parameters, β0 corresponds to the
baseline bias, β1 corresponds to X1 (slag particle size), β2 corresponds to X2 (CO2

pressure), β3 corresponds to X3 (reaction temperature), β4 corresponds to X4 (water-
to-slag ratio), β ij corresponds to the second-order interaction of the two different
factors, and β

∧

i i corresponds to the quadratic term.

β
∧

= (
XTX

)−1
(XTY) (2)

where X is the experimental design matrix and Y is the response matrix including
the actual response (measured CO2 uptake).

Morphological, Mineralogical, and Compositional
Characterization

The inorganic carbon analysis (IC, SSM-5000A, Shimadzu, Japan) was carried out
to calculate the CO2 uptake of the solid sample. The compositional characterization
was performed using alkali fusion digestion (Claisse LeNeo, Malvern Panalytical,
UK; Li2B4O7 49.75 wt%, LiBO2 49.75 wt%, LiBr 0.50 wt%). The concentration of
elements of interest (Fe, Ca, Mg, Si, Mn, Al, and Cr) in the solution was measured
using inductively coupled plasma optical emission spectroscopy (ICP-OES, Optima
8000, PerkinElmer, USA).

Results and Discussion

Characterization of Steelmaking Slag

The elemental composition of the steelmaking slag was analyzed using alkali fusion
followedby ICP-OES.As shown inTable 2, the steelmaking slag consists of 23.0wt%
iron, 15.3 wt% calcium, 6.4 wt% magnesium, 5.6 wt% silicon, 5.4 wt% manganese,
2.5 wt% aluminum, and 1.9 wt% chromium. The mineralogical characteristics of
the slag were investigated with XRD in our previous work, and it was found that the

Table 2 Alkali fusion followed by ICP-OES results indicating the elemental composition of the
steelmaking slag

Element Fe (wt%) Ca (wt%) Mg (wt%) Si (wt%) Mn (wt%) Al (wt%) Cr (wt%)

Average 23.0 15.3 6.40 5.59 5.35 2.51 1.91

Standard
deviation

0.78 0.44 0.25 0.17 0.17 0.11 0.07
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slag ismainly composed of larnite (Ca2SiO4), brownmillerite (Ca2((Fe1.63Al0.37)O5),
magnesioferrite (Fe2MgO4), wustite (Fe0.944O), and hematite (Fe2O3) [11].

Effect of Operating Parameters and Empirical Model Building

A series of supercritical carbonation experiments was conducted based on the exper-
imental matrix designed using a response surface methodology. The effect of oper-
ating parameters on the extrinsic CO2 uptake was investigated, and the empirical
model was built using multiple linear least squares regression (mLLSR). Figure 1
presents the ordered factor effect coefficients with enough significance (α = 0.05)
on the extrinsic CO2 uptake of the steelmaking slag.

As can be seen in Fig. 1, the slag particle size (X1) showed the most significant
positive impact on the CO2 uptake. This is understandable because the decrease of
slag particle size increases the total surface area and carbonated volume of the slag
particles, and in turn, the carbonation efficiency.

The CO2 uptake was also positively affected by the CO2 pressure (X2). To explain
this phenomenon, the thermodynamic modeling of the CaCO3-MgCO3-CO2-H2O
system was conducted. The detailed explanations of the modeling procedure and
results are presented in the authors’ previous work [11]. The results showed that the
concentration of dissolved CO2 dramatically increases with increasing the partial
pressure of CO2. Because the equilibria of the overall carbonation reaction are
governed by the concentration of dissolved CO2 (Reaction (3)), this increase results
in the increase of the carbonation efficiency.

The positive effect of the water-to-slag ratio (X4) was captured because water
participates in the CO2 dissolution and dissociation reactions and is significantly
consumed for producing silicic acid, which is a product of the carbonation reaction

Fig. 1 Ordered chart of
factor effect coefficients for
the empirical model for the
CO2 uptake. The inset graph
shows the correlation
between the model predicted
results and the experimental
results
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(Reaction (3)).

Ca2SiO4(s) + 2CO2(aq) + 2H2O(aq) = 2CaCO3(s) + H4SiO4(aq) (3)

Optimization of the Supercritical Carbonation Process

Based on the factor effect coefficients (Fig. 1), the empirical model for the CO2

uptake was built as presented in Eq. (4).

y = 99.4 + 33.5X1 + 4.5X2 + 20.7X4 + 4.6X1X3 + 11.1X3X4 − 5.5X2
2

(4)

The supercritical carbonation process was then optimized using the ExcelSolver
software with the objective of maximizing the CO2 uptake in 48 h processing
time. The conditions that satisfy this scenario were slag particle size of -105 +
74μm, CO2 pressure of 101.4 bar, temperature of 69.5 °C, and water-to-slag ratio of
0.444 mL/gslag. Under these conditions, 189.0 ± 19.8 gCO2/kg of the extrinsic CO2

uptake was experimentally achieved, validating the high model accuracy (absolute
relative deviation= 3.40%). Considering the intrinsic CO2 uptake of the steelmaking
slag, this slag proves to sequester a maximum of 213.4 gCO2/kg via supercritical
carbonation.

Conclusions

The current study is focused on developing a supercritical carbonation process of
steelmaking slag to sequester CO2. A systematic investigation was performed using
a response surface methodology to study the effect of operating parameters, i.e.,
slag particle size, CO2 pressure, reaction temperature, and water-to-slag ratio, on
the carbonation efficiency of the steelmaking slag. On the basis of the results, the
slag particle size was found to have the most significant positive impact on the
CO2 uptake. After the process optimization, the optimum operating conditions were
determined to be slag particle size of -105 + 74 μm, CO2 pressure of 101.4 bar,
temperature of 69.5 °C, and water-to-slag ratio of 0.444 mL/gslag, which resulted in
189.0 ± 19.8 gCO2/kg extrinsic carbonation efficiency in 48 h processing time. The
results of this study ascertain that the developed process offers several advantages
including high carbonation efficiency, no use of chemicals, and minimal volumes of
waste. It is expected that thefindings of this studyhelp enable the carbon sequestration
using industrialwastes, in particular, steelmaking slag, thereby contributing to carbon
neutrality and sustainable recycling.
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Carbon Footprint Reduction
Opportunities in the Manganese Alloys
Industry

Camille Fleuriault and Kåre Bjarte Bjelland

Abstract Production of manganese alloys is an energy intensive process associated
with high carbon consumption. In the wake of the Paris agreement, manganese alloys
producers have implemented new strategies to minimize the environmental footprint
of smelting and refining activities. At Eramet Norway, process decarbonization is
well underwaywith the goal to reduceCO2 emissions by 43%within 2030. Initiatives
cover the full manganese alloys process range, starting from the assessment of carbon
neutral reagents and pre-processing of the manganese ore to downstream reuse of
furnace offgas as energy vector. In collaboration with a rich grid of academic and
industrial partners, Eramet Norway is especially investigating solutions for carbon
capture and storage from manganese alloys furnace gases. Technical challenges are
associated with the presence of deleterious components in the flue gas as well as
process discontinuities, while economic feasibility is relying on maximizing upscale
efficiencies, developing downstream networks, and securing governmental support.

Keyword Carbon capture ·Manganese · Smelting · Sustainability

Introduction

Eramet Norway is a world leader in production of refined manganese alloys, with
three smelters in Porsgrunn, Sauda, and Kvinesdal. Eramet Norway delivers approx-
imately 530,000 tonnes of manganese alloys via smelting and refining of manganese
ores. Ferromanganese and silicomanganese alloys are used for the production
of steel mainly for the construction, machinery, automotive, and transportation
sectors. Manganese is specifically used as an alloying element, for deoxidation of
steel and immobilization of sulfur. At Eramet Norway Sauda, two closed 42 MW
submerged arc furnaces produce approximately 270,000 tonnes of HC FeMn per
year. Subsequent oxygen refining yields refined metal (MC FeMn and LC FeMn).
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As part of its commitment to reduce emissions by at least 43% by 2030 and 80%
by 2050 (compared to 2005), Eramet Norway has adopted an ambitious climate
roadmap covering all aspects of ferroalloys production, from raw material supply to
process by-product utilization (1). At the Sauda plant, plans for carbon capture and
storage (CCS), specifically, are underway.

The Environmental Footprint of the Manganese Alloys
Industry

The main direct sources for greenhouse gases in the manganese ferroalloy produc-
tion field are reducing agents used for the carbothermic reduction of manganese
ore treatment process, consumption of electrodes, and calcination of fluxes such
as dolomite or calcite. As most pyrometallurgical processes, sources such as elec-
tricity generation for the furnace, feed material, and finished product handling are
also considerable. The energy consumed by all three smelters in 2020 for powering
furnaces and auxiliary equipment reached nearly 2 TWh. Combined with other emis-
sions, it represented approximately 1,5 tonnes of greenhouse gas per tonne of product,
aligning with the average steel production emission factor (2). At the Eramet Sauda
plant, approximately 320,000 tonnes of CO2 are generated every year.

Strategies to Decrease the Environmental Footprint
in the Manganese Alloys Industry

To achieve its 2030 and 2050 goals, Eramet Norway has identified several key
initiatives and developed a climate action roadmap involving the following levers:

– Rawmaterials: optimization of feed blend composition by reducing the carbonate
content in fluxes

– Biocarbon: replace fossil fuels by tailor made, high quality bioreagent for the
carbothermic process

– NewERA: recovery and usage of waste energy carried in the furnace gas, as well
as optimize ore-pretreatment via drying and fines recovery

– Pre-reduction: increase ore reduction inside the furnace and upstream of the
smelting process

– CCS: capture and permanently store CO2 emissions from the smelters
– CCU: capture and valorize unburnt furnace offgas as an energy carrier

Among these initiatives, carbon capture has the potential to halve CO2 emissions.
At the Norwegian level, the industry sector also has established a roadmap to reach
carbon neutrality by 2050. Of this goal totaling 16.35 million tonnes reduction in
CO2 emissions, CCS is credited with a reduction potential of 34% (3).



Carbon Footprint Reduction Opportunities in the Manganese … 575

The Carbon Capture and Storage Network in Norway

As of 2021, there are 135 commercial CCS facilities in the world, for a capture
capacity of 149,3Mtpa (4). Early on, Norway positioned itself as one of the precursor
countries for CCS with the development and operation of the Sleipner (1996) and
Snøhvit (2008) capture facilities. While most established CCS operations world-
wide have been developed for the oil and gas industry, recent years have seen a
diversification of processes and expansion of CCS plans to industries such as power
generation, waste incineration, cement and iron and steel production. Norway, espe-
cially, beneficiates from a vast gas handling, transport and storage knowledge, as
well as established infrastructures inherited from the oil and gas industry (Langship
initiative and Northern Lights project for the enablement of cost-effective CCS in
Northern Europe).

This context fosters themultiplication of hubs and clusters demonstrating the shift
from the single lined emission to storage model, to the network model, combining
sources and taking advantages of economies of scale (for compression and transport).
Among them, Eramet Norway is a member of the Eyde cluster, a group of companies
establishing commercial viability of CCS within the process industry with plans for
pilot scale plants at two different sites.

Carbon Capture and Storage at Eramet Norway Sauda

After completing a scoping study for the selection of applicable technologies, Eramet
Norway Sauda has entered a partnership with a technology provider for the instal-
lation of a pilot scale facility for carbon capture. Currently at the feasibility stage,
the implementation of carbon capture in the ferromanganese industrymust overcome
twomain challenges: achieve acceptable recovery rates and establish a cost-effective
downstream network. The key parameters influencing the technical viability of CO2

extraction from a ferromanganese furnace flue gas are:

– Feed gas characteristics and stability

• High partial pressure of CO2 in the gas
• Feed gas conditioning to meet stringent capture technology requirements
• Furnace stability, downtime, and feedstock variation management

– Capture reagent selectivity and ageing

• Typical furnace gas impurities are detrimental to reagent performance (SOx,
NOx, H2…)

• Reagent selectivity for FeMn furnace offgas blends has not been proven

The estimated cost of carbon capture in the iron and steel industry ranges between
50–100 USD/tonne CO2. The cost of transport and storage is highly dependent of
scale and transport distance with first estimates between 30–80 USD/tonne CO2



576 C. Fleuriault and K. B. Bjelland

(5). While the CO2 price could double by 2030, the commercial viability of such
enterprise will nonetheless rely on governmental support, establishing long-term
value and safety of CO2 storage, clear laws and regulations at both the Norwegian
and European levels.
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Effect of Moisture and High
Temperature to Separation Properties
of Mixed Matrix Membranes

Dragutin Nedeljkovic

Abstract Recently, huge emissions of carbon dioxide have emerged as a major
problem in different fields of engineering. Mixed matrix membranes are materials
with huge potential for application in the field of carbon dioxide removal from the
flue gases. Preliminary experiments have shown that dense composite membrane
with polyethyleneoxide (PEO) as a matrix and zeolite powder as a dispersed phase
with appropriate additive that serves as a homogenizer can be used. This type of
membranes has showngoodpermeability of carbon dioxide and relatively lowperme-
ability for other gases (hydrogen, oxygen, nitrogen). The aim of this work is to test
potential degradation of permeation properties and mechanical consistency of the
membrane under repeated cycles of heating and cooling in presence of moisture. The
experiments were performed at five different temperatures belowmelting or degrada-
tion point of polymers with three different partial pressures of water in combination
with various gases. It was found that permeability of each gas will reach constant
value after certain number of measurements.

Keywords Polymers · Composites · Carbon dioxide separation ·Membrane

Introduction

With the increased demand for the energy, and the reliance of the industry to fossil
and non-renewable fuels, mankind has recently been facedwith the increased amount
of flue gases formation.Waste gas (mainly CO2) is emitted as products of both indus-
trial and communal sources are the main source of the “greenhouse effect” and the
global warming [1, 2]. Levels of waste gases are at level that threatens the survival
and life of various living species on the Earth [3]. Typical producers of the carbon
dioxide pollution include (but are not limited to): heating plants, process industry,
power plants as well as transportation. In order to limit the production and emission
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of carbon dioxide, the United Nations initiated Paris Agreement (signed by virtually
all UN members) in 2016. Despite all efforts, carbon dioxide level in the Earth’s
atmosphere reached level of 420 ppm in 2021, with expected growth in the following
years [4]. In ideal case, human energy requirements would be fulfilled by renew-
able energy sources. However, those sources are not currently feasible alternative
to the fossil fuels due to their availability and reliability. Therefore, main efforts
should be addressed to reduction of carbon dioxide emission [5, 6]. Current process
for separation of carbon dioxide from flue gases are based on cryogenic procedures
(phase change based on a difference in boiling point of various gases with disadvan-
tage of huge energy consumption); chemical adsorption. (This approach uses alkali
solution for chemical reaction with carbon dioxide. Disadvantage of this process
is high demand for complex equipment and environmentally hazardous chemicals)
or physical adsorption (In this process, CO2 is physically adsorbed on the surface
of the adsorbent. Adsorbent must be regenerated prior to next cycle which signifi-
cantly increase the recovery time, demand for energy and price.) [7, 8]. In a broader
sense, carbon dioxide separation might be classified in one of the following cate-
gories: separation from nitrogen (flue and waste gas treatment); separation from
hydrogen (syngas synthesis and, to certain extent, flue gas treatment) and separation
from methane (natural gas production) [9, 10]. As this work is focused on the flue
gas treatment, materials suitable for separation of CO2 from nitrogen, oxygen, and
hydrogen will be analyzed.

Separation process could also be performed by dense membranes that base their
separation properties on solution/diffusion mechanism. This type of membrane is
permeable for carbon dioxide, but not permeable for other gases commonly present
in combustion products (nitrogen, oxygen, unburnt hydrocarbons, hydrogen). As the
difference in particle sizes of different components occurs at the molecular level,
conventional, sieve-based (porous) membrane is not suitable for this application
[11–13]. Possible approach may be membrane with separation mechanism based on
different permeability of different gases at the same temperature and pressure. The
principle of this (non-porous or dense) type of membrane is that one of the compo-
nents of the gas mixture (preferably CO2) is adsorbed on the surface of membrane,
dissolved in bulk of themembranematerial and diffuses through themembrane driven
by pressure gradient [14–16]. When it reaches permeate side, diffused molecule is
detached from the surface. Dependence of the diffusion on temperature has been
studied, and it is mostly determined by thermodynamics parameters of molecules
of the solute and polymer chains of the membrane. Therefore, the main efforts
in membrane selectivity are directed toward enhancing the solubility of carbon
dioxide in comparison with other gases. In previous experiments it was observed
that repeating units of poly(ethylene oxide)—PEO in polymer chains improves solu-
bility of CO2, while solubility of O2 and N2 remains relatively low [17]. Due to the
different structure and size of carbon dioxide and hydrogen molecules (hydrogen is
significantly smaller and non-polar), it is expected that diffusion coefficient of H2

will be higher than diffusion coefficient of CO2 if the temperature and pressure are
the same (which is the case inmixture of those gases). Because of that, main efforts in
improvement of membrane selectivity should be directed toward increasing of CO2
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solubility, while keeping the solubility of hydrogen as low as possible. Both oxygen
and nitrogen have molecules smaller than CO2, but the difference is not as high as
in the case of hydrogen. Therefore, the difference in diffusivity will be smaller, but
solubility of both nitrogen and oxygen should be kept as low as possible [18–21].

Good solubility properties of carbon dioxide in in PEO-based polymer can be
theoretically confirmed by Hansen solubility rule that takes into account interaction
between polymer chains and carbon dioxide on molecular level [22] This qualifies
PEO and its co-polymers as good candidates for this application. In previous experi-
ments with equivalent systems [23–27], a polymer available under commercial name
PEBAX, supplied by Arkema have shown promising results. It is classified as ther-
moplastic elastomer with nylon-6 or nylon-12 as polyamide block. This block is
mechanical carrier of the membrane providing the mechanical stiffness, while PEO
block gives rubbery structure and provides diffusion. [28]. Chemical and physical
properties of PEBAX can be fine-tuned by alternating the fraction of two blocks in
co-polymer [29]. Based on the previous works, PEBAX1657was used for this exper-
iment [23, 30]. However, as shown in previous experiments [22, 31, 32] permeation
properties of pure co-polymer should be improved. Pure polymer shows relatively
high permeability for both carbon dioxide and other gases, which results in low selec-
tivity. Therefore, selectivity of carbon dioxide can be increased by adding different
additives.

Possible additive that might improve solubility of carbon dioxide are zeolite
powders. From the structural point of view, zeolites are frameworks of “caged-
like” structures that can accommodate relatively huge molecules of carbon dioxide.
Main specifications of each zeolite types are maximum sphere diameter (diam-
eter of the biggest sphere that can be accommodated inside the framework) and
maximum diffusion diameter (diameter of the biggest sphere that can diffuse through
the pore opening). Chemically speaking, zeolites are mineral inorganic compounds
of alumo-silicates with varying ratio of aluminum and silicone that may (or may not)
contain different metals as well. In general, presence of zeolite powder increases the
selectivity of membrane for carbon dioxide versus other gases [31].

In order to provide best permeation and separation results, zeolite particles should
be evenly dispersed in the membrane bulk, free of any pin-holes, without formation
of clusters and without voids on the contact surface between zeolite particles and
polymer chains. This task is one of the main challenges in preparation of this type of
membranes as non-polar, hydrophobic chains should be in a good contact with highly
charged hydrophilic inorganic particles. To obtain membrane with smooth surface
and homogenous distribution of particles, zeolite must be dispersed in the liquid
which is good solvent for selected polymer. Possible approach to this challenge is to
add additional homogenizing agent that would provide good contact of zeolites with
polymer chains, at the same time preventing the formation of zeolite aggregates.
In general, suitable additive should be miscible and compatible both with zeolite
particles and polymer that is used for matrix. Possible approaches are either to use
polymer that contains polar groups [33] or to use relatively small molecule that would
pose as the “anchor” between polymer chains and zeolite particles. Some preliminary
work has already been done in this field in dry conditions [23, 30]. The task of this
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paper is to test potential changes in properties of membrane at elevated temperatures,
in the presence of the moisture and with repeated number of measurement cycles.
The aim was to test if the permeation properties would be changed under repeated
cycles of increased and decreased pressure.

Materials and Methods

In this paper, the influence of the repeated measuring cycles to the performance of
the carbon dioxide separation membrane was tested. Matrix of the membrane was
made of PEBAX 1657. This polymer is commercially available and was supplied by
Arkema and used as received. The structure of PEBAX 1657 is presented on Fig. 1.

Zeolite powders used for this experiments were supplied by NanoScape and used
as received. Characterization was done by supplier and all presented data regarding
zeolite powder are from supplier, unless stated otherwise. Zeolite properties that
influence diffusion and solution of gas in the membrane are defined by the direc-
tion of pores and by the maximal dimension of sphere that can diffuse through the
opening. Specific surface is important on the macrolevel as it determines the surface
that is potentially available for contact between zeolite and gas as well as surface
that must be taken into consideration when membrane homogenization is analyzed.
Powder used in this work has specific surface of approximately 800 m2/g. For this
measurement, IWS zeolite was chosen based on good results in previous experiments
[23]. It contains three-dimensional relatively big pore openings. Maximal diameter
of the sphere that can diffuse through this frame is 87 pm, and maximal size of the
sphere that can be accommodated in the frame is 67 pm. In general, three-dimensional
pores have shown the best properties as molecules can diffuse through them in any
direction, regardless on the orientation of particle. Beside that, IWS have shown
good results in analogous dry measurements, and it contains relatively high fraction
of silica that should further increase solubility of carbon dioxide.

As a homogenizing agent, n-tetradecane trimethyl ammonium bromide (n-C14-
TMABr – NTAB) was taken. It contains long, non-polar, hydrophobic chain that is
misciblewith polymer bulk. On the other hand, polar tetramethyl ammoniumgroup is
compatiblewith hydrophilic, electrically charged zeolite particle. By interactingwith
both polymer and zeolite, NTAB should provide good contact and prevent formation
of voids between dispersed phase and matrix. NTABwas supplied by Sigma Aldrich
and used as received.

Fig. 1 Structure of the PEBAX 1657 used as a matrix for group of the membranes
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Membranes used for measurements were prepared by the following procedure:
Polymer (PEBAX 1657) was dissolved in mixture of water (70 wt%) and methanol
(30 wt%) at elevated temperature (80 °C) under reflux. Zeolite powder was dissolved
in the same mixture and NTAB was added. Homogenization was performed in ultra-
sound mixer (90W, 40 kHz) and solutions of polymer and zeolite with additive were
mixed and stirred overnight under same conditions (reflux at 80 °C). Mass fraction
of IWS powder was 20% and fraction of additive 8% (both of fractions are mass frac-
tions versus overall mass of the membrane). After overnight stirring viscous solution
was casted on the plain Teflon surface bordered by Teflon ring, covered by non-
woven textile and dried in working lab hood overnight. The aim of the Teflon was
to prevent stitching of the membrane to the surface and to avoid potential damage
of the membrane when it is removed from drier. If the drying was attempted at
underpressure, evaporation of the solvent would be too quick, and bubbles might be
formed in the bulk of the membrane decreasing its selectivity. Before the first round
of testing, the membrane was placed on high vacuum line in order to remove any
traces of residual solvent. For each set of the measurements, membrane was kept for
24 h in chamber with water at the appropriate temperature at atmospheric pressure,
so liquid-water equilibrium could be achieved and the effects of the water to the
membrane properties could be tested.

Permeability properties were determined applying the time lag method applying
the solution-diffusion model which takes into account both solubility and diffusivity.
The parameters were determined by the following equations [34–36]:

αA/B = PA

PB
= DASA

DBSB

D = l2

6θ

P = D · S = Vpl
(
pp2 − pp1

)

ART�t
(
p f − (pp2+pp1)

2

)

In those equations, S is solubility, D is diffusivity, P is permeability, αA/B / is
selectivity of the component A versus component B (defined as the ratio of perme-
ability for gas A versus permeability for gas B), Vp is the permeate volume, l is
the thickness of the membrane, R is the universal gas constant, �t is for the time
required for permeate pressure to increase from value pp1 to valuepp2, p f is feed
pressure, θ is time lag.

Measurements were performed at 25, 50, 75, 100, and 125 °C. The membrane in
measuring chamber was supported by the steel mash. Gas mixture was applied on the
feed side, while the permeate side was kept at vacuum providing the pressure differ-
ence as a driving force for diffusion process. Gas whose permeability was measured
was bubbled through thewater whichwas heated to themeasuring temperature. After
reaching the constant pressure at the permeate side, vacuum was applied shortly to
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Fig. 2 Scheme of the apparatus for the permeability measurements

both of the sides before the next cycle. Permeability of every gas was measured in ten
cycles at every temperature. Because of short time of vacuum application, diffused
water that was accommodated in the bulk of the membrane was prevented from
escaping, so potential influence of repeated vacuum-pressure cycles to the perme-
ation process could be tested. The apparatus used for permeability measurements is
presented on Fig. 2.

Beside gases commonly present in flue gases, heliummeasurementwas performed
as well. The aim of the helium measurements was to detect potential presence of
the pin-hole or voids as its small, non-polar, perfectly rounded molecule has high
diffusion coefficient. Gases were measured in a sequence that prevents formation
of potentially flammable or explosive mixture (helium, hydrogen, nitrogen, oxygen,
carbon dioxide). Selectivity of each gas was recalculated versus carbon dioxide.

Results and Discussion

All synthesized membranes were homogenous without observable particle aggre-
gates, voids, or zones of different zeolite concentration. Membranes were smooth,
transparent, or slightly opaque which indicated good contact between polymer and
zeolite particle, as well as uniform distribution of zeolite powder in membrane bulk
(white color of the membrane indicate void between polymer and zeolite particle
which causes light refraction yielding non-transparent membrane). Thickness of
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membranes varied between 178 and 235 µm. All permeabilities are calculated and
presented inBarrer (commonpermeation unit in themembrane community). Relation
between Barrer and analogous SI unit is:

1Barrer = 3.35× 10−16 m3

m2 · Pa · s · m

(Permeation of 1 Barrer means that under pressure difference of 1 mmHg 1 cm3 of
oxygen at STP diffuses in 1 s through 1 cm thick membrane with the surface area of
1 cm2, multiplied by 10–10). Values for the vapor pressure of water at temperatures
of measurement are presented in Table 1 [37].

As measurements were performed at the atmospheric pressure (101.3 kPa), steam
at 125 °C was at the state of superheated steam. Results of the measurements for all
gases at different temperatures are presented on Fig. 3.

As it can be seen on Fig. 3 permeability of each gas increases with the increased
number of repeated measurements. The same trend is observed for every gas. Perme-
ability of every gas will increase in first few cycles before reaching approximately

Table 1 Vapor pressure of water at the temperatures at which permeability was measured

Temperature (°C) 25 50 75 100 125

Vapor pressure (kPa) 3.17 12.35 38.6 102.3 232.6

a) b) 

c) d) 

Fig. 3 Repeated permeability measurements of gases at different temperatures: a carbon dioxide;
b hydrogen; c oxygen; d nitrogen
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constant value. Figure 3a indicates that carbon dioxide reaches constant value after
approximately 6–7 measurement cycles. Same trend is observed for hydrogen, but
only at the lowest measuring temperature (room conditions). Analyzing the perme-
ability of hydrogen at higher (above 50 °C) temperatures, it can be observed that
permeability increases with every measurement. However, contrary to the room
temperature conditions, constant value for permeability was not reached after ten
measuring cycles. Following the trends of measurements for each of the tempera-
tures, it is expected that constant value which is comparable to the permeability at
25 °C (15Barrer)will be reached after approximately 20measuring cycles.Analyzing
data for permeability of oxygen (Fig. 3c) it can be observed that permeability slightly
decreases with the increase of the temperature (and, thus, amount of water vapor).
Constant permeability is apparently reached only at the temperature of 50 °C. Trend
of increase in permeabilitywith increasednumber ofmeasurement cycles is observed,
although not as prominent as in case of carbon dioxide and hydrogen. Assuming that
maximum permeability has been reached at 50 °C and that similar trends will be
followed, it is reasonable to conclude that constant permeability would be reached
after 12 (at 75 °C) to 25 (at 125 °C) measurement cycle. Permeability measurement
of nitrogen (Fig. 4d) has shown result similar to oxygen. Maximum permeability
has been reached at 50 °C, and permeability increased with repeated measurements.
However, no flat part of the curve (which would imply that maximum permeability
has been reached) is observed at any temperature.

Comparing results of different gases at the same temperature, it can be observed
that repeated number of measurement cycles causes increase in permeability for all
measured gases. This effect is more obvious in the cases of oxygen and nitrogen

a) b) 

c) 

Fig. 4 Selectivity versus carbon dioxide a hydrogen; b oxygen; c nitrogen
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than in the case of hydrogen. Potential explanation for this behavior is that after first
measurement, membrane is already saturated with water vapor and measured gas,
so the time lag is shorter and constant pressure on the permeate side is reached in a
shorter time.

Selectivity data for hydrogen, oxygen, and nitrogen versus carbon dioxide at
different temperatures is presented on Fig. 4.

Analyzing the selectivity of carbon dioxide versus hydrogen (Fig. 4a), it may be
observed that the values for the room temperature are significantly lower in compar-
ison with the elevated temperature. Possible explanation may be that the constant
permeation value of hydrogen has not been reached after ten cycles of measurement
for temperatures of 50 °C and above (see Fig. 3b). Based on the expected trends of
permeability measurements for both carbon dioxide and hydrogen, it is reasonable
to conclude that further repetition of measurements would lead to further decrease
in selectivity. It can also be observed that after initial stagnation or slight increase,
selectivity lines show decreasing trend, with increase in selectivity with increase of
the temperature. Selectivity of carbon dioxide versus oxygen also decreases with
the increased number of repetition cycles. Similar trend is observed like in the case
of the permeability of oxygen. Constant value (selectivity of approximately 20) is
obtained for lower temperatures (in particular for 50 °C, while for higher tempera-
ture decreasing trend is observed. Based on the curves, it is reasonable to conclude
that similar value would be reached if sufficient number of measurements required
to reach constant value for permeability of oxygen (as discussed in previous para-
graph) were performed. Selectivity of carbon dioxide versus nitrogen (Fig. 4c) also
decrease with increased number of cycles. It is also visible that selectivity is bit
higher at elevated temperatures.

Comparing the results from Fig. 3 with results presented on Fig. 4, it can be
observed that results are very similar, often within the margins of the measurement
error. In most of the cases, permeability increases with repeated number of cycles,
and after certain number of cycles, the value becomes constant. Carbon dioxide
reaches constant permeability after fewest number of cycles, followed by hydrogen
and oxygen, while nitrogen needs the highest number of cycles to reach constant
permeability (it is very likely that required number of cycles is higher than 10 for
nitrogen). Selectivity of nitrogen and oxygen decreases and selectivity of hydrogen
remains constant.

Comparing results from different temperatures, it may be observed that increase
of the temperature is followed by increase of the number of cycles required to
reach constant permeability. At each temperature carbon dioxide was the first gas
to reach constant permeability, and temperature had least effect to the number of
required cycles (at each temperature constant value was reached after 6–8 cycles).
Both hydrogen and oxygen have shown slow increase in required number of cycles
with increased temperature, with hydrogen requiring lower number of cycles and
both gases reaching constant values after 9–10 cycles at 100 °C. The temperature
mostly affected nitrogen and comparing the numbers, it might be concluded that
more than 10 cycles are required at 100 °C in order to reach constant value. At all
temperatures selectivity of oxygen and nitrogen versus carbon dioxide decreaseswith
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increased number of measurement cycles. As a consequence of the different rates
of changes in permeability of gases, selectivity of nitrogen decreases at a higher
rate in comparison with oxygen. Selectivity of hydrogen is not significantly affected
by repeated measurements, and remains constant, especially for temperatures above
room temperature.

Another important outcome of the performed experiments is that exposure of
membrane to sequential increase and decrease of pressure did not affect its perfor-
mance. No degradation in structure of properties was observed at elevated tempera-
tures and increased amount of water vapor. This gives good starting point for further
investigation and potential application of this type of membranes. Based on the room
temperature measurements, it can be concluded that selectivity will remain constant
once the constant permeability for both carbon dioxide and other gas (hydrogen,
oxygen, or nitrogen) is reached.

Conclusion

In this work, permeation properties of dense, composite membrane based on PEBAX
polymer and IWS zeolite powder with NTAB as an additive were investigated. The
aim of the work was to test if the permeation properties of the membrane would
decrease if the membrane is exposed to repeated number of vacuum and pressure
cycles at the elevated temperature in the presence of water vapor. The measure-
ments were performed at five different temperatures that were below the decompo-
sition point of the polymer used for the membrane. Four measurements were done at
saturation pressure, and one with superheated steam. Each measurement consisted
on ten cycles of vacuum and pressurizing. Obtained results are showing that with
repeated measurements, permeability of each gas is increasing but at the different
rates and after certain number of cycles, constant value for permeability is obtained.
At each temperature, carbon dioxide required fewest number of cycles to reach
constant permeability, followed by (in that order) hydrogen, oxygen, and nitrogen.
At each temperature, selectivity of hydrogen versus carbon dioxide was approxi-
mately constant and the selectivities for oxygen and nitrogen decreased (selectivity
for nitrogen decreased at the higher rate). As a main outcome of this work, no visible
changes in appearance of the membrane were observed and no significant decay
in properties was measured, so this may be potentially promising system for further
investigation. Experiments performed in this paper show that systems that have previ-
ously been tested and measured in a single run measurement can sustain repeated
cycles of measurement at the elevated temperatures, without losing its permeation
and selectivity properties. As next direction for the research, similar measurements
will be conducted with the mixture of gases that contains more than one gas in
combination with water vapor, together with further increase in number of repetition
cycles.
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Field Demonstration of the Reversa™
Mineral Carbonation Process Using Coal
and Natural Gas Flue Gas Streams

Dale Prentice, Iman Mehdipour, Gabriel Falzone, Stephen Raab,
Dante Simonetti, and Gaurav Sant

Abstract Concrete, amixture composed of a cementation agent,mineral aggregates,
and water has the potential to serve as a gigaton-scale sink for carbon dioxide (CO2).
This could make concrete the world’s largest CO2 utilization opportunity. Carbon-
Built’s Reversa™ process, developed at UCLA’s Institute for Carbon Management
exploits simple acid-base chemistry to mineralize CO2-dilute flue gas emissions
into mineral carbonate-based cementation agents at ambient pressure, at flue gas
temperatures, and without a need for carbon capture. The approach leverages inno-
vations in the use of portlandite (Ca(OH)2: calcium hydroxide, or slaked lime) which
carbonates readily, and produces limestone (CaCO3: calcium carbonate)—a potent
cementation agent—upon its carbonation. Within the scope of a project sponsored
by the US Department of Energy’s Office of Fossil Energy, the Reversa technology
was upscaled and demonstrated using a modularized pilot-plant at the Integrated
Test Center (Gillette, WY) and National Carbon Capture Center (Wilsonville, AL)
using coal- (~12 vol. % CO2) and natural gas (~4 vol. % CO2) flue gas streams.
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The field demonstration led to the production of over 15,000 concrete masonry units
(CMUs, also known as concrete blocks) and achieved: (1) a CO2 utilization effi-
ciency in excess of 75%, and (2) greater than 250 kg of CO2 utilization per 13 tonnes
of concrete (i.e., one production run). Importantly, based on rigorous third-party
validation, the CMUs produced were confirmed to be compliant with all relevant
industry specifications (ASTM C90). The success of this demonstration suggests
that the pioneering Reversa technology is ready for commercialization.

Keywords CO2 mineralization · Cement · CO2 utilization

Introduction

Anthropogenic sources of carbon dioxide are generated from a number of sources,
but key among these are ordinary Portland cement (OPC) production and combus-
tion of fossil fuels [1]. Cement production is the largest global CO2 source from
the mineral decomposition of carbonates [1]. This is due to the clinkering process
whereby limestone (mainly consisting of CaCO3) is decomposed into CaO and CO2,
and combined with silica rich clays at high temperatures to form clinkers (i.e., the
four key minerals that comprise cement) [2]. The high temperature range of 1400–
1550 °C required for this process accounts for up to 60% of the generated CO2 from
cement production [3]. Combination of the limestone decomposition and thermal
requirements of the clinkering process causes cement production to contribute 8–9%
of annual global CO2 emissions [1, 2, 4–6]. Combustion of fossil fuels (coal, oil,
and gas) was shown to contribute a much larger portion of global CO2 emissions.
As of 2018, combustion of fossils accounted for 65% of global CO2 emissions in
2018, where 41% was derived from stationary sources for electricity and heat gener-
ation and the other 24% was related to transport [7]. To reduce these contributions,
key steps forward in CO2 utilization technologies are required. Therefore, a CO2

mineralization technology (CO2Concrete) to reduce the OPC content in concrete,
while utilizing flue gas emissions from fossil fuel combustion has been developed to
address both areas simultaneously.

This CO2Concrete technology utilizes low-carbon cementation agents produced
by in situ CO2 mineralization (“mineral carbonation reactions”) to offer a promising
alternative to OPC [8–12]. CO2 mineralization relies upon the reaction of dissolved
CO2 with inorganic alkaline reactants to precipitatemineral carbonates (e.g.,CaCO3),
which bind proximate particles and achieve cementation [9, 12–14]. Herein, a
concrete green body, that is composed of a mixture of binder, water, and mineral
aggregates, is exposed to CO2 borne in industrial flue gas streams. This manner of
CO2 mineralization allows the production of construction components that feature
equivalent engineering attributes as their OPC-based counterparts while featuring a
much smaller embodied carbon intensity (eCI).

The reliability of theCO2Concrete technology has proved effective for the produc-
tion of concrete masonry units (CMUs) at bench scale, where the units exceeded the



Field Demonstration of the Reversa™ Mineral Carbonation … 591

required 13.8 MPa compressive strength requirements [14, 15]. The study detailed
herein will demonstrate the applicability of this technology at an industrial scale.
In total, 12 production runs were completed at the Integrated Test Center (ITC) in
Gillette, Wyoming using coal fired flue gas as the CO2 source. Over the course of
the production runs the CO2 utilization as a function of time, 24-h CO2 uptake, elec-
tricity usage, 28-d net area compressive strength and the eCI were recorded for each
run. Collection of this data will be used to determine the success of the demonstra-
tion goals: (1) achieving in excess of 75% CO2 utilization efficiency, (2) utilizing
greater than 250 kg of CO2 per production batch/run, and (3) ensuring compliance
of CO2Concrete blocks with industry standard specifications (ASTM C90 [15]).

Materials and Methods

The field demonstration at ITC required the CMUs to be produced off-site at the TCC
materials concrete plant, where the CMUs were transported to ITC, then loaded
into a custom-built carbonation chamber. A mixture of inorganic reactants (e.g.,
the binder), inert aggregates (concrete sand, #8 aggregate and washed fines), and
water was used to produce “dry-cast” formulations suitable for the fabrication of
concrete masonry units (CMUs; “concrete blocks”). The binder used consisted of
commercially available portlandite (Ca(OH)2) powder (Standard Hydrated Lime,
Mississippi Lime Co.), ASTM C150-compliant ordinary portland cement (Type III
OPC),[16], and an ASTM C618-compliant class C fly ash [17].

TCC materials produced structural hollow concrete masonry units (CMU) [15].
The overall dimensions of the blocks were 200 mm × 200 mm × 400 mm (w ×
h × L) with face-shell and web thicknesses of 32 mm and 25 mm, respectively.
After forming, the fresh concrete blocks were pre-cured to gain sufficient strength
(compressive strength σc = 6 ± 1 MPa) to enable transport, handling and loading
into the carbonation reactor.

The curing chamber at the ITC, consisted of a modified open-sided 40’ shipping
container with steel racks (40 in. wide × 98 in. deep × 76 in. tall), each capable of
holding 108 blocks (around 1.73 metric tons of CO2Concrete), comprising a total of
864 blocks (13.82 metric tons) of CO2Concrete per production batch.

Four process cycles were used to complete the carbonation process: (1) drying
cycle was used to remove water from the concrete, (2) carbonation cycle where
conditioned flue gas was introduced to the curing chamber, (3) humidification cycle
used to re-introduce water to the concrete to continue cement hydration, and (4)
purge cycle to remove the flue gas from the chamber. Air was used during cycles (1),
(3), and (4) at various temperatures and relative humidity. During the carbonation
cycle, the inlet coal flue gas ([CO2] = 13 ± 1 v/v%) is combined with recycled flue
gas from the curing chamber. This gas is conditioned using the chiller, heater, and
humidification chamber. The chiller is used to reduce the relative humidity of the
combined flue gas to 0–20% before being reheated to desired temperature.
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CO2 utilization as a function of time was calculated based on the change of CO2

mass fraction of the outlet flue gas as compared to the inlet flue gas over time. Over
the course of a 24 h production run, this value can be averaged to provide the 24 h
CO2 uptake value. Electricity usage of the chiller and process skid (heater, fans, and
control HMI) was recorded to detail the energy usage of the process.

The performance of CO2Concrete masonry units produced during system opera-
tions was assessed against the relevant industry standard for conventional concrete
masonry units (ASTM C90 [15]) by TCC Materials as well as a certified testing lab
(BASF Corporation, Construction Chemicals Division). The net area compressive
strength of the CMUs was measured as per ASTM C140 at 28 days of age.

Embodied carbon intensity was calculated via the sum of the equivalent CO2 for
producing the raw materials, transport, energy used in the block making process,
energy for the carbonation process and finally a reduction based on the CO2 uptake.

Results

12 operational runswere completed fulfilling an operational duration of nearly 1350 h
including a 35 day continuous operation period at nearly 90% up-time. Around 155
tonnes of concrete blocks were produced while achieving around 3 tonnes of CO2

uptake. The CO2 Concrete system’s performance fulfilled our design specifications
including (i) CO2 utilization efficiency >75% (mass basis), and (ii) CO2 utilization
>0.25 tonnes per batch (see Fig. 1a). Importantly, these performance metrics were
met using a “direct CO2 utilization” process; i.e., without any need for flue-gas
pretreatment (e.g., clean-up, enrichment). Thereafter, the CO2 borne in the flue gas
was utilized at sub-boiling temperature, at near-ambient pressure. The process condi-
tions were optimized to (a) minimize the process’s carbon (energy use) footprint, and
(b) to achieve production price parity with traditional cement-based concrete blocks.
Such optimizations were accomplished without sacrificing CO2 uptake performance
(see Fig. 1b), and optimizing humidification step (Fig. 1c).

Fig. 1 Trends in batch-wise a CO2 uptake and CO2 utilization efficiency over the 24-h carbonation
duration, b total energy usage per unit of CO2 uptake, and c total water usage per unit of CO2 uptake
for pilot scale demonstration of the CO2Concrete system at Wyoming ITC host site
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Fig. 2 a Average 28-day net area compressive strengths of CO2 Concrete masonry units over 12
demonstration runs atWyoming ITC. bGlobal warming potential (GWP, kg CO2e/m3 concrete) for
CO2 Concrete (estimated) and conventional OPC-concrete masonry, based on an industry-averaged
environmental product declaration (EPD)

The compressive strength was measured for each batch (see Fig. 2a), with the
average compressive strength determined to be 20.7 ± 2.5 MPa. This compressive
strength of CO2Concrete blocks easily fulfilled the compressive strength specified
by ASTM C90 (i.e., 13.8 MPa). The water absorption values range from 142 to
168 kg/m3, which is substantively lower than the ASTMC90 limits of 240 kg/m3 for
normal weight blocks [15]. Furthermore, compared to traditional concrete products
and production practices, CO2 Concrete™ offers a greatly reduced embodied carbon
intensity (eCI, kg CO2e/m3), as shown in Fig. 2b. This reduction in carbon intensity is
achievedwhile the compressive strength is around 40%greater than the requirements.

Conclusion

The system’s performance fulfilled all design specifications: (1) achieving in excess
of 75%CO2 utilization efficiency, (2) utilizing greater than 250 kg ofCO2 per produc-
tion batch/run, and (3) ensuring compliance of CO2 Concrete blocks with industry
standard specifications (ASTM C90 [15]). Furthermore, the CO2 Concrete process
conditions were optimized to reduce the energy input as compared to conventional
cement-based concrete block. CO2Concrete™ addresses the largest opportunity for
CO2 utilization (i.e., construction materials) by exploiting chemical reactions that
do not require extrinsic energy inputs (i.e., thermodynamically downhill) even while
using CO2-dilute feedstocks (flue gases).
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HIsarna: A Technology to Meet Both
the Climate and Circularity Challenges
for the Iron and Steel Industry

Johan van Boggelen, Hans Hage, Koen Meijer, and Christiaan Zeilstra

Abstract Over the past decade the European Union has set the ambition to become
a carbon neutral and fully circular economy. To achieve this, it will be necessary to
develop new technologies and processes that address both issues simultaneously. In
this paper the HIsarna ironmaking technology is used as an example where the reduc-
tion of CO2 emissions, the use of secondary raw materials as well as the valorisation
of by-product streams is considered in the early stages of the process development.
In the light of climate change, sustainability, resource efficiency and circularity these
aspects should be part of the considerations for any new process being developed,
even if their economic viability still needs to be established.

Keywords HIsarna · Smelting reduction · Ironmaking · Sustainability · CO2

reduction · Circular economy

A Need to Change

In order to tackle climate change there is a global requirement to move to net zero
CO2 emissions across society. With the iron and steel industry responsible for 7%
of the global total of CO2 emissions from the energy system, reductions across the
industry will have a major impact on global emissions [1, 2].

J. van Boggelen (B)
Tata Steel IJmuiden BV, HIsarna, 1951 JZ Velsen-Noord, The Netherlands
e-mail: johan.van-boggelen@tatasteeleurope.com

H. Hage · K. Meijer · C. Zeilstra
Tata Steel Nederland Technology BV, Ironmaking, Steelmaking and Continuous Casting, 1951 JZ
Velsen-Noord, The Netherlands
e-mail: hans.hage@tatasteeleurope.com

K. Meijer
e-mail: koen.meijer@tatasteeleurope.com

C. Zeilstra
e-mail: christiaan.zeilstra@tatasteeleurope.com

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_63

595

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_63&domain=pdf
mailto:johan.van-boggelen@tatasteeleurope.com
mailto:hans.hage@tatasteeleurope.com
mailto:koen.meijer@tatasteeleurope.com
mailto:christiaan.zeilstra@tatasteeleurope.com
https://doi.org/10.1007/978-3-030-92563-5_63


596 J. van Boggelen et al.

To stimulate action in the private sector, governments have set policies to
encourage change in this direction. In Europe there is the Emissions Trading Scheme
(ETS) [3] for CO2 emission rights, which attaches a cost to CO2 emissions. In the
European Green Deal [4] clear objectives have been set to achieve net zero CO2

emissions. It also contains objectives aimed at maximising resource efficiency and
decoupling economic growth from resource use.

To achieve a net zero CO2 emission steel industry, various new technologies are
being developed and further new developments are to be expected in the future.
With the introduction of new technologies it is likely than new revert and waste
streams are created, for which there is not a clear solution yet. This would potentially
compromise resource efficiency and circularity ambitions. Recovery, recycling, and
reuse of materials will only take place at scale if the economic benefits outweigh
the total cost of handling, processing, and administration. However, it is important
to consider the options for reuse and recovery of new revert and waste streams at
an early stage in the development of these new technologies. This is necessary in
order to prevent the creation of a new problem for the next generation in our efforts
to solve the current climate crisis.

HIsarna Technology

HIsarna is a new ironmaking process under development at Tata Steel in IJmuiden.
The process leads to substantial intensification compared to the blast furnace (BF)
route. No ore agglomeration or coke making is required as raw materials can de
directly injected into the process in granular form (Fig. 1).

This results in a significant CO2 emission reduction per tonne of steel [5]. In 2010
the HIsarna pilot plant was built. The main objective was to validate the process
and demonstrate the CO2 reduction capability. The plant has been in operation since
2011, initially in short campaigns of several months. Each campaign consisted of
individual trial runs which lasted up to three days. Since 2017 the pilot plant has a
full five shift rota, making it possible to operate the plant for longer runs at a time. In
2018 the plant was also integrated into the production route at the IJmuiden site. To
date 11 800 tonnes of hot metal have been produced, 11 000 tonnes of which have
been supplied to the BOF plant and used to produce steel. The longest continuous
run is 19.5 days with an availability of 93% and an average hot metal production rate
of 4.3 tonnes per hour.

Maximising Reduction of CO2 Emissions

As already mentioned, the fact that iron ore agglomeration and coal coking are not
required for HIsarna will result in a substantial CO2 emission reduction. To achieve
the objective of a net zero CO2 emission process, further measures will be required.
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Fig. 1 HIsarna ironmaking route compared to the blast furnace process route

As the process gas from the HIsarna process is nearly pure CO2, CO2 capture
would become relatively straightforward. Under normal operating conditions in the
pilot plant CO2 concentrations of more than 70% are measured at the reactor exit,
with the other 30% made up largely of nitrogen. Most of this nitrogen comes from
the carrier gasses used for ore and coal injection. It was already demonstrated that
these carrier gasses can be replaced with compressed CO2 [6]. This would result
in an extremely concentrated CO2 stream which can be easily captured for use or
storage.

Even without carbon capture there is significant scope to achieve a net zero CO2

emissions process. CO2 emission reductions of 50% without carbon capture have
already been demonstrated [6]. This was achieved by introducing up to 50% scrap
into the reactor, in combination with more than 40% replacement of injection coal
with sustainable biomass. The biomass used was in the form of charcoal. From a
technical perspective it should be possible to achieve 100% replacement of coal with
sustainable charcoal or biochar. The reactivity of charcoal is proven to be equal or
better than coal [7]. An additional benefit of charcoal is the relatively low sulphur
content. When combined with CO2 capture, the use of biomass may even result in a
nett negative CO2 footprint.

A further option is to partly reduce the carbon input into the process by using
natural gas, sustainable bio-gas, or hydrogen. Process analysis shows that a certain
amount of solid carbon is needed to reduce the iron oxides in the slag and to carburise
the hot metal. A large part of the injected carbon (coal) is used for heating purposes
in the freeboard of the smelting reduction vessel. This provides scope to reduce the
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amount of solid carbon injected into the process and replace it with the injection of
natural gas, sustainable bio-gas, or hydrogen. As a first step, tests are scheduled to
partially replace the injected coal with natural gas.

HIsarna in a Zero Waste Society

By-product and waste streams from the iron and steel industry are widely used in
a range of different applications already. Only a relatively small amount ends up as
waste [8, 9]. However, often these applications are relatively low value.

At an early stage it was recognised that the HIsarna process opens new oppor-
tunities to use alternative and secondary raw materials. Preliminary tests were done
with Zn containing streams and low grade ores [10].

Many steel products are made from galvanised steel, providing durable protection
against corrosion. Recycling of galvanised steel scrap in the integrated steelmaking
route (BOF-route) is generally low. The Zn would build up in process dust at concen-
trations too low for economic recovery. In many cases this process dust is recycled
via the sinter plant and BF and the Zn can have a major impact on the BF process.
This means that the Zn content of input materials has tight restrictions.

When Zn coated scrap is recycled via the EAF steelmaking route, the Zn again
ends up in the dust. Here it is possible to achieve Zn concentrations that are suitable
for recovery, but these zinc bearing dusts first have to be treated in a Waelz kiln
to allow efficient zinc recovery. This step can be avoided in HIsarna. HIsarna can
accept zinc bearing materials in the shape of galvanised scrap or as dust from BF
(blast furnace), BOF (basic oxygen furnace), or EAF (electric arc furnace) plants.
These materials can be injected as dry dust, briquettes, or granules.

HIsarna can allow for high Zn loads in the input material streams as it operates
at a high temperature throughout the reactor. This ensures the Zn escapes the main
process in gaseous form and turns into solid oxide when the process gas cools down.
The Zn concentrate ultimately ends up in the bag filter of the gas cleaning plant.
The objective of the ReclaMet project is to achieve a Zn enrichment in the process
dust which makes direct use as a secondary raw material for Zn production possible
(Fig. 2) [11].

The valorisation of slag is also considered, both through the recycling of slag from
other processes in HIsarna as well as the application of HIsarna slag, which could
become a product with similar applications to granulated blast furnace slag.

The HIsarna process requires flux additions in the form of CaO and MgO, to
control the slag chemistry. As part of the LoCO2Fe project [6], trials were done to
replace most of the lime with limestone and dolomite which is pre-mixed with the
iron ore. These trials formed the basis for the decision to complete a large scale
trial where limestone and dolomite were successfully replaced with recycled BOF
slag [12]. This reduces the requirement for virgin minerals as fluxes in HIsarna to
almost zero. Only a small amount of lime is required for injection, to trim the slag
composition in the process. In addition a significant amount of the FeO in BOF slag
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Fig. 2 ReclaMet, using HIsarna to close the Zn and Fe cycle

Fig. 3 Increasing resource efficiency and by-product value through HIsarna

is recovered in the HIsarna process, improving the overall yield of the HIsarna-BOF
steelmaking route.

Using the BOF slag in HIsarna also increases the value of this slag. It transfers
from a low value aggregate to a high value application in cement production (Fig. 3).
The properties of HIsarna slag in cement and concrete are expected to be similar to
granulated blast furnace slag. Slag granulation trials have been done at the HIsarna
pilot plant. The granulated slag has subsequently been used to produce concrete test
pieces. Testing is currently still ongoing.

Conclusions

To overcome the challenges related to climate change and circularity, new processes
and technologies will be required. For any new process being developed, circularity
requirements should be considered at an early stage, even if their economic viability
still needs to be established.
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Besides a significant reduction in carbon footprint, HIsarna offers clear possibil-
ities to valorise by-products and waste streams to a greater extent than is currently
the case.
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Iron-Ore Reduction Using Green
Hydrogen: A Study for Recycling Wastes
in Egyptian Steel Industry

Abdelrahman A. Abouseada and Tarek M. Hatem

Abstract A new prospective in the Egyptian steelmaking industry using pure
hydrogen to reduce waste iron ores in a two-stage fluidized bed reactor through
direct reduction process is presented, modeled, and analyzed. The main advantage
of applying this route to the steel industry is the enormous reduction inCO2 emissions
compared to today’s dominant routes that rely on the blast furnace—basic oxygen
furnace (BF/BOF). Moreover, the hydrogen direct reduction (H-DR) process could
be directly applied for the reuse of the waste imported lump iron ores that are been
crashed during the transportation process to a small fines particles; making them
unusable in blast furnace processes unless sintering process is applied. A complete
study to verify the applicability of this idea in Egypt has been investigated and
comparing it to current fluidized bed reactor using syngas as the reducing agent.
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Introduction

The world needs to find a way to make lots of steel while reducing the industry’s
carbon footprint. The Paris Agreement implies that all industrial sectors must reach
zero emissions by 2060–2080, while the European Union seeks to achieve a 80–95%
reduction of greenhouse gases by 2050 compared to 1990 [1]. And the UK govern-
ment’s independent Climate Change Committee has recommended that steelmaking
should reach near zero carbon emissions by 2035. Therefore, Egyptian steelmaking
industry should take some serious steps in achieving this target. There are five inte-
grated steel companies in Egypt; the Egyptian iron and steel company Hadisolb in
El-Tabbin, EZDK Company in Alexandria, Bishay steel company in El-Sadat city,
EZ steel company in Suez, and Suez Company for steel production (El-Garhi MF)
in El-Ain El-Sokhna. Among these five integrated companies the Egyptian iron and
steel company, i.e., Hadisolb is the only one who adopts the blast furnace route. It
is also the only company in Egypt, which has a sintering plant and uses local iron
ores to produce pig iron in which Coke reduces the ore to iron in a blast furnace by
reactingwith oxygen tomake carbonmonoxide. Onemolecule of iron ore reacts with
three molecules of carbon monoxide, leaving two iron atoms and three molecules
of carbon dioxide. The other four integrated companies adopt either MIDREX tech-
nology or Danieli’s HYL-ENERGERON technology that initiate with the natural
gas DR route in which a mixture of carbon monoxide and hydrogen is used as the
reductant of highly rich imported iron oxide pellets to produce sponge iron [2]. This
route, compared to the blast furnace route, is 50% in CO2 emissions. Yet a complete
hydrogen-based route can reach far lower levels from 89 to 99% reduction in CO2

emissions [3].

Discussion

As long as the four companies are producing sponge iron according to their designed
capacities and so far as natural gas is available, about one million tons of highly rich
iron oxide wastes almost free from Cl and MnO will be annually available as well.
The following Table 1 illustrates the chemical composition of the highly rich iron
oxide by-products and their annual production in EZDK Company in year 2015 [2].

These iron oxide wastes cannot be reused in their own plants as their particle sizes
are not suitable any more for natural gas DR route of either MIDREX which treat

Table 1 Chemical composition of the highly rich iron oxide by-products and their annual
production in EZDK Company

Material Annual production
2015

Chemical composition

Fe % CaO % SiO2% Al2O3% MnO% Cl %

Oxide fines 200.000 tons 67.8 0.8 1.1 0.36 0.10 Nil
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iron ore pellets of size 9–16 mm and can accept only 5% from the feed to be from
the size 5–9 mm or HYL ENERGEON that treat Iron ore pellets of size greater than
5 mm [4]. Thus any iron ore with particle size lower than 5 mm is considered to
be a waste. These wastes are been exported abroad; moreover, for instance EZDK
gives these wastes to Hadisolb and getting instead the equivalent weight of pig
iron. As Hadisolb has a sintering plant which convert these fines into sinters that
afterward undergoes blast furnace route iron making. However, according to the new
prospective of reducing theCO2 emissions in steel industry, this process is considered
a delaying step toward achieving the environmental target. Therefore, a promising
alternative is been recommended in which these iron fine wastes could be considered
a direct feedstock without prior agglomeration or sintering for a hydrogen-based
direct reduction steelmaking process using Circored® technology, in which iron ore
fines are directly reduced in a two-stage fluidized bed process that operates at low
reduction temperatures using pure hydrogen as the reducing gas [5]. This route if
applied will be the first in Egypt that is responsible for direct reduction of iron fines as
the current direct reduction plants can only deal with either lump iron ores or pellets
ores. Moreover, it will be the first in Egypt to use a complete hydrogen-based direct
reduction process. Not as the current direct reduction plants that relies on reformed
natural gas as the reductant agent [6].

The New Proposed Steelmaking Route

The first process of the route is the production of hydrogen by water electrolysis
using CO2-lean electricity. The challenge is to achieve massive production of H2 in
acceptable economic conditions [7]. The second process is the direct reduction of
iron fines in a first reduction stage which is a circulating fluidized bed (CFB), then
following a second reduction stage which is fluidized bed (FB) reactor operated with
hydrogen only. The third process is the melting of the carbon-free direct reduced
iron in an electric arc furnace to produce steel. The following Fig. 1 illustrates the
hydrogen-based route for direct reduction of lump iron ores or pellets using the
reduction shaft reactor of either MIDREX or HYL/Energiron (the left side of the
figure); however, the hydrogen-based route for direct reduction of lump iron fines
using fluidized bed reactors of Circored (the right side of the figure).

Conclusion

Steelmaking is one of the sectors contributing the most to the global greenhouse
gas emissions; it is imperative to find a low-carbon process to keep global warming
below 1.5 °C. There is a critical need to find new, low-carbon solutions for iron
ore reduction. Hydrogen-based direct reduction is one of several promising options.
A new prospective in the Egyptian steelmaking industry using pure hydrogen to
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Fig. 1 Using hydrogen in the direct reduction—electric arc furnace route (DR-EAF)

reduce waste iron ore fines in a two-stage fluidized bed reactor through direct
reduction process is presented, modeled, and analyzed [8]. The main advantage of
applying this route to the steel industry is the enormous reduction in CO2 emissions
compared to today’s dominant routes that rely on either the blast furnace—basic
oxygen furnace (BF/BOF) or the reformed natural gas direct reduction route of
MIDREX or HYL/Energiron technology. However, the hydrogen direct reduction
(H-DR)—electric arc furnace (EAF) process using Circored technology could be
directly the suitable solution for the reuse of the waste imported iron ore fines in
Egypt that are in the current time either exported or exist as a feedstock for a blast
furnace route after a sintering process is applied. A complete design to the process
is to be proposed to verify the entitlement of applying this route in Egypt as it is a
promising alternative for recycling these waste iron ore fines and producing liquid
steel with very blameless environmental standings.
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Toward Green Ferroalloys: Replacement
of Fossil Reductants in the Pre-reduction
Process of Chromite by Bio-Based
Alternatives
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Abstract The production of ferrochrome via carbothermic reduction in submerged
arc furnaces is an energy-intensive process relying on the usage of coal and coke as
reducing agents. The pre-reduction of chromite in a rotary kiln is currently carried
out to decrease the specific electric energy consumption in the smelting furnace.
However, as fossil reductants are still needed for reduction, CO2 is emitted. The
usage of bio-based carbon with a faster carbon cycle compared to fossil reductants
could be an option to decrease the specific CO2 footprint of Ferrochrome production.
In this paper, the pre-reduction of chromite was investigated using various bio-based
reducing agents and lignite coke as a fossil reference. Isothermal reduction trials
were conducted at 1000, 1150, and 1300 °C and different holding times. While
at lower temperatures the pre-reduction was insufficient, the bio-based reducing
agents yield a degree of reaction between 61.0% and 65.4% at 1300 °C reaction
times of 360 min. The highest degree of reaction is reached using coconut charcoal,
followed by corn, olive, and bamboo charcoal. Coke results in the lowest degree of
reaction with 51.9%. While the bio-based reducing agents performed similar after
long reaction times, significant deviations were observed for shorter reaction times.
X-ray diffraction was carried out to investigate the obtained product, which showed
that the pre-reductionwasmostly due to the formation of carbides, while the intensity
of metals in the sample was rather low.
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Introduction

The usage of fossil-reducing agents for the production of ferroalloys leads to the
direct emission of CO2. The production of ferrochromium solely was responsible for
the emission of at least 15.5 million tons of CO2 in 2016 due to the usage of reducing
agents [1]. One option to reduce the emission of CO2 could be the usage of bio-
based carbon, which can be considered CO2-neutral, if the same amount of biomass
is recultivated, that is consumed [2]. Especially the iron and steel industry carried out
a considerable amount of research regarding the usage of bio-based carbon [3–11],
while less research was carried out considering the substitution of fossil carbon by
bio-based carbon in the ferroalloy industry [1]. For the production of high carbon
ferrochrome, several processes are currently industrially carried out: the smelting
of chromite in open, semiclosed, or closed alternating current (AC) submerged arc
furnaces (SAF), the smelting in open arc direct current (DC) furnaces and the pre-
reduction of chromite in a rotary kiln followed by smelting in closed AC SAFs. The
pre-reduction AC SAF process has two advantages: together with the DC furnace
it has the highest chromium recovery, and has the lowest specific electric energy
consumption (SEC) per ton of FeCr [12]. Therefore, the pre-reduction process is
considered a viable option especially for countries with unsteady electricity supply
or high prices for electric energy. Especially in recent years, a significant amount
of research was carried out investigating the pre-reduction process of chromite [13–
21]. Kleynhans et al. [14] determined, that the SEC decreases depending on the
pre-reduction as shown in Eq. 1 [14].

SEC/(kWh/t) = 3403.7 kWh/t − 21.5 kWh/t · pre−reduction/% (1)

Experimental

In this section, the used raw materials and methods are described.

Materials

In this study, a Turkish metallurgical-grade chromite concentrate (following named
chromite) is used as a raw material. The chemical composition of the chromite ore
determined by x-ray fluorescence spectroscopy (XRF) is shown in Fig. 1. A detailed
characterization of the ore is presented elsewhere [22].

In addition, it was determined by Mössbauer spectroscopy, that 74% of iron is
ferrous iron and 26% is ferric iron. These findings allowed the calculation of the
amount of oxygen bound to iron and chromium, which must be removed in the
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Fig. 1 Bulk chemical analysis of the used chromite sample

pre-reduction of chromite. The oxygen content that has to be removed is there-
fore 18.779 wt% in the chromite. Assuming that carbon will react completely with
chromium- and iron oxide to carbonmonoxide, 14.805 g of carbon per 100 g chromite
are the stoichiometric carbon addition to remove oxygen bound to chromium and
iron completely.

As reducing agents, charcoal made from coconut shells (following named
coconut), corn cobs (following named corn), olive pomace (following named olive),
bamboo (following named bamboo), and lignite coke made from Rhenish lignite
(following named coke) are used. To calculate the required addition of reducing
agents, it is necessary to determine the carbon content in each reducing agent.
Table 1 shows the proximate-, ultimate-, P- and Cl-analysis of the reducing agents
investigated in this study. For the calculation of the necessary addition of carbon, the
carbon content as determined by the ultimate analysis is used.

According to the analysis shown in Table 1, the bio-based reducing agents have a
significantly lower sulfur content compared to fossil coke, which is beneficial, since
sulfur is an impurity in ferroalloys. However, the chlorine content of the bio-based
reducing agents is higher compared to the chlorine content in coke, especially corn
charcoal and olive charcoal have a high chlorine content. In an industrial operation,

Table 1 Proximate-, ultimate- and Cl-analysis of bio-based charcoal and coke used

All in wt% Proximate analysis Ultimate analysis

Reducing
agent

Fixed
carbon

Total
moisture

Ash Volatile
matter

C H N S O Cl

Coconut
charcoal

72.1 8.7 7.2 12.1 73.84 1.24 0.39 0.06 8.60 0.07

Corn
charcoal

81.3 4.6 4.8 9.3 81.62 2.30 0.63 0.04 5.99 0.51

Olive
charcoal

63.7 7.2 12.6 16.4 67.54 1.60 1.16 0.05 9.79 0.43

Bamboo
charcoal

80.4 11.6 3.9 4.1 79.73 1.21 0.40 0.08 3.12 0.12

Lignite
coke

87.5 0.5 9.0 3.0 89.0 0.4 0.4 0.5 0.7 0.03
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Table 2 Ash analysis and basicity of bio-based charcoal and coke used

Reducing agent Ash composition in wt% Basicity

Al2O3 CaO Fe2O3 K2O MgO Na2O P2O5 SiO2

Coconut charcoal 4.1 23.0 4.1 7.7 3.6 2.9 1.6 46.8 0.8

Corn charcoal 0.6 1.8 1.5 46.1 3.4 < 0.01 6.4 15.8 3.2

Olive charcoal 2.2 16.8 2.0 34.2 3.4 1.6 7.1 8.0 5.7

Bamboo charcoal 2.8 2.8 3.1 35.6 3.9 < 0.01 6.3 30.6 1.4

Lignite coke 3.1 35.4 10.9 0.8 15.8 6.7 0.2 2.2 13.1

this could lead to severe corrosion of equipment in contact with off-gas. Besides
sulfur, further impurities could be introduced in the process from the ash. There-
fore, the ash was further analyzed. Samples of the reducing agents weighing 100 g
are burned in an oxidizing atmosphere at 815 °C until a constant mass is reached.
Afterward, the ash is analyzed by XRF. Table 2 shows the determined chemical
composition of the ash reported as oxides and the basicity of the ash samples as
calculated by Eq. 2.

B = wt%cao · wt%Fe2O3 · wt%MgO · wt%Na2O · wt%K2O

wt%SiO2 · wt%Al2O3

(2)

Noticeable is the high CaO and MgO content in lignite coke, which results in the
highest basicity of the lignite coke ash. In corn, olive, and bamboo ash, the prevalent
compound is K2O. Even though the analysis is reported as oxides, based on the high
chlorine content in the samples shown in Table 1, potassiummight be present at least
partially as potassium chloride, which was also indicated by x-ray diffraction of the
ash not presented in this article. The dominant component in coconut charcoal is
SiO2, yielding ash with the lowest basicity. During the smelting process after pre-
reduction, themajor oxidesAl2O3,CaO,MgO, andSiO2 from the ashwill accumulate
in the slag phase, while potassium and sodium will partially be volatilized during
smelting as well. Especially since the potassium content in the biomass is quite
high, this could lead to disadvantages during processing, like increased refractory
corrosion. Iron oxide will be reduced either during pre-reduction or smelting as well
as phosphorous, which is mostly transferred into the metal and partially into the slag.
As phosphorous is an impurity in ferroalloys, this is another challenge to overcome,
since all investigated ash samples contained more phosphorous than lignite coke.

Chromite was used in the trials as received and not pre-treated, while the reducing
agents were ground in a vibratory disk mill for 20 s each. Table 3 shows the particle
size of the raw materials as determined by dynamic imaging analysis.

While coconut, olive, and bamboo have a similar particle size, the same grinding
time yielded finer corn charcoal and a coarser coke.
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Table 3 Percentile particle sizes of raw materials used in this study

Raw
material

Chromite Corn
charcoal

Coconut
charcoal

Olive
charcoal

Bamboo
charcoal

Lignite coke

x10,3 in
μm

86.9 4.6 5.0 4.9 5.1 8.7

x50,3 in
μm

192.2 16.7 21.7 23.3 25.9 42.8

x90,3 in
μm

371.8 69.6 78.8 78.8 82.0 87.6

Methods

Mass loss trials were carried out using a Nabertherm HT 16/18 high-temperature
furnace equipped with molybdenum disilicide heating elements. The initial sample
mass per trial was 35.00 g, mixtures of ore with stoichiometric, sub-stoichiometric,
and over-stoichiometric additions of reductantswere investigated. Themass loss after
every trial was measured, to determine the degree of reaction. Ore and reductants
were also heated separately, to determine the individual mass loss without reduction
reactions. The samples were placed in alumina crucibles (Ø = 50mm, h = 75mm)
with a purity of 99.7%. To prevent oxidation of the samples, the furnace chamber
was continuously flushed with 5 Nl/min argon in every part of the trial. The volume
of the furnace chamber was 16 l. A maximum of six crucibles were placed inside
the furnace per trial, to ensure that the temperature of the samples was uniform.
Variable heating parameters in this investigation were the maximum temperature of
each trial and the holding time at the maximum temperature. The heating time from
room temperature to the maximum temperature was 3.5 h and the cooling time was
not controlled. However, in the first hour after the trial, the furnace chamber cooled
down by roughly 400 °C and in the subsequent hour by 200 °C.

To evaluate the degree of reaction, the mass loss based on the reduction was
calculated using Eq. 3 subtracting the weight loss of the ore sample and reductant
individually from the mass loss of the ore-reductant mixture. To consider the varying
amount of ore and reductants in the mixtures, the mass loss of the pure compounds
was calculated using Eq. 4. Finally, the degree of reaction was calculated per 100 g
of chromite using Eq. 5. The maximum mass loss �mMax assumes, that oxygen
bound to chromium and iron is completely removed as carbon monoxide. Based on
the composition presented in Fig. 1, the maximum mass loss �mmax per 100 g ore
would be 32.863 g including oxygen removed from the ore and the removal of added
carbon as carbon monoxide.

�mReduction = �mMixture − �mPureCompounds (3)

�mPureCompounds = �mChromite

mMixture
/
mChromite

+ �mReductant

mMixture
/
mReductant

(4)
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Degree of Reaction = 100% · �mReduction · 100g / mChromite

�mMax
(5)

Before the experimental work a thermochemical simulation of the pre-reduction
processwas carried out using the commercialmodeling software FactSage™ 8.0 [23].
For the simulation the chromite composition presented in Fig. 1 including the ferric
and ferrous ratio determined by Mössbauer spectroscopy was used, while carbon
was used as the reducing agent. The databases FToxid, FactPS, and SGTE were used
for the simulation. In contrast to Eq. 5, the removed oxygen per 100 g chromite
was calculated by Eq. 6. The total mass of oxygen according to the simulation was
used. The maximum amount of oxygen is based on the amount of oxygen bound to
chromium and iron and is 18.779 g.

RemovedOxygen = 100%
Mass ofOxygen inAtmosphere

mMaximumOxygenRemoved
(6)

Samples after the direct reduction of chromite and the initial ore were analyzed by
x-ray diffraction with a “STADI MP” powder diffractometer made by “STOE&Cie
GmbH” using the Kα1-radiation of molybdenum (wavelength = 0.70930Å). For
the evaluation, HighScore Plus 4.9.0.27512 and the PDF-4 Axiom 2021 database
were used.

Results and Discussion

In this chapter, the results of the thermochemical simulation, the experimental trials,
the phase analysis of the reduced samples and the potential specific electrical energy
saving are presented.

Thermochemical Simulation

Figure 2 shows the removed oxygen as calculated by Eq. 6 based on the thermo-
chemical simulation in dependence of the temperature and the carbon addition.

According to Fig. 2, at temperatures below 1100 °C, a plateau is reached after the
removal of 15–20% oxygen, which is mostly due to the reduction of iron oxides. At
1150 °C and 1200 °C, more oxygen is removed as chromium oxides start to react
and a (Cr, Fe)7C3 phase is formed. However, a significant amount of chromium is
still bound in a spinel phase. Above 1250 °C, the amount of the spinel phase and
the chromium concentration is significantly reduced, in addition to the (Cr, Fe)7C3

phase, a (Cr, Fe)3C2 phase is formed in equilibrium with graphite. To examine the
behavior of iron and chromium and iron more closely, Fig. 3 shows how iron and
chromium are bonded at 1300 °C depending on the amount of carbon added.
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According to Fig. 3, adding 6.5%of the stoichiometric carbon requirement already
leads to the formation of 29% iron in a metallic state, while trivalent iron oxides
are reduced nearly completely. Adding 26% of carbon nearly reduces divalent iron
completely and 5% of chromium is reduced into a metallic solution phase as well.
Adding more carbon results in the reduction of chromium and (Cr, Fe)7C3 starts to
form. In addition, metallic iron reacts to carbides as well. When the carbon addition
exceeds 78.3%, no metallic phases are present anymore and iron and chromium are
either bound as (Cr, Fe)7C3 or oxides. Above carbon additions of 130.5%, in addition
to the (Cr, Fe)7C3 phase, a (Cr, Fe)3C2 phase starts to form and chromium and iron are
not reduced anymore. The amount of iron not reduced in equilibrium with graphite
is 0.02% and 1.71% of chromium is not reduced.

Degree of Reaction

The degree of reaction based on Eq. 5 was determined for various reducing agents,
reaction temperatures and holding times for the solid-state reduction of chromite.
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Figure 4 shows the degree of reaction for various parameter combinations of
preliminary trials.

In most cases, an increasing stoichiometric carbon addition also results in an
increased degree of reaction. At 1000 °C using 104.43% carbon in the form of corn
charcoal results in a degree of reaction of 17.4%, which is the highest degree of
reaction and slightly higher than the theoretical removal of oxygen shown in Fig. 2.
Olive charcoal results in a slightly lower degree of reaction, while the other three
reducing agents yield a degree of reaction below 10%. Increasing the temperature
to 1150 °C using the same holding time of 60 min results in a significant increase
in the degree of reaction. At those parameters, olive charcoal yielded the highest
degree of reaction. While the other bio-based reducing agents yielded a relatively
similar degree of reaction, coke yielded a significantly lower degree of reaction. In
Fig. 4c, the holding time is tripled compared to Fig. 4b, which yields a significantly
increased degree of reaction for all reducing agents, except olive charcoal, where
the degree of reaction increased only slightly. Coke still has the lowest degree of
reaction, but is now closer to bamboo charcoal, coconut charcoal, and corn charcoal.
In Fig. 4d, the holding time is 60 min again and the temperature is increased to
1300 °C, which increases the degree of reaction using olive charcoal in the best
case to 65%, however, a stoichiometric carbon addition of 156.64% was used in this
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case. Using only 104.43% carbon yields a degree of reaction of 52.9% using olive
charcoal, while the lowest degree of reaction was observed using coke with 32.6%.

As the degree of reaction at low temperatures was insufficient, more trials were
carried out at 1300 °C with a constant carbon addition of 104.43% for different
holding times. Higher temperatures were not investigated, to avoid partial melting
of the mixtures, which could lead to damring formation in the pre-reduction process
in rotary kilns [16].

During the first 90 min, olive charcoal yields the highest degree of reaction and
coke the lowest. Corn and coconut charcoal behave similarly and slightly better
than bamboo charcoal. A further increase in the reaction time especially yields an
enhanced reaction for bamboo and coke, whereas the reaction of the other reducing
agents increases less strongly. After 360 min, the bio-based reducing agents yield
a degree of reaction between 61.0% and 65.4%. The highest degree of reaction is
reached using coconut charcoal, followed by corn, olive, and bamboo charcoal. Coke
results in the lowest degree of reaction with 51.9%. The lower degree of reaction of
coke is in linewith comparisons carried out byKleynhans et al. [15], who investigated
several fossil-reducing agents and determined, that the pre-reduction using coke was
between 33 and 44%, while anthracite yielded a higher pre-reduction between 56
and 66% [15]. This was explained by the higher volatile content and therefore higher
hydrogen content compared to the thermally treated coke [15]. The hydrogen content
of the bio-based reducing agents varies between 1.21% and 2.30% and is 0.4% in
the fossil coke, based on Table 1. The hydrogen-, and volatile content could be an
explanation, why the bio-based reducing agents performed better compared to coke,
but those properties cannot be used to explain the reducing ability of the bio-based
reducing agents compared to each other. For example, coconut and bamboo have a
similar hydrogen content, but they significantly differ in their degree of reaction.

Phase Analysis

To evaluate the solid phases generated in the trials, samples treated for 60 min with a
stoichiometric carbon addition of 104.43% at different temperatures were analyzed
byX-raydiffraction. In addition, the ore as receivedwas analyzedbyX-raydiffraction
as well. Figure 6 shows the diffraction patterns of samples reduced with coconut
charcoal and coke. Those reducing agents were chosen, as they yielded the highest
and lowest degree of reaction as shown in Fig. 5.

Phases selected for the phase analysis were chromium carbide with the
chemical formula Cr7C3 and the PDF-number 04-007-1045, an α-iron phase
containing chromium with the chemical formula Cr0.03Fe0.97 and the PDF-
number 04-004-2488, forsterite with the chemical formula Mg2SiO4 and the PDF-
number 00-004-0768 and a magnesiochromite spinel with the chemical formula
Mg0.56Ti0.01Cr1.33Fe0.51Al0.59O4 and the PDF-number 04-024-3779. In all reduced
samples and in the raw ore, chromite and forsterite were identified. The intensity of
chromitewas the highest in all samples, however, spinelswithout chromite havepeaks
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at similar d-spacings, therefore it could be possible that a spinel without chromium
is responsible for the measured intensities in the reduced samples. The observed
forsterite peaks are weak in the raw ore and in the samples reduced at 1000 °C.
In the samples reduced at higher temperatures, they become stronger, this is in line
with the thermochemical simulation, that predicts an increasing amount of an olivine
phase rich in Mg2SiO4. Peaks of the selected FeCr phase are already slightly visible
at samples treated at 1000 °C, which was also predicted by the thermochemical
simulation. Increasing the temperature leads to a slight increase in the intensity of
the FeCr peaks. The majority of new peaks compared to the raw ore in the reduced
samples at 1150 and 1300 °C can be explained by a chromium carbide phase, which
has a relatively high intensity. Therefore, it can be assumed that the majority of pre-
reduction does not result in the formation of a metallic phase, but rather a carbide
phase instead.
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Influence of the Pre-Reduction on the Specific Electrical
Energy Consumption

Assuming, that the degree of reaction as calculated by Eq. 5 can be used to calculate
the specific electrical energy consumption (SEC), the saved SEC in the subsequent
smelting process can be calculated by Eq. 1. This is shown in Fig. 7 for the five
reducing agents used at 1300 °C for the pre-reduction and for reaction times of 90
and 360 min.

It is clearly visible that any pre-reduction process results in a decrease of SEC.
The highest decrease in SEC with 1373.8 kWh/t is possible with coconut charcoal at
360 min holding time. The lowest decrease of SEC with 822.0 kWh/t can be reached
using coke as a reducing agent at 60 min holding time. The mean SEC savings
in percent were 40% for the bio-based reducing agents and 32.8% for coke after
360 min.

Conclusion

The pre-reduction of chromite followed by the smelting in a submerged arc furnace
is currently the industrial production route with the lowest specific electrical energy
consumption. However, fossil carbon carriers are used as a reducing agent in this
process, and this leads to direct CO2 emissions. To decrease the specific CO2 emis-
sions for the production of ferrochrome, the suitability of bio-based reducing agents
as an alternative to coke was investigated. In this work, the pre-reduction of chromite
by several reducing agents was carried out for varying temperatures, reaction times,
and carbon additions. While at 1000 and 1150 °C the degree of reaction was rather
low, a reaction temperature of 1300 °C yielded a maximum degree of reaction up to
65.4% using coconut shell charcoal as a reducing agent, followed by corn cob char-
coal with 63.9%, olive pomace charcoal with 62.1%, bamboo charcoal with 61.0%,
and lignite coke with 51.9%. Especially after longer reaction times, the degree of
reaction of the bio-based reducing agents was relatively similar, while for shorter
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durations significant differences in the degree of reaction were observable. The X-
ray diffraction analysis of the pre-reduced samples further revealed, that the reaction
occurring during the pre-reduction is mostly attributed to the formation of carbides
with the stoichiometric formula Cr7C3, while the content of metals produced was
significantly smaller.

It is estimated, that the pre-reduction of chromite can decrease the specific elec-
trical energy consumption by 40% compared to the direct smelting of chromite.
However, there are some issues to overcome before bio-based carbon can be a
substitute in an industrial scale. As some samples of bio-based carbon contained
significantly higher chlorine and phosphorus contents compared to coke. In the case
of chlorine, this could be a challenge for equipment in contact with off-gas, which
will likely contain elevated chlorine contents. In the case of phosphorous, this could
be an issue regarding the quality of the produced ferrochrome, since phosphorous is
an impurity in ferroalloys. Therefore, potential bio-based charcoals have to be care-
fully selected, to avoid problems due to the chemical composition. The sample with
the lowest phosphorous and chlorine content is coconut shell charcoal, which also
yielded the highest degree of reaction.One advantage of all bio-based carbon samples
is a significantly lower sulfur content compared to fossil coke, which might yield
lower sulfur contents in the final alloy and reduced SO2-emission to the atmosphere.
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Abstract One of the focus areas for research conducted by the PyrometallurgyDivi-
sion at Mintek in South Africa is decarbonisation of the metals industry. In a country
with a large pyrometallurgical industry, based primarily on carbonaceous primary
reduction processes and electricity generated primarily by coal-fired power stations,
the challenge can be viewed from a number of perspectives. The paper provides a
summary of the projects currently underway,where theTechnologyReadiness Levels
(TRL) ranges from TRL 1 to TRL8.

Keywords Decarbonising · Metals industry · Pyrometallurgy

Introduction

Mintek is a South African-based science council established by the Mineral Tech-
nology Act No. 30 of 1989 [1]. The objectives of Mintek are to promote mineral
technology and foster the establishment and expansion of industries in the field of
minerals and products derived therefrom, through research, development, and tech-
nology transfer. The history of Mintek goes back to 1934 with the Pyrometallurgy
Division being one of the first to be established. The Pyrometallurgy Division at
Mintek is well known for the research, development, and technology transfer of
applications of direct current (DC) electric arc furnace (EAF) technology for metals
production based on primary and secondary resources [2]. South Africa has a large
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pyrometallurgical industry due to the abundant availability of raw materials and
historically low prices of electricity [3].Many of these are based on the carbonaceous
primary reduction processes and electricity is generated primarily by coal-fired power
stations. The challenge of decarbonising the Pyrometallurgy-based metals industry
in South Africa can therefore be approached from either decarbonising reductants or
decarbonising the energy mix, or both. The paper provides a summary of the projects
currently underway at the Pyrometallurgy Division at Mintek to address this chal-
lenge, where the Technology Readiness Levels (TRL) ranges from TRL 1 to TRL8
[4].

Projects Focusing on Decarbonisation by Changing
the Energy Mix

Energy Storage

To address the largest shortfall of renewable energy sources, namely the intermittent
nature thereof, energy storage is required. With thermal energy storage being one of
the most effective methods of storing energy and the majority of energy consumed
beingheat-based [5], this energy storage technologyhas the potential to ensure energy
security build upon renewable energy sources. It is predicted by the International
Energy Agency (IEA) that 11% of global electricity will be generated by CSP by
the year 2050 [6], which speaks to the need for advancements in thermal storage
technologies.

Mintek originally started to investigatemolten salts formetallurgical applications,
where these salts can be used for producing purer and carbon-free niche metals and
alloys. Molten salt technologies can be used for the electrolytic production of niche
metals such as Cr, Mn, and some rare-earth metals/alloys. During the initial inves-
tigation, the potential impact on Concentrated Solar Power (CSP) thermal storage
technologies was also realised. Molten salt energy storage systems are currently
the most applied CSP thermal storage technology on commercial power plants [7].
Molten salts for thermal storage have some inherent shortfalls: narrow range of
temperatures in which liquid phases remain stable which complicate transport of the
medium, as well as limiting operating temperatures and thermal properties such as
high viscosities and low thermal conductivity [6]. To aid in the development ofmolten
salts with improved energy storage capacity and better thermal stability,Mintek initi-
ated a project focussing on and quantifying the thermal properties of thermal salts.
These methods look at determining thermal properties such as melting point, heat
capacity, thermal stability, and thermal conductivity. Preliminary results from the
established laboratory methods are promising, which enabled the continuation of
the project. Currently, theoretical selection of salt mixtures, using the FactSage ther-
mochemical software package, is underway as well as molecular thermodynamic
modelling/estimations of the respective thermal properties.
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This technology is at TRL 1 level and ongoing.
The limitations of currentmolten salt technologies, together with the 800 °C target

temperature for thermal storage systems set by the US Department of Energy [8],
resulted in Mintek investigating alternative thermal storage research avenues. With
molten salts typically having a safe operating temperature below 600 °C, the focus
can be directed towards either a higher temperature sensible heat storage medium or
latent heat storage mediums that possess much higher energy densities [7]. Mintek
has proposed a project in which pyrometallurgical waste slag is to be investigated
for a potential high-temperature sensible heat storage medium. Not only is slag a
waste product, which will result in low material cost, it is also already processed
enabling easy access and reduced material processing requirements. Aside from the
physical appearance and sourcing advantages, the chemistry of these slags is well
characterised and understood within the pyrometallurgy industry, making it an ideal
candidate. Phase change materials (PCM) have also gained a lot of attention in recent
times as potential energy storage mediums, owing to the higher energy densities
associated with latent heat storage systems [5]. A special interest has been shown
in PCMs that would allow operating temperatures in the range of 400–750 °C, as
it could be directly matched with conventional steam turbine electricity generation
systems [5]. As latent heat systems rely on the containment of molten materials at
high temperatures, the pyrometallurgical experience and knowledgewithinMintek is
ideally positioned to aid in the development of these special thermal storage systems.
A project has been proposed in which Mintek, in collaboration with some of the
world’s leading solar research facilities, is aimed at developing latent heat storage
mediums that utilise molten metals and slag systems. These systems would not only
allow for higher operating temperatures than the current state of the art CSP thermal
storage systems but due to the higher energy densities, much smaller energy storage
footprints are also predicted.

This technology is at TRL 1 with work to commence on approval of funding.

Solar Thermal Treatment of Manganese Ores

Given the advances made in renewable energy technologies [9–13], the direct solar
thermal treatment of manganese ores is under investigation. Solar thermal technolo-
gies have been commercialised in water heating and steam production applications,
including electricity production. More recently, studies have also investigated the
use of solar thermal energy in the calcination of limestone and alumina [14, 15] and
other minerals processing applications are under investigation [16–18]. Although the
central tower technologies (including thermal storage) have been commercialised
for power production, the direct treatment of solids has only recently found its
first commercial applications [19]. Particle receiver technology [20], beam-down
technology, and thermal storage technologies are key to the future of solar thermal
applications in minerals processing.
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Should solar thermal energy be integrated in the ferromanganese production chain
and specifically in treatment of manganese ores before smelting? The most suitable
solar technology for treating manganese ores at high temperature is the heliostat
field and tower technology due to the high solar concentration ratios that can be
achieved and the scalability of the technology. Work in this area has detailed the
first direct solar treatment of manganese ores [21], the improvements realised with
addition of air convection loops [22], the changes in themineralogy of these samples,
and the implications of these first experimental results. The solar thermal treatment
of manganese ores was found to achieve thermal decomposition, calcination, and
agglomeration to different degrees—serving as proof of concept that solar energy
can replace fossil fuel combustion to achieve these aims.

This technology is now at TRL 3 and ongoing.

Integration of Preheating Step with AC or DC EAF Smelting
Furnaces for the Processing of Manganese or Titanoferrous
Ores

In contrast to the work discussed in Sect. “Solar Thermal Treatment of Manganese
Ores”, the PreMa project considers the indirect preheating of manganese ores before
smelting using solar energy. A techno-economic study [23] has shown that the
concept can realise reduced energy costs as well as reduced carbon dioxide emissions
when compared to electric preheating and that this would be of most value to loca-
tions with high solar irradiance and high electricity costs. An experimental study on
the heating of manganese ore with hot air is applicable to this aspect of solar thermal
heating. The effect of integrating the preheating step, in the form of a rotary kiln, with
SAF operations for the production of High Carbon Ferromanganese (HCFeMn) will
further be demonstrated on pilot-scale at Mintek utilising the 300 kVA alternating
current (AC) EAF. The PreMa project is reported on in more detail at the event by
the project manager, Dr Eli Ringdalen, and will therefore not be discussed in more
detail.

Once executed the technology should reach a TRL 7 level.
Mintek has over 45 years’ experience in the research and development of titani-

ferous magnetite resources, available in abundance in South Africa, dating back to
1969. Mintek conducted in the order of 30 laboratory-scale projects, several pilot-
scale prereduction or smelting trials (1–10 ton), and five smelting campaigns at the
100 ton demonstration scale resulting in Mintek developing and patenting the DC
smelting of titaniferous magnetite. While various process options have been tech-
nically proven, their economics are markedly less attractive without a preheating
or prereduction step to optimise electrical energy consumption. Although ore pre-
treatment itself is not a technical challenge, the direct coupling of pre-treated titan-
iferous ore to a DC EAF has not been demonstrated. There is still a risk perception
which provides a barrier to commercialisation. The TiMag project, funded by the
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South African government, will demonstrate the direct coupling of the two stages.
In a previous publication [24], Mintek reported on the basic engineering design of
the pilot-scale facility, integrating a rotary kiln with a DC EAF, to evaluate the effect
of preheating on electricity consumption in the EAF. The pilot facility is currently
in the final stages of construction.

Once executed the technology should reach a TRL 8 level.

DC EAF Gasification of Discard Coal

Even though the developed world seems to be moving away from coal as the main
energy source, it remains important in the developing world and South Africa is
no exception. The process for mining and beneficiation of coal in South Africa
produces just under 300 million tonnes of coal, and discards about 60 million tonnes
per annum. The discard coal materials have marginal value and a calorific value
below 16–19 MJ/kg, but still contain a significant amount of carbon that could be
profitably used as a feedstock for the production of syngas by gasificationwith steam.
Conventional gasification of coal is well known. The process energy is provided by
the partial combustion of the feed coal with oxygen; thus this process relies on the
coal calorific value. Plasma coal gasification is carried out using an external source of
energy and can thus be carried out irrespective of the coal calorific value. The current
research and development in plasma coal gasification is focused on plasma torches
as a source of energy. Plasma torches have limited power and lifetime which has
implications in scalability and availability of the gasification plant. For sustainable
gasification of the vast dumps of discard coal in South Africa, economies of scale
would be advantageous.

The DC arc plasma gasifier concept is currently under development at Mintek for
testing the feasibility of producing syngas from waste coal fines and dry steam. The
technology is intended for the valorisation of low-grade discard coals into market-
quality syngas, which may then be used for large scale electrical power generation to
address current grid supply challenges in South Africa. Other potential applications
include feedstock for petro-chemical plants, fuel for transportation vehicles, domestic
and industrial heating, and others. The proposed concept of a DC arc plasma gasifier
was developed based on a plasma torch, metallurgical-based and entrained flow
coal gasifiers. The principles of design and operation of the proposed gasifier are
based on the concept of theWestinghouse Plasma Corporation (WPC) gasifier where
the torches are substituted by graphite electrodes from which electric arc plasmas
are generated [25]. The DC section of the gasifier will be designed considering
Mintek’s experience in the sealing of the furnace as carried out in theMintek Thermal
Magnesium Process. The DC EAF can be scaled up to sizes in excess of 100 MW.
Furthermore, the use of graphite electrodes allow continuous operation of DC EAF.
DC EAF are flexible with regard to size of feed material and type of feed materials.
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The operability of the DC arc gasifier concept has been successfully tested at
Mintek, through a combination of experimental work andmodelling of the arc funda-
mentals (main critical elements). This work included (1) arc behaviour, (2) short
burst gasification, as well as (3) modelling of the temperature distribution within
the reactor. The 3.2 MVA pilot DC arc facility in Bay 1 at Mintek was used for the
evaluation of the behaviour and stability of the arc in the presence of dry steam.
The results obtained to date were sufficient to support and complete a South African
provisional patent application (South African Patent Application No: 2016/01209).
Small pilot-scale testwork as a proof of concept for coal gasification is planned.

This technology is now at TRL 2 and ongoing.

Projects Focusing on Decarbonisation Through Alternative
Reductants

Methane Reduction

Silicomanganese (SiMn) is only produced in AC submerged arc furnaces (SAFs)
and is electrical energy intensive requiring 3 500 and 4 500 kWh/ton alloy [26]. The
production process produces 1.4 ton CO2/tonne alloy [27] and requires rawmaterials
to be larger than 6mm to allow for gas permeability of the burden [26]. The SiManNat
project investigates the potential for pre-reducing an agglomerate of manganese ore
and quartz in natural gas, to form activated carbon and H2, which will result in the
solid state formation of manganese and silicon carbides at temperatures significantly
lower than those associated with conventional smelting. The reduced agglomerate
can subsequently be smelted at significantly lower electrical energy requirements,
either in a conventional AC SAF or in a shallow burden DC EAF. The process will
utilise manganese and quartz fines (−6 mm), and result in reduced CO2 emissions
and electrical energy required.

The project is currently at TRL 1 and ongoing.

Hydrogen Reduction

The use of hydrogen as an alternative reductant to carbon is foreseen as a possible
way towards greener processes. Establishing hydrogen as a viable reductant for
minerals beneficiation will increase the demand for hydrogen and advance the
hydrogen economy. Hydrogen reduction of ores, particularly iron oxide, takes
place at lower temperatures in comparison with carbothermic reduction. This could
contribute to reduced energy requirements for the production of themetals of interest,
compounding the benefits of employing this technology especially for an energy
constrained country such as South Africa.
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The production of steel and iron via a hydrogen reduction route has already been
proposed and may become reality in the near future [28]. Hydrogen reduction of
other metals has not been investigated to such detail and presents an opportunity for
Mintek to be a global leader in this field. Mintek is investigating the development
of hydrogen reduction in DC EAFs for metal production. In the context of South
Africa, the targeted metals are those that already employ the DC EAF technology for
their production and those that are of significant importance to the local economy.
The anticipated results are reduced CO2 emissions and reduced electrical energy
consumption.

The project is currently at TRL 1 and ongoing.

Coke Produced from Discard Semi-Soft Coking Coal

The process of coke making in industrial coke ovens begins at the stage of mining
hard coking coals and thereby the overall CO2 emissions are a combination of the
coal mining and coke-making (pyrolysis of hard coking coals) processes [29–31].
According to Miller [32], the underground coal mining process results in carbon
emissions in the range 10–25 m3 per ton of coal mined (i.e. 0.17–0.43 metric ton
CO2 equivalent per ton of coal mined), while the surface mining of coal results in
the range of 0.3–2 m3/ton of coal mined (i.e. 0.005–0.035 metric ton CO2 equivalent
per ton of coal mined) [32]. Hard coking coal, the precursor for high grade metal-
lurgical coke, is mined using both underground and surface mining processes and
hence has a combined contribution towards carbon emissions. In addition, during
the coal mining stage, coal that contains a high ash content, that is not suitable for
beneficiation, is stockpiled in open landfills and becomes a health hazard due to
possible spontaneous combustion and further release of greenhouse gases such as
CO2 and methane. The stockpiled discard coal finds little economical use, however,
based on studies reporting on the preparation of carbon from inorganic waste [33]
and the co-pyrolysis of plastic waste with coking coal [29], discard semi-soft coking
coal can be exploited for possible use as raw material feedstock in the coke-making
process.

One of the studies at Mintek is looking into the on the beneficiation of discard
semi-soft coking coal through upgrading its fixed carbon content and to possibly
attain metallurgical coke properties suitable for application in ferroalloy production
processes. Discard semi-soft coking coal contains ash contents ranging from 30
to 60% and fixed carbon content between 20 and 65%. The composition of the
ash typically consists of metal oxides such as quartz (SiO2), alumina (Al2O3), iron
oxide (FeO), magnesium oxide (MgO), and calcium oxide (CaO). The high ash and
mineral content in discard semi-soft coking coal renders it not suitable for use in
the production of high quality coke, and in addition, semi-soft coking coal does not
achieve the hardness strength, elasticity, and carbon content suitable for its use in the
ferroalloy production process [34–38].As a result of the poor cokingproperties, semi-
soft coking coals, showing low ash content (≤9%), are typically used as alternatives
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for thermal coal in energy production processes. In order to attain metallurgical coke
properties, the choice of carbon material needs to show a microstructure of carbon
that consists of a combination of ordered and disordered regions of carbon layers
such that it is not completely graphitised nor amorphous. This intrinsic structural
arrangement imparts special properties such as high mechanical/tensile strength at
high temperature, high electrical resistivity, low CRI, and high thermal conductivity,
to name a few [39].

Some oxides such as FeO and MgO, typically found in large quantities in coal
ash, can serve as substrates or catalysts for growing carbon from hydrocarbon precur-
sors at high temperatures. Furthermore, hydrocarbon materials such as waste plastic
and biomass can be converted into ‘hard carbon’, a carbon material consisting of
graphitic and non-graphitic layers of carbon, under inert/oxygen-free conditions at
high temperatures. The combination of potential catalysts for carbon conversion
in coal ash and high-temperature synthesis of ‘hard carbon’ under inert conditions
shows promise to improve the carbon content of low-quality coal discards and impart
coke-like properties through the synthesis of ‘hard carbon’ [40, 41].

In addition, studies [42–44] show that the catalytic pyrolysis (i.e. thermal decom-
position in an inert environment) of plastics such as polyethylene terephthalate (PET)
favours the formation of a higher yield of pyrolytic gas products (i.e. CO, CH4, and
H2) due to the catalytic cracking mechanism of light polycyclic hydrocarbons and
benzene derivatives present in the reaction mixture. Park et al. [42] further show that
the pyrolytic gas yield is proportional to the catalyst loading and, therefore, there is
potential in the co-pyrolysis of high ash discard semi-soft coking coals with waste
plastics/biomass to produce increased yields of fuel gases in the coke gas oven (CO,
CH4, and H2). The proposed materials may be achievable through the systematic
investigation of the high-temperature co-pyrolysis of coal/plastic and coal/biomass
composites using a gas-tight tube furnace. The successful preparation of metallur-
gical coke from discard semi-soft coking coal and waste plastics may revive the
manufacturing of metallurgical coke in South Africa, which has dried up due to the
lack of hard coking coal, and also potentially minimise the carbon emissions as it
eliminates the mining process, only making use of the extensive stockpiles of around
1500 Mt of discard coal currently present in South African landfills.

The project is currently at TRL 2 and ongoing.

Aluminothermic Reduction for Silicon Production

Silicon (Si) is the secondmost commonelement in theEarth’s crust, although it is hard
to find in nature as a pure element. In natural form it is almost exclusively combined
with oxygen as silicon dioxides or quartz. The current commercial carbothermic
reduction process for the production of metallurgical grade silicon (MG-Si) uses
carbon for reducing quartz at high temperature, achieved by electric arcs in an AC
SAF. MG-Si is further processed to produce pure silicon. This process is energy
intensive and has a high carbon footprint. Carbon is used as reductant and the carbon
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electrodes used, are consumed in the process of generating an electric arc in the
SAF. The carbothermic reduction process generates around 4.68 ton CO2 per ton of
Si metal [45]. The total production volume of silicon worldwide in 2020 amounted
to an estimated eight million metric tons [46].

The Norges Teknisk Naturvitenskapelige Universitet (NTNU) has developed a
patented novel industrial process known as ‘The SisAl process’ to produce Si by
aluminothermic reduction, enabling a shift from the carbothermic process to a far
more environmentally and economically alternative. SisAl is the acronym for Silicon
production with low environmental impact using secondary Aluminium and silicon
raw materials.

In theSisAl process quartz in slag is reduced though aluminothermic reduction that
utilises secondary raw materials such as aluminium (Al) scrap and dross, as replace-
ments for carbon reductants used in the present commercial process. Compared to the
current silicon production, the SisAl process will be able to cut energy consumption
by two-thirds, eliminate direct emissions of CO2 and other harmful pollutants, and
operate at a considerably lower cost. After successful demonstration of the SisAl
process on laboratory scale the ‘SisAl pilot’ project was initiated to demonstrate the
novel industrial process at TRL 6–7 for production of Si in three different qualities,
metallurgical grade (MG–Si, >98%), high purity silicon (HP Si, >99.9%), solar grade
(SoG-Si >6N) andAl-Si alloys alongwithMetallurgical Grade Alumina (MGA) and
High Purity Alumina (HPA). The SisAl Pilot project is coordinated by NTNU. The
consortium comprises 22 partners from 9 countries and Mintek is one of the consor-
tium partners. Mintek’s task is to demonstrate the SisAl process at Mintek’s pilot
plant on a 3.2 MW electric arc furnace aimed at MG–Si production. The campaign
at Mintek will lay the basis for commercial process design.

The SisAl process can be described in following steps:

1. Combining silicon dioxide (preferably as less costly fines or sand rather than
lump) and calcium oxide in a vessel at a temperature sufficient to form a molten
calcium silicate slag with a CaO:SiO2 mass ratio of approximately 1 (slag-
making at 1600–1700 °C);

2. Introducing a source of aluminium metal (Al scrap, dross, etc.) to the calcium
silicate slag to reduce the calcium silicate slag to Si metal and form a calcium
aluminate slag; subsequently separating the Simetal from the calcium aluminate
slag.

From the overall chemical reaction above, there should be 4/3mol ofAl to onemol
of Si present. In practice, it is an advantage to keep theAl addition non-stoichiometric
to achieve a slag with low SiO2 concentration. This reduction reaction is advanta-
geous as it yields liquid silicon at much lower temperatures around 1500–1600 °C
compared to the silicon production in a SAF, where MG-Si is formed at around
2000 °C. As this reaction is exothermic, limited energy needs to be supplied as the
heat of reaction melts the Al scrap or dross added into the reduction-refining step. In
fact, the heat within the reduction furnaces can be controlled by the speed of addition
of the Al to the process. Depending on the raw material purity and mix, different Si
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compositions can be produced (MG–Si, Al–Si). To achieve HP–Si, a second metal-
slag reaction reactor is required in the process set-up, with also stricter requirements
on raw material quality.

The main advantages of The SisAl process are the following:

• The SisAl process has a low environmental footprint by using secondary Al (with
a low lifecycle CO2 footprint) rather than carbon for reducing SiO2 to Si, with
a 3 times lower energy consumption and higher yield (no losses through SiO
emission) than the SAF process. The SisAl process generates minimal NOx, dust,
PAH, and SO2.

• CO2 emission in SisAl process is less than 0.3 t/t Si as compared to 4.68 t/t Si in
the existing commercial carbothermic process

• The SisAl process valorises dross material from the aluminium process and end-
of-life, low value scrap into primary alumina feed for the Al electrolysis process

• The SisAl process is very versatile both in raw materials and products:

– It can use quartz mining fines and fine (pure) quartz, which is not possible in
the SAF Si process.

– Al dross/scrap ratio can be varied to make different qualities or replaced with
high purity Al to produce pure Si

• By recycling CaO from the intermediate slag by-product, the only raw material
consumed in the SisAl process are quartz and aluminium.

The pilot plant campaign at Mintek will be conducted on a 3.2 MW electric arc
furnace for a period of 2 weeks. The pilot campaign will demonstrate the SisAl
process for production of Mg–Si. Locally sourced raw material will be used for the
pilot campaign. The operational data consisting of heat and mass balance, energy
consumption, and gas emission generated during the pilot campaign will be used for
the process and equipment design for commercialisation of the process. Environ-
mental impact, investment cost analysis, and economic analysis will be performed
based on data collected from the pilot plant campaign at Mintek.

Once executed the project will reach a TRL 8 level.

Conclusions

In order to decarbonise the Metals Industry in South Africa, not only should the
use of alternative reductants be considered but even more so a change in the energy
mix. For example, in manganese ferroalloy production the amount of CO2 produced
by the process typically is 1.3 and 1.4 ton per ton of HCFeMn and SiMn alloy,
respectively [27]. When produced in South Africa an additional 2.8 and 3.7 ton CO2

per ton of HCFeMn and SiMn alloy, respectively, is added, increasing the amount of
CO2 associated three-to fourfold [47]. The challenge that lies ahead is enormous and
Mintek is playing its part by conducting research and development work addressing
it from various perspectives.
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Biomass as a CO2-Neutral Carbon
Substitute for Reduction Processes
in Metallurgy

Christian Dornig and Jürgen Antrekowitsch

Abstract The increasing consumption of carbon-based products in recent decades
and their impact on the environment and climate change is becoming more and
more significant. To curb this problem, the use of pyrolysed biomass as a reducing
agent substitute for carbon-based reduction processes can be part of the solution
for a CO2-neutral metallurgy. Previous research has shown that biochar can be a
replacement for conventionally used carbon sources. However, the economic interest
in this technology has gradually decreased, due to the falling prices for the CO2-
certificates about eight years ago. In the meantime, the prices for the certificates
have risen strongly again and the topic is coming back into focus. In this publication,
the use of biomass was investigated in an experimental setup and the selection,
properties, and possible applications are discussed. The results show that biomass
can be an adequate product for CO2-neutral process control.

Keywords Biomass · CO2-neutral · Reduction process

Introduction

Before the prices for CO2-certificates dropped about ten years ago, there was a steady
increase in the price. Just as in the last few years, especially in 2020 and 2021, there
was a sharp rise again (Fig. 1). The growing impact of greenhouse gases on the
climate and the resulting restrictions also require appropriate adaptation in industry.

Currently a lot of effort is being put into the use of hydrogen as a reductant for a
CO2-free metallurgical industry. However, in many cases it is not straightforward to
realize, because the existing processes and related equipment are inoperative when
applying a direct replacement of the used reducing agent by hydrogen. As another
CO2-neutral option, biomass can serve, e.g. as alternative for fossil-based reducing
agent without major adaptation of the process.

C. Dornig (B) · J. Antrekowitsch
Montanuniversität Leoben, Chair of Nonferrous Metallurgy, Franz Josef-Straße 18, A-8700
Leoben, Austria
e-mail: christian.dornig@unileoben.ac.at

© The Minerals, Metals & Materials Society 2022
A. Lazou et al. (eds.), REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I), The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92563-5_67

635

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92563-5_67&domain=pdf
mailto:christian.dornig@unileoben.ac.at
https://doi.org/10.1007/978-3-030-92563-5_67


636 C. Dornig and J. Antrekowitsch

0

10

20

30

40

50

60

2008 2009 2010 2011 2012 2013 2014 2015 2016 2018 2019 2020 2021

€/
t

EU ETS Carbon Price

Fig. 1 Development of CO2-Credit prices based on data from the International Carbon Action
Partnership [1]

As mentioned before, the price for the CO2-certificates started to increase a few
years ago and so the efforts to research alternative reducing agents for metallurgical
processes became more interesting.

The Chair of NonferrousMetallurgy atMontanuniversität Leoben has now started
to investigate the topic of biomass as a reducing agent substitute in more detail again.
In the past, investigations have already been carried out, for example the application
in a rotary kiln. This time, the research also focuses on the field of molten processes.

Many different types of biomasses have already been studied, while current
investigations are focusing on waste from the forestry industry.

This paper recaps the results of the trials performed in the past and gives a short
outlook on the future activities.

Definition of Biomass

Biomass describes all substances of organic origin or carbonaceous matter. This
definition includes all plants and animals living in nature and their residues as well
as the mortal remains, not yet fossil, phyto- and zoomass. Furthermore, the term also
comprises materials that have been created by a substantial use of the biomass. This
includes for example paper, pulp, slaughterhouse waste, vegetable oils, alcohols, and
household wastes. According to the definition, fossil energy carriers do not belong
to biomass. Turf belongs either to biomass or fossil energy sources, depending in the
description [2].

Furthermore, biomass can be divided into primary and secondary products.
Primary products result from the direct utilization of solar energy and thus contain
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the entire plant mass. This scope includes agricultural and forestry products (trees,
grasses) and by-products or plant residues (straw, forest and industrial wood
residues). The second area describes the secondary products, which use solar energy
only indirectly. This biomass results from the decomposition or conversion of organic
substances, for example in animals. In summary, this section includes the entire
zoomass, the excrements, and the sewage sludge [2, 3].

This very comprehensive description of the definition demonstrate that biomass
comes from various sources. Therefore, the products resulting from individual
conversion steps are also very different [3].

Investigated Biomasses

In the past, various biomasses have been studied regarding their technical utility in
metallurgical processes at the Chair of Nonferrous Metallurgy, Montanuniversität
Leoben. The listed materials provide an overview of the previously investigated
biomasses:

• Olive (stone, cuttings)
• Fruit cuttings
• Vine (cuttings/marc)
• Beer marc
• Oak tree cuttings
• Different types of eucalyptus and pine
• Wood residues
• Bark
• Wood chips
• Waste wood

Pyrolysis of Biomass

The biomass cannot be used directly due to its composition. To obtain a usable
product, it is necessary to perform a thermal treatment, called pyrolysis.

In general, during the pyrolysis process, biomass is heated to a defined temperature
in the absence of air or oxygen and kept at this temperature for a certain time.
This treatment converts the biomass into charcoal, gas, and tar (Fig. 2). Via the
temperature, the residence time and the heating rate, it is possible to influence the
end products. In terms of temperature, pyrolysis can be divided into low (<500 °C),
medium (500–800 °C), and high temperature pyrolysis (>800 °C) [4, 5].

Table 1 summarizes the different forms of pyrolysis existing. In the previous
studies, the focus was on the resulting coal, so carbonization was preferred. This
allows the production of a CO2-neutral charcoal as a substitute for reducing agents,
called biochar.
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Fig. 2 Main products of
pyrolysis

Table 1 Product yields of different biomass conversion techniques [7]

Process Conditions Liquid (%) Char (%) Gas (%)

Fast pyrolysis Moderate temperature, short residence time,
particularly vapour

75 12 13

Carbonization Low temperature, very long residence time 30 35 35

Gasification High temperature, long residence time 5 10 85

The resulting biochar is defined as biomass whose relative carbon content has
been increased by a thermal treatment step [6].

Used Pyrolysis Unit

Due to the fact that the various types of biomasses are available with different mois-
ture contents, a drying step has to be performed before the process of pyrolysis. After
this treatment, thematerial is charged into the twin-screw reactor for conversion.With
the semi-continuous aggregate, used at the Montanuniversität Leoben (Fig. 3), it is
possible to charge up to 25 kg, depending on the specific weight. An external elec-
trical heating system can be used to achieve a temperature up to 950 °C over several
zones. The residence time is adjustable between a few minutes to a couple of hours
by the twin screw rotation speed.
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Fig. 3 Semi-continuous “twin screw reactor” [8]

Characterization of Biomass

For an evaluation of the produced biochar with regard to its usability in metal-
lurgical aggregates, other characteristics are important in addition to the chemical
composition. The most important properties for the various applications are:

• Coke reactivity
• Carbon content (CFix)
• Volatiles
• Ash content
• Moisture content
• Sulphur content
• Specific mass
• Pressure resistance
• Specific surface

The difficulty is that the various metallurgical processes often require contra-
dictory properties. For example, some processes require high reactivity, so that the
carbon can react immediately (molten processes) and higher contents of volatiles
may not be disturbing. In others, low reactivity is desired, because the carbon should
not react directly after charging (Waelz process). Therefore, it has to be considered
that the assessment of the parameters is different for every process and it has to be
evaluated individually for each case which biomass could be suitable.
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Investigations and Results on Pyrolysis

Not only the biomass itself or its composition determines the usability, also pre-
treatments or adjustments during the pyrolysis process, as stated in the following
section, have an impact.

Grain Size

For some biomasses it is necessary to perform a shredding before the pyrolysis.
Thus, experiments were done which demonstrate the influence of the particle size
on the pyrolysis result. As the values in Table 2 show, the charcoal yield does not

Table 2 Data from pyrolysis of fruit tree cuttings with different grain size [9]

Grain size
[cm]

Charcoal yield
[%]

C
[%]

H
[%]

N
[%]

S
[%]

Volatiles
[%]

CFix
[%]

H2O
[%]

<0.8 22.0 84.10 0.99 0.53 0.03 3.00 86.70 1.20

4–5 22.8 88.50 0.92 0.73 0.03 2.22 90.98 1.00

~10 21.3 91.20 0.99 0.50 0.03 1.85 94.05 1.40

change significantly between the different fractions. Furthermore, the content of
volatile matter diminishes and the carbon content increases slightly. The remaining
parameters show no significant change due to the particle size.

Temperature and Residence Time

Figure 4 shows that on the one hand the use of higher temperatures leads to a reduc-
tion in the amount of volatile components and moisture content, and on the other
hand, there is a greater proportion of ash and a substantially lower charcoal yield. In
contrast, the longer residence time leads to an increase in charcoal yield.
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Fig. 4 Charcoal yield as a function of the temperature of various biomass and influence of the
residence time according to [8–10]

It should be mentioned that the carbon content increases with a higher pyrolysis
temperature because volatile components are removed faster and there is the chance
for volatilization of components that generally need higher temperatures. Depending
on the used biomass, different temperatures are necessary to reach defined fixed
carbon contents [11].

Reactivity Measurements

The reactivity of a carbon substitute is a very important parameter for metallurgy
and can determine whether it is possible to utilize charcoal in a certain metallurgical
facility or not. The grain size, the pores, and the moisture content have an influence
on the reactivity. Large grains and few pores reduce the reactivity of the charcoal,
whereas small grains and many pores, especially open pores, increase the reactivity
value due to the larger surface area. In the case ofmoisture content, higher values lead
to activation of the coal, which increases the reactivity too. During heating, closed
pores burst, because of evaporating water. All analysed biomasses show a decrease
in reactivity with increasing temperature (Fig. 5). Depending on the intended appli-
cation, it should be noted that the charcoal yield is lower with higher temperatures
[9].
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Fig. 5 (Coke Reactivity Index) as a function of pyrolysis temperature [9]

Biochar in Waelz Process

The Waelz process is a recycling process in which carbon is added as a reducing
agent to regain zinc. At the trials carried out on laboratory scale, the carbon was
substitutedwith biomass in order to determine the reduction capability in comparison
with conventionally used petroleum coke. Steel mill dust from an electric arc furnace,
lime (for adjustment of basicity and slag modification) and the carbon carrier were
used to form pellets. The pellets were charged into a rotary kiln and treated at 1150 °C
under an air atmosphere to simulate the reactions occurring in a Waelz kiln [9].
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Table 3 Slag analyses with different charcoals at 1150 °C under air atmosphere [9]

Reducing agent Zn
(%)

Fetot
(%)

Femet
(%)

S
(%)

C
(%)

Zinc yield
(%)

Petroleum coke 1.65 41,05 0.35 0.90 0.12 94.21

Charcoal out of vine cuttings (600 °C, 2 h) 0.22 42.55 0.31 0.53 0.07 99.23

Charcoal out of vine cuttings (750 °C, 2 h) 3.25 42.00 2.20 0.75 0.12 88.60

Charcoal out of vine cuttings (900 °C, 2 h) 1.55 40.61 0.30 0.32 0.06 94.56

The data obtained of the Waelz slag analyses from these trials (Table 3) show
that the application of biomass as a carbon substitute is quite comparable to the use
of petroleum coke. All blends deliver good results in terms of zinc yield as well as
comparable values of carbon, zinc, and iron. With biochar, the sulphur content is
lower, because biomass generally has a low sulphur content. The amount of biochar
was calculated based on the carbon required for the reduction of the zinc and iron
oxide and varied between 175.13 and 211.06 kg/t steel mill dust. In consideration of
a stoichiometry factor of 1.15 and the resulting zinc yield, the requirement of biochar
for the Waelz process based on laboratory scale experiments ranges from 642.64 to
735.47 kg/t zinc in steel mill dust [9].

However, one crucial point is the behaviour of the charcoal during the heating up
within the first zone of a Waelz kiln. If the coal is too reactive, the emitted volatiles
combust in the off-gas stream and increase the final off-gas temperature. Also a
certain consumption of the charcoal before reaching the reduction zone would end
up in a higher specific amount of required reducing agent. The ash portion introduced
by the biochar passes into the Waelz slag. Therefore, an adjustment of the basicity
has to be taken into consideration.

Regarding the carbon and nitrogen contents and their formation into greenhouse
gases, it should be mentioned that the use of biochar shows hardly any differ-
ences compared to petroleum coke in the Waelz process. Besides the same required
amount of carbon for the reduction, the nitrogen content of biochar (0.35–1.9%) is
approximately the same as that of petroleum coke (0.2–1.5%) [9, 12, 13].

Usage of Pyrolysis Gas

As already mentioned at the beginning, not only coal is produced during pyrolysis.
Also a certain amount of gas is generated depending on the type of pyrolysis. Due to
the volatile components of the biomass, it is expected that the pyrolysis gas can also be
beneficial. For this reason, the gas from the treatment of olive stoneswas analysed. As
can be seen in Fig. 6, the composition of the gas changes due to cracking, reforming,
decomposition, and the Boudouard reactions depending on the temperature [9, 11].



644 C. Dornig and J. Antrekowitsch

Fig. 6 Change in pyrolysis
gas composition as a
function of temperature [11]

The composition of the gas suggests, that it can be useful as a reducing gas
in metallurgical processes. For this reason, investigations were performed with a
synthetic gas (40% CO, 30% H2, 15% CO2, 15% CH4). At this trials Waelz slag was
reduced in a retort for different periods of time (1–3 h) at temperatures up to 1150 °C.
Results showed that longer treatment times and especially higher temperatures lead
to a better zinc yield and a better iron metallization grade [9].

Based on the synthesis gas trials, investigations were performed with pyrolysis
gas from the twin-screw reactor. Due to the low iron metallization, carbon was added
with a stoichiometric factor of 0.5. This combination resulted in good values for zinc
reduction and iron metallization too [9].

Current Activities

At present, laboratory-scale investigations are being carried out concerning the
behaviour of pyrolysed biomass for metallurgical processes based on gas–solid
reactions.

For this purpose, a schemewas developed that includes a combination of a compul-
sory mixer and a tube furnace (Fig. 7). The input materials get homogeneously
blended and micro-pellets are produced by means of the compulsory mixer. These
pellets are filled in a ceramic shuttle and treated in the furnace under various condi-
tions in several stages. The aim is to investigate the behaviour of the pyrolysed
biomass during heating and reduction reactions in possible metallurgical aggregates.
Experiments are already in progress and first results will be available in about six
months.
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Fig. 7 Tube furnace at the Chair of Nonferrous Metallurgy, Montanuniversität Leoben (left) and
ceramic shuttle with micro-pellets (right)

Summary and Outlook

After the prices of the CO2-certificates have risen strongly over the last few years,
and still rising, the interest in CO2-neutral technologies is also increasing again. The
topic is coming more and more into focus with regard to stricter regulations and the
growing awareness of the industry too.

The previous experiments on pyrolysis of biomass and the use of biochar as a
reducing agent substitute can represent a possibility for a replacement product and
have shown that certain biomasses have a particular potential due to their properties.
Special consideration should be given to the different characteristics of the biomass,
such as reactivity, volatile components, ash content, and others.

Furthermore, the experiments with pyrolysis gas also show good results. The H2

and CO contained in the pyrolysis gas is well suited for reduction processes. The use
of the pyrolysis gas is also an important economic factor to make the use of biomass
as a raw material more attractive.

Future research will focus more on the use of the products from the pyrolysis of
biomass and their application inmetallurgical aggregates. There is also the possibility
to substitute only a part of the currently used carbon-based reducing agents with
biochar. This can partially minimize the CO2-emissions generated by fossil carbon
carriers.

Acknowledgements COMMBYis aFFGAustriaCOMETproject. Thank you to the fundersÖster-
reichische Forschungsförderungsgesellschaft (FFG), Steirische Wirtschaftsförderungsgesellschaft
(SFG), Wirtschaft Burgenland GmbH, Land Steiermark an Land Burgenland.

References

1. International Carbon Action Partnership: Allowance Price Explorer (EU ETS Carbon Price).
Internet: https://icapcarbonaction.com/en/ets-prices. Accessed 5 Sept 2021

https://icapcarbonaction.com/en/ets-prices


646 C. Dornig and J. Antrekowitsch

2. Kaltschmitt M, Hartmann H (2000) Energie aus Biomasse. Springer, Berlin, Heidelberg, New
York

3. Jørgensen SE, Fath BD (eds) (2008) Encyclopedia of ecology. Elsevier, Amsterdam
4. Wesselak V et al (2017) Handbuch regenerative Energietechnik. Springer, Berlin Heidelberg
5. Basu P (2010) Biomass gasification and pyrolysis. Academic Press, London
6. Scholz R, BeckmannM, Schulenburg F (2001) Abfallbehandlung in thermischenVerfahren. In:

Bahadir M, Collins H-J, Hock B (eds) Teubner-Reihe Umwelt Abfall 2001. Teubner, Stuttgart
7. Quicker P, Weber K (2016) Biokohle. Springer Fachmedien, Wiesbaden
8. Bridgewater AV (2004) Biomass fast pyrolysis. Thermal Sci 8(2):21–50
9. Roessler G (2015) Implementation of alternative reducing agents in metallurgical operations.

PhD thesis, Montanuniversität Leoben
10. Griessacher T (2012) Einsatzmöglichkeiten von Biomasse als Reduktionsmittel in metallur-

gischen Recyclingprozessen. PhD thesis, Montanuniversität Leoben
11. Roessler G (2011) Holzkohleherstellung sowie deren Charakterisierung hinsichtlich Ersatzre-

duktionsmittel in metallurgischen Prozessen. Master thesis, Montanuniversität Leoben
12. Griessacher T, Antrekowitsch J, Steinlechner S (2012) Charcoal from agricultural residues as

alternative reducing agent in metal recycling. Biomass Bioenerg 39:139–146
13. Nanda S et al (2013) Characterization of North American lignocellulosic biomass and biochars

in terms of their candidacy for alternate renewable fuels. Bioenerg Res 6:663–677
14. Predel H (2006) Petroleum coke. In: Ullmann’s encyclopedia of industrial chemistry. Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim, Germany



Techno-Economic Pre-feasibility Study
of a Hydrogen Plasma-Based
Ferromanganese Plant

Halvor Dalaker, Nils Eldrup, Roar Jensen, and Rannveig Kvande

Abstract Plasma species such as monoatomic hydrogen are much more reactive
than diatomic hydrogen gas, H2(g). This means that plasma technology can be a
way of introducing hydrogen as a reducing agent for producing metals and alloys,
like manganese, where oxide reduction to the metallic state by hydrogen gas is
not possible. While still an immature technology, it is nevertheless important to
address questions regarding economic relevance. In this work, best estimates are used
to describe a hypothetical plasma-based process and plant for manganese produc-
tion. This description then makes the foundation for a techno-economic analysis
comparing this hypothetical processwith existing standards. It is found that at present,
it seems plausible that hydrogen plasma technology can compete economically, and
thus be a viableway to decarbonisemanganese production. Themost sensitive param-
eters appear to be hydrogen price, cost of CO2-emissions, and to what extent excess
energy from the plasma unit can be captured and used for pre-heating of the ore.

Keywords Economy · Plasma · Hydrogen · Sustainability · Manganese

Introduction

The metallurgical sector releases a lot of CO2 globally, caused not only by energy
consumption, but also directly resulting from the core processes of turning ores into
metal by use of carbon as a reducing agent. Hydrogen is a candidate replacement
reducing agent, as it can reduce some metal ores (e.g. iron ore):

MeOx + XH2(g) → Me + XH2O(g)
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Other metals like manganese (Mn) cannot easily be reduced by H2(g) since the
reaction described above is not thermodynamically favourable. Now, this situation
can be significantly altered by introducing more reactive hydrogen species, such as
monoatomic and ionised hydrogen. These species can be produced through plasma
generation in an electric arc and enable, e.g. the reaction:

MnO + 2H(g) → Mn + H2O(g)

SINTEF has initiated the project HyPla [1] to investigate the use of hydrogen
plasma as a reducing agent in metal production.

A prerequisite for the introduction of hydrogen plasma in metal production is a
good financial case. In this work we present a pre-feasibility study looking into the
financial case for a possible industrial scale ferromanganese plant based on hydrogen
plasma reduction. Due to the immaturity of the technology, the work is necessarily
based on assumptions and estimates. The first goal of the current work is to estab-
lish whether a cost-effective plasma plant is within the realms of possibility. The
second goal is to identify critical cost drivers, which can be useful guides in where to
concentrate future activities. At each point, the best estimate based on our scientific
understanding has been the basis for the assumptions made. However, sometimes
trade-offs have been made in favour of a simpler solution when the gain in accuracy
and impact on the overall outcome has been judged small. More detailed analyses
will build from the current work once more experimental data becomes available.

A techno-economic analysis needs to be based on a description of a process, which
means that such a process also needs to be designed. In the first sections of this paper,
the layout of the process design is presented, together with the assumptionsmade and
calculations relating to energy and mass balances. In the second part of this paper,
the economic consequences are presented.

The Hypothetical Plasma-Based Ferromanganese Plant
Operation, and Assumptions

The first constraint laid down in the current work was to base the modelled plant on
a scale that was comparable to an existing running plant, and thus the plasma plant is
modelled to have the annual alloy output of that of Eramet Norway’s plant at Sauda,
with a capacity of 265,000 tonnes per year [2].

Second, it was decided to split the manganese production into two separate
processes: a hydrogen-based pre-reduction unit and a plasma-unit. This was done
for mainly two reasons: 1-The off-gas from the plasma unit is expected to contain
significant amounts of unutilised hydrogen, which is well suited for pre-reduction of
manganese ores, and 2-it was thought best to use the generated plasma solely for the
task where plasma is the only option, and not “waste” it on reducing iron oxides or
higher order manganese oxides.
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Fig. 1 Flowsheet of proposed plasma-based FeMn-plant. The components outside the dashed lines
are assumed to be identical to today’s process, and are not included in the techno-economic analysis.

Third, for simplicity as many parts of the process as possible was assumed to be
identical to today’s process, so that they could be left out of the techno-economic
analysis. Broadly, this meant assuming that the handling of incoming raw material
and outgoing products and by-products would be the same as today, such as the
transport and charging of ore; the casting, crushing, and sizing of metal and slag; and
the waste treatment of dust, etc. The rough flow-sheet of the plant is then as sketched
in Fig. 1, where the scope of the investigation is also included.

In broad strokes, the operation of the plant is as follows: The ore is charged into
the pre-reduction unit. As it descends towards the plasma unit, it meets hydrogen
gas, which causes all iron oxides in the ore to be reduced to metallic iron, and all
MnO2 to be reduced toMnO. The other oxides in the ore remain unchanged. The pre-
reduced ore then enters the plasma unit, where much of the MnO is reduced to Mn
and slag and metal is then tapped in separate streams. The process and surrounding
assumptions are expanded in the following.

Raw Material and Products

COMILOG ore is among the inputs at Eramet Sauda, and as it is rich in MnO2 it is
well suited to take advantage of the pre-reduction potential of unspent hydrogen. In
thiswork it has been assumed that the input is 100%COMILOGore. The composition
of the ore is given in Table 1.

The temperature of the product alloy and slag at tapping are each assumed to
be 1450 °C, which is similar to today’s operation. Based on this assumption, a
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Table 1 Chemical composition of COMILOG ore [3]

Wt% in wet ore Wt% in dry ore

H2O 8.7 Al2O3 0.2 H2O 0 Al2O3 0.3

XH2O 4.9 MgO 0.2 XH2O 5.4 MgO 0.2

MnO 2.9 CaO 0.6 MnO 3.2 CaO 0.2

MnO2 69.4 BaO 0.1 MnO2 76 BaO 0.7

Fe2O3 3.6 K2O 0.1 Fe2O3 3.9 K2O 0.11

FeO 3.7 P 0.2 FeO 4 P 0.1

SiO2 0.3 SiO2 5.5

Total Mn in dry ore [Wt%] 50.5 Mn:Fe-ratio 18.5

flux of 50 kg CaO per ton of ore is used. Based on equilibrium calculations with
FactSage [4], this flux gives a situation at 1450 °C in which the liquid metal is in
equilibrium with a liquid, tappable slag. The fluxing has not been optimised for any
other purpose, like Mn-yield. The resulting metal and slag compositions, as well as
manganese distribution between the different streams, are shown in Table 2 below.
For simplicity, a 100% up-time is assumed, which means that, with the material
properties presented here, 67,575 kg of ore is processed per hour.

Table 2 Amounts and compositions of products, and distribution of manganese between them, as
calculated using FactSage

Product Amount
(kg) per
tonne of
Wet ore
Dry ore

Composition (wt.%)

Metal 448 487 Mn Fe

90.8 9.2

Slag 158 172 MnO MnO2 Fe2O3 FeO SiO2 Al2O3 MgO CaO BaO K2O P

30 0 0 0 32 1.8 1.2 30 4.1 0.6 0

Dust 30 33 MnO

100

Manganese distribution (%)

Metal 87

Slag 8

Dust 5
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The Pre-reduction Unit

On itsway through the pre-reduction unit, the charge is slowly heated, and also under-
goes several chemical reactions. For simplicity of calculating the energy balance, it
is assumed that each reaction takes place at a single temperature, and each reaction’s
contribution to the energy balance is calculated using the enthalpy of reaction at that
temperature. Between each temperature at which a chemical reaction takes place,
the heat capacity of the charge is calculated as the weighted average of the heat
capacities of all its components. Within each temperature interval, the heat capacity
is assumed to be independent of temperature, and the value at the midway-point of
the temperature interval is used as an approximation for the heat capacity across the
entire temperature range.

The first reaction that occurs is the evaporation of water. The ore contains both
moisture and crystal water which would be expected to evaporate at 100 °C and
approximately 300 °C, respectively. Here the situation is simplified by a single evap-
oration step in which all water evaporates as H2O at 200 °C, assuming a heat of
evaporation of 36.5 kJ/mol. 200 °C is also the temperature used for the off-gas
temperature at the top of the pre-reduction unit, which is a typical temperature in
current operation. It is assumed that there is no thermal interaction between the steam
generated from evaporation and the incoming ore.

Next come the reactions involving metal oxides. Only reactions with H2 are
included here, i.e. it is assumed no thermal decomposition of Fe2O3 or MnO2. The
chemical reactions are collected in Table 3. The charge is assumed to enter the pre-
reduction unit at 25 °C, leave it at 1000 °C, and enter the plasma unit also at 1000
°C (no heat loss in transfer between units).

Manganese is fairly volatile, and in current operations, around 5% of incoming
Mn in the ore is lost as dust [5]. As a first estimate, the dust loss for the plasma
process was also set to 5%. This loss would represent Mn-fumes leaving from the
top of the system, having first risen from the plasma unit through the pre-reduction
unit. Since some of the rising fumes would likely condense in the pre-reduction
unit, the fuming from the plasma unit to the pre-reduction unit was set at 25% of
the incoming manganese, with 80% of this (so 20% of total Mn) condensing and
re-entering the plasma-unit. It is further assumed that the manganese fumes from the
plasma unit enter the pre-reduction unit as liquid droplets, 50% in the form of Mn(l)
and 50%MnO(l), and that the only change these fumes undergo in the pre-reduction
unit is solidification, with no oxidation taken into account. The solidification of both

Table 3 Oxide reduction
taking place in the
pre-reduction unit

Reaction �H kJ/mol T (°C)

MnO2 + 1/2 H2 → 1/2 Mn2O3 + 1/2H2O −83.3 500

Fe2O3 + H2 → 2 FeO + H2O 44.14 500

Mn2O3 + H2 → 2 MnO + H2O −64.86 900

FeO + H2 → Fe + H2O 14.84 900
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species is assumed to take place at 1244 °C (melting point of manganese), and the
heat of fusion is included in the energy balance, with heats of reaction of 12.1 kJ/mol
(Mn) and 54.4 kJ/mol (MnO), respectively.

The H2/H2O gas mixture from the plasma unit is assumed to consist of 60% H2

and 40% H2O. It is further assumed to leave the plasma unit at 2000 °C, and with a
10% heat loss, to enter the pre-reduction unit at a temperature of 1773 °C. As this
gas flows upwards counter current to the incoming ore, heat will be transferred from
the gas to the ore, until the gas leaves the system at 200 °C. The efficiency of the
heat transfer is not known and will depend on a lot of unknown factors like size of
charge material, etc. In this first estimate, the heat transfer efficiency is set at 50%.
During the ascent of the gas through the pre-reduction unit, it reacts with iron and
manganese oxides, consuming hydrogen and producing steam. This effect has been
ignored in the estimate of heat transfer from the gas, and the heat capacity of the gas
has been assumed constant throughout its ascent.

As the gas leaves the top of the pre-reduction unit, it goes through cooling and
filtering steps to remove dust and condense out water. The remaining hydrogen is
then re-used in the plasma unit. It is assumed that 90% of the hydrogen leaving the
top of the pre-reduction unit is successfully recycled in this manner.

For all energy calculations, a loss factor of 10% has been used. This means that
for every positive contribution (from exothermic reactions, etc.), 90% of the theo-
retical value has been subtracted from the total energy requirement. For negative
contributions (for heating and endothermic reactions), 110% of the theoretical value
has been included as part of the energy requirement.

All the energy contributions are compared in Fig. 2 in terms of power. It is seen
that the largest energy demand comes from heating of ore and evaporation of water,
and also that the assumed 10% energy loss is a substantial contribution. On the

Fig. 2 Visualisation of the different contributions to the energy balance of the pre-reduction unit
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other side of the equation, the pre-reduction of manganese oxides generates large
amounts of energy, and large amounts of energy are also carried over through the
gas-phase from the plasma unit. With these assumptions, the energy balance for the
pre-reduction ends up with a 4 MW power surplus. The most sensitive parameter
here is probably the heat transfer efficiency between the gas and the ore, and the
associated temperature of the off-gas. However, even with heat transfer efficiency of
only 27%, the pre-reduction unit has a power surplus.

Plasma Unit

Within the plasma unit, the main reactions occurring are the excitation and relaxation
of plasma, and the reaction between plasma and MnO. The enthalpy contribution of
the plasma-reduction consists of two steps: first the excitation of H2 to 2H, followed
by the reaction ofMnOwith H. However, energetically speaking, the overall reaction
is

MnO + H2 → Mn + H2O,

and this reaction has been used, with a total enthalpy of reaction of 99.2 kJ/mol.
The excitation/relaxation of unutilised plasma is an inefficiency, but the heat

released from relaxation will contribute to the heating of raw materials and thus
not go to waste, so this interaction has been ignored. The metallic iron and the
slag-forming oxides are assumed to pass through the plasma unit without any other
reactions taking place besides heating from 1000 °C to the tapping temperature of
1450 °C and the melting of the individual components.

The heat efficiency of the plasma unit has been estimated at 80%. Based on the
heat in the mass-flows in and out of the plasma unit, the heat of phase transformation
and the heat of reaction, the total energy demand of the plasma unit corresponds to
a power input of 66 MW. The different contributions are visualised in Fig. 3.

Once again it is seen that a lot of heat is carried away in the gas-phase, and this
matches the large contribution from the gas from the plasma unit in the pre-reduction
energy balance, as seen in Fig. 2.

Techno-Economic Analysis

Scope

Based on the considerations of the previous section, a concept sketch was made
of a 66 MW plasma-based manganese furnace. From this, the material costs could
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Fig. 3 Visualisation of the different contributions to the energy balance of the plasma unit

be estimated, taking into account steel for cooling jacket, framing and supports;
chamotte and alumina bricks for insulation, copper for electrical conductors and
DC-graphite electrodes for plasma generation.

The construction cost estimates included process engineering, engineering of
mechanical components, plumbing, electrical work, instrumentation, foundation,
insulation, procurement, construction management, project management, steel and
concrete work. Commissioning and testing costs are also included. These cost
estimates made the foundation for the CAPEX analyses.

The techno-economic analysis was performed by the use of Aspen In-plant Cost
Estimator software [6] and in-house data. The discount rate is 10%, the repayment
period is 10 years, and time of construction is assumed to be 1 year.

The process parameters and the concept sketch allowed for an estimate of cooling
water consumption of 20.4t/hr. Taking the total cooling water use of Eramet Norway
[7] and scaling it by the share of total production taking place at Sauda, the estimated
cooling water consumption in the existing process is almost the same, at 19.8t/hr. It
is therefore assumed that the costs associated with cooling water will be the same as
in today’s processes, and can be left out of the scope.

The CO2-emissions for the current process were also based on taking total Eramet
Norway numbers and scaling by the share of production taking place at Sauda.
This gave an estimate of 1.157 tonnes CO2-eq/tonne alloy. The plasma process is
assumed to have zero process-related CO2-emissions. Any CO2-emissions related to
production of electricity are ignored. In scenarios with a large non-renewable source
of the energy mix, this could be taken into account by including CO2 costs in the
electricity costs.

The pre-reduction unit was estimated to have a large power surplus, depending
on the heat transfer efficiency between gas and ore. It is thus assumed that no power
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is required to heat the pre-reduction unit, but neither is it assumed that any of the
surplus heat is made use of (could perhaps be used to pre-heat ore prior to charging).
Note that while there is significant leeway in terms of how efficient the heat transfer
can be before the energy balance becomes negative (only 27% of the heat in the gas
needs to be absorbed), with a lower heat transfer efficiency the off-gas will be hotter,
the cooling requirements will be different, and it may no longer be correct to assume
that this can be left out of the scope.

There are some differences in amounts and composition of the products between
today’s process and the plasma plant. As Table 2 shows, the projected manganese
content of the product alloy is expected to be quite high. The fact that the process
and thus the product are both free of carbon are also expected to increase the product
value. However, the total tonnage of output is also somewhat lower, so the total
revenue from product sales is assumed to be equal to the existing case. It has already
been explained that the handling of incoming rawmaterial and outgoing products and
by-products are assumed identical to today. The remaining significant differences in
operational costs between the two cases are then:

• Hydrogen as raw material for plasma plant (2.6 tonnes/hr).
• Metallurgical coke (8.7 tonnes/hr), anthracite (3.5 tonnes/hr), and electrode paste

(0.56 tonnes/hr) as raw materials for existing plant.
• CO2-emissions (37.7 tonnes/hr) for existing plant.

It is hard to find real data for the price of the carbon materials, since these are
based on confidential contracts. In lieu of this information, prices have been taken
from openly available sources, such as the U.S. Energy Information Administration
[8].

Findings

The investment case can be analysed from three angles: 1-“OPEX only”, where only
the operational costs are considered; 2-“Full CAPEX”, where both the OPEX and
the full CAPEX for a new plasma plant are considered; 3-“OPEX plus additional
CAPEX”, where all OPEX is considered, but the only CAPEX included is that which
is associated with additional costs of building a plasma plant compared to the capital
cost of building a conventional plant. A negative outcome in the type-1 analysis
means that the investment proposal can never be profitable. A positive outcome of
a type-2 analysis on the other hand means that it would be profitable to scrap the
existing plant and build a new plasma-based one. With a positive result in case 3,
it would not necessarily be profitable to scrap an existing plant, but it would be
profitable to choose the plasma-option over the conventional option in the case that
a new plant would nevertheless be built, for example if a plant is at the end of its life
or in an expansion of capacity.
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Table 4 Breakdown of contributions to critical CO2-price [NOK/tonne CO2-eq] for positive
investment decisions. The different scenarios are described in the text

No sale of oxygen Sale of oxygen at 1 NOK/kg

1-OPEX
Only

2-Full
CAPEX

3-OPEX
and
additional
CAPEX

1-OPEX
Only

2-Full
CAPEX

3-OPEX
and
additional
CAPEX

Hydrogen cost 1371 1371 1371 1371 1371 1371

Savings (coke etc.) 920 920 920 920 920 920

CAPEX 0 344 60 0 344 60

Sale of oxygen 548 548 548

Minimum cost of
CO2 (NOK/tonne)

451 795 511 −97 247 −37

The investment case for the proposed plant will depend on the price of hydrogen
and the price of CO2 emissions: For each hydrogen price, there will be a critical
price of CO2 emissions at which the investment becomes profitable in each scenario.
The hydrogen volumes required in the current case would require a 140 MW elec-
trolyser. Optimistic but realistic hydrogen price estimates from such an installation
are in the 20–30 NOK/kg range (10NOK≈1e). This estimate is based on industry
knowhow, future cost projections as well as the targets within the EU-H2020 call for
an innovation action to build and demonstrate a 100 MW electrolyser [9]. In the first
iteration, a price of 20 NOK/kg is used, and the results are presented in Table 4.

In the first three columns of Table 4, the critical CO2 costs are presented for
the three scenarios described above. The critical CO2-price is in the range 450–800
NOK (45–80e). If the hydrogen is produced from an electrolyser, there will be
1 mol of oxygen gas produced per 2 mol of hydrogen. At the volumes required in
an installation such as this, the volume of oxygen would be substantial. If this by-
product could be sold for any value, it would have a large impact on the investment
cases. As an example, the last three columns of Table 4 show how the sale of oxygen
at 1NOK/kg impacts the calculation, resulting in negative values for the critical CO2

price. In other words, such a scenario would be very profitable even with no price
on CO2. However, it will be challenging to find a buyer for such volumes of oxygen,
especially if many industries decarbonise through hydrogen and supply of oxygen
as by-product from H2-electrolysers becomes greater than demand.

Table 5 demonstrates the sensitivity of the analysis to the hydrogen price. Here,
the critical CO2-price for all the three scenarios, with and without sale of oxygen,
are listed for three different hydrogen prices. It is seen that an increase in hydrogen
price of 50% from 20 to 30NOK increases the critical CO2 price by much more than
50%.

The critical CO2-prices from Tables 4 and 5 cover a wide range (0-1480NOK
≈0–150e). At the time of writing, the price in the EU is e56.86/tonne CO2 [10],
which would already make for a positive investment decision in several of the
scenarios. Looking ahead to the time when the as-yet unproven plasma technology
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Table 5 Critical CO2-price [NOK/tonne CO2-eq] for positive investment decisions at varying
hydrogen costs. The different scenarios are described in the text

Hydrogen price
[NOK/tonne]

No sale of oxygen Sale of oxygen at 1 NOK/kg

1-OPEX
Only

2-Full
CAPEX

3-OPEX
and
additional
CAPEX

1-OPEX
Only

2-Full
CAPEX

3-OPEX
and
additional
CAPEX

20 451 795 511 −97 246 −36

25 794 1138 854 245 589 306

30 1137 1480 1197 589 932 649

would be mature enough for industrial deployment, estimates vary but prices are in
general expected to increase significantly by 2030 (e90/tonne [11], e85/tonne [12],
e71/tonne [13]) to 2040 ($140/ton[14]).

Based on all of this, at present there is no reason to believe that a working plasma-
based manganese plant cannot become economically competitive.

Conclusions

A first techno-economic analysis has shown that a profitable plasma-based
manganese plant is not outside the realms of possibility. Unsurprisingly, the invest-
ment decision will be highly sensitive to the hydrogen price and the cost of
CO2-emissions.

If hydrogen is produced on site in an electrolyser, then the sale of the co-produced
oxygen can potentially have a large positive effect on the investment case, provided
a buyer can be found and that prices of oxygen do not plummet as more and more
H2-electrolysers come online around the world.

From the technical side, the gas leaving the plasma unit is expected to carry
large amounts of heat. To what extent this heat can be captured by the ore in the
pre-reduction unit will have a significant impact on the economics.

Lastly it should be remembered that on the path to a more sustainable world that
it may not always be a map drawn purely on economic considerations that will lead
us to our goal.
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Solid Oxide Membrane (SOM)-Based
Technology for Carbon-Free Efficient
Production of Solar-Grade Silicon

Haoxuan Yan, Michelle Sugimoto, Adam Powell, and Uday Pal

Abstract State-of-the-art solar-grade silicon production is energy intensive and has
a negative impact on the environment. Due to the robust and rapid growth of the Si-
based photovoltaic (PV) industry, it is necessary to develop a greener technology for
silicon production. Solid oxide membrane (SOM) electrolysis is a proven versatile
green technology that can be developed to economically produce many important
metal or metal compounds from their oxides. This work will discuss application of
SOM electrolysis to produce solar-grade silicon from silica in a single-step resulting
in net-zero-carbon emission. The high-temperature SOM electrolysis cell employs
stable molten oxide-fluoride bath with silicon wafer cathode and stabilized zirconia
membrane-based novel anodes. The cell design and process parameters are selected
to enable silicon deposition on the Si wafer cathode. However, initially an elec-
trochemical oxidation reaction occurred between silicon and oxygen that involved
the cathode/flux/gas interfaces. An approach to successfully prevent this side reac-
tion has been demonstrated. Electrochemical characterization of the SOM process
is presented, and post-experimental characterization demonstrates Si deposits in the
form of silicon carbide due to the use of graphite crucible and graphite current
collector.
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Introduction

Currently, industrial processes that produce silicon rely on multi-step batch units
which are energy intensive, capital intensive, and environmentally unsound due to the
heavy emission of pollutants and greenhouse gases [1, 2]. An innovative technology,
solid oxide membrane (SOM) electrolysis, has been developed and successfully
applied in extraction of metals or alloys from their oxides. Previous research that
incorporated this technology has proven its feasibility producing a variety of metals
including tantalum, titanium, ytterbium,magnesium, and aluminum[3–8]. In contrast
to conventional siliconproductionmethods, such as theSiemensprocess andfluidized
bed reactors, the SOM technology has three main advantages: it is a single-step
batch operation that is less energy and capital intensive, it does not release any direct
greenhouse gases or halogenated emissions, and it yields pure O2 as a valuable by-
product [9]. It does so by efficiently electrolyzing silica in a well-engineered flux,
the silicon is deposited at the cathode and the oxygen ions migrate through a ceramic
solid oxygen ion conducting stabilized zirconia membrane to the anode where O2

gas is evolved.
Three key innovations are needed for the successful operation of the SOM elec-

trolytic cell: (i) the YSZ membrane needs to separate the anode from the flux. This
prevents the oxygen gas produced at the anode from contacting the reduced metal
at the cathode; (ii) a flux needs to be engineered that has high ionic conductivity,
low electronic conductivity, low volatility, and high chemical stability in contact
with the YSZ membrane; and (iii) a cathode current collector needs to be developed
that is thermally and chemically stable in the SOM environment, has low resistance
while contacting the silicon wafer cathode. This allows the cathode to be removed
from the flux after the experiment. The first two innovations have been successfully
implemented while developing a suitable cathode current collector still remains a
challenge.

In this work, graphite is chosen as the cathode current collector because it
has adequate electrical conductivity at high temperature, high chemical stability in
contact with the flux, good machinability that enables secure connection and contact
with the Si wafer cathode. The design details are described in the experimental
section. For the ease of operation and to demonstrate process feasibility, graphite
is also employed as the anode current collector with liquid silver serving as the
anode. In this case the oxygen produced at the anode reacts with the carbon to form
carbon monoxide (CO). Initially, an electrochemical oxidation reaction involving
the silicon wafer, flux, graphite, and impurity oxygen in the gas phase consumed the
silicon wafer cathode. The oxidation mechanism was identified and later mitigated
by immersing the silicon wafer deeper into the flux. The SOM electrolysis deposited
silicon which reacted with the carbon to form silicon carbide as predicted by the
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Si-C-O phase stability diagram. Future work regarding stabilizing the pure Si phase
free of carbon in the system is proposed.

Experimental Work

A proof-of-concept laboratory scale Si-SOM electrolysis was performed using the
setup shown in Fig. 1. The setup consists of a graphite crucible that was heated to
1100 °C in forming gas (95% Argon–5%H2) to ensure an inert atmosphere. Inside
the crucible, 450 g of powdered flux (45wt% MgF2–55wt% CaF2 with 5wt% SiO2,
9wt% CaO, and 4wt% YF3, suggested and verified by previous studies) was used
to form the molten salt electrolyte [10–15]. All fluorides and oxides were pre-baked
before melting, and salt flux without SiO2 was pre-melted to prevent the formation of
SiF4(g). A one end-closed 8 mol% Yttria-stabilized zirconia (YSZ) membrane tube
separated the flux from 5 g of liquid silver enclosed inside the YSZ tube. An alumina
tubewas used to attachYSZmembranewith gas-sealing ceramic paste (Aremco 552)
for extra length. A graphite anode current collector was placed in the YSZmembrane
tube and submerged in the liquid silver at the target temperature. A graphite rod is
used as the current collector. A slit is machined at the end of the graphite rod and the
silicon wafer is inserted and glued using graphite paste (Resbond 931). Two tungsten
reference electrodes were inserted in the molten flux to monitor the electrochemical
behavior of the flux during the electrolysis. The reference electrodeswere electrically
insulated by alumina tubes. A stainless-steel bubbling tube was submerged into the
flux during the electrolysis to ensure that the molten flux is homogeneous and to
reduce concentration polarization near the Si wafer cathode. The entire cell was
operated in a vertical tube furnace with the cell placed in the center of the hot zone.

Si Wafer Stability Analysis—It was noted earlier that the Si wafer cathode expe-
rienced some oxidation or thinning when the Si wafer was removed from the flux
after some initial SOM electrolysis experiments. Following this observation, a series
of silicon wafer stability tests were performed. The graphite current collector with
the silicon wafer cathode were heated to 1100 C in the reducing environment (95%
Argon–5%H2) and immersed into the flux at different depths for 6 h. The flow rate

Fig. 1 Schematics of the
SOM cell
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of the forming gas was fixed at 50 ccm. In one of the tests the cathode current
collector with the silicon wafer was placed above the flux for the same length of
time (6 h) to evaluate the effect of trace amounts of oxygen in the system on the
oxidation behavior of the silicon wafer. After these experiments, the silicon wafer
was removed, sectioned, and mounted in epoxy to examine the microstructure under
Zeiss Supra 55 scanning electron microscope equipped with EDAX EDS analyzer.

Electrochemical Measurements—Several electrochemical measurements were
performed during the electrolysis. To monitor the behavior of the flux, the two tung-
sten rods were inserted into the flux periodically and electrochemical impedance
spectroscopy (EIS) measurements were made. The current is also measured with
small applied Potentiostatic hold below the dissociation potentials of oxides in
the flux. These measurements were carried out with a Princeton Applied Research
263A Potentiostat and a Solartron 1250 frequency response analyzer. From these
measurements the ionic and electronic transference numbers in the flux were deter-
mined. Also, prior to performing the SOM electrolysis, a potentiodynamic scan was
performed across the anode and the cathode to determine the dissociation poten-
tial of silicon oxide and possibly other impurity oxides in the flux. The overall cell
resistance was estimated from the linear portion of this scan. After these measure-
ments were made, SOM electrolysis was performed above the dissociation potential
of silica (0.95 V) for 8 h. Current versus time was recorded with a Princeton Applied
Research 263APotentiostat, and the gas bubbling from the anode inside theYSZ tube
was also recorded using a digital mass flowmeter. After 8 h, when the electrolysis
was complete, the anode was removed while the cathode remained inside the flux.
Finally, the two tungsten reference electrodes were once again inserted into the flux
to determine if there were any changes in the electrochemical behavior of the flux
because of the electrolysis process. All electrochemical measurements were made at
1100 C under a forming gas (95% Argon–5%H2) flow rate of 50 ccm.

Post SOM electrolysis Characterization—After the experiment, the furnace is
allowed to cool and the cathode with the solidified flux is removed and sectioned.
The sectioned piece is mounted in epoxy and examined under the Zeiss Supra 55
scanning electron microscope (SEM) with the EDAX EDS system. A portion of the
YSZ tube that contains the silver anode was also cross-sectioned and examined with
the same instrument. The objective of the post characterization work is to determine
the nature of the silicon deposition and ensure that the YSZ membrane was stable in
contact with the flux.

Results and Discussion

Si Wafer Stability Analysis—As-received silicon wafer was sectioned and mounted
without heating in the reducing environment to evaluate its thickness. The SEM/EDS
examination showed the thickness to be 507 µm with no observable layer of silicon
oxide (Fig. 2a). To determine the effect of the experimental gas environment in the
reactor, the silicon wafer was heated to 1100 C in forming gas. It was found that
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Fig. 2 SEM images of silicon wafer a as received, b above the flux at 1100 C for 6 h, c partially
immersed in flux at 1100 C for 6 h, d completely immersed at 1.5 cm deep in the flux at 1100 C for
6 h, e completely immersed at 3 cm deep in the flux at 1100 C for 6 h

the thickness of the silicon wafer decreased by 4 µm and a very thin layer of silicon
oxide formed on the surface (Fig. 2b). Next the silicon wafer was partially immersed
in the flux. A significant amount of thinning was observed in the portion of the silicon
wafer that was immersed in the flux. This portion of the wafer was only 155µm thick
(Fig. 2c). In subsequent experiments the silicon wafers were completely immersed
in the flux to a depth of 1.5 cm and 3 cm, respectively. The silicon wafer that was
1.5 cm deep had a final thickness of 367 µm while the one that was 3 cm deep had
a thickness of 503 µm. This indicates that the thinning of the wafer decreases with
immersion depth in the flux.

Silicon wafer thinning mechanism—Fig. 2b suggests that the oxygen impurity in
the forming gas environment reacts to form a very thin protective oxide scale that is
only 3 µm thick on a silicon wafer that is originally 507 µm thick. However, when
the silicon wafer is immersed in the flux the thinning continues and it is dependent
on the immersion depth of the wafer. This mechanism is shown in Fig. 3. At the
flux/gas interface the impurity oxygen in the gas phase is reduced in the presence
of an electronic conductor (graphite or silicon) to oxygen ions. The silicon wafer is
oxidized at the wafer/flux interface to silicon ions. Thus, the silicon wafer oxidation
reaction is aided by the ionic flux while the rate of the reaction is controlled by
the electron and the oxygen ion transfer between the oxidation and the reduction
reaction sites. Hence it was seen that as the resistance to electron-oxygen ion transfer
is increased by increasing the immersion depth. The rate of the silicon thinning also
decreased.

To prevent silicon wafer thinning during SOM electrolysis, the immersion depth
of the silicon wafer was always maintained at 4.5 cm from the flux/gas interface.
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Fig. 3 Reaction mechanism of silicon wafer thinning

Electrochemical Measurements—The impedance measured between the two
reference electrodes Fig. 4a provides the total salt resistance while the current
measured between the electrodes at very low applied potentials (below the disso-
ciation potentials of the oxides) provides the electronic resistance. From these two
measured resistance values, it is possible to determine the ionic and electronic trans-
ference numbers [16]. Measurements made before and after electrolysis show that
the flux remains primarily ionic throughout the experiment (see Table 1).

The potentiodynamic scan between the anode and the cathode confirms a dissocia-
tion potential of 0.51 V (Fig. 4a) corresponding to the following overall cell reaction:
SiO2 + 2C = Si+ 2CO(g) at 1100 C. From the linear portion of the current–poten-
tial scan the overall cell resistance was estimated to be around 0.5 �. In comparison
with previous SOM cells, it appears that this cell also has low overall resistance, low
electronic and high ionic conductivities, and is able to effectively dissociate SiO2 [6,
7, 13].

Fig. 4 Electrochemical measurements a Potentiodynamic scan at 5mV/s across cathode and anode
b Current–time curve during the electrolysis under an applied potential of 0.95 V for 8 h
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Table 1 Electronic and ionic transferences number of the salt (flux) before and after the electrolysis

Total resistance (�) Electronic
resistance (�)

Electronic
transference
number, te

Ionic
transference
number, ti

Before
electrolysis

0.11 42.144 2.6e-3 0.99740

After
electrolysis

0.17 294.612 5.7e-4 0.99943

Figure 4b shows the electrolysis current with 0.95 V applied potential between the
electrodes. During 8 h of electrolysis the current–time plot was stable. The measured
changes in current and the recorded anodic gas evolution corresponded well with
each other. The anodic gas bubbling was measured to be 4.1 ccm during the first
25,000 s and 3.7 ccm for the remainder of the time, in line with the small observed
drop in the current drop from 0.17 to 0.14 A at the 25,000 s mark. The reason for
this small drop in the current is not clear. Taking the integral of the current–time
curve, 0.36 g of silicon should have been produced under Faradaic conditions which
corresponds to a 3 mm thick planar deposit.

Post SOM electrolysis Characterization—The SEM images of sectioned silicon
wafer are shown in Fig. 5a–c. Figure 5a shows the EDS mapping of the silicon/flux
interface. It was observed that 20 µm thick silicon carbide deposited on the Si wafer
cathode (Fig. 5b) instead of 3 mm as predicted based on Faradaic conversion of the

Fig. 5 SEM/EDS analysis of sectioned Si wafer andYSZmembrane a EDSmapping of the Si/Flux
interface, b 20 µm thick SiC deposit on the Si wafer cathode, c dispersed SiC deposits in the flux
adjacent to the Si wafer cathode, d EDX spectrum of the planar deposit close to Si wafer, e EDX
spectrum of deposits dispersed in the flux adjacent to the Si wafer, f sectioned YSZ membrane in
contact with flux along with EDS mapping post-electrolysis
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Fig. 6 Si-C-O phase
stability diagram at 1100 C

electrolysis current. Some silicon carbide was also observed to be dispersed 450 µm
in the flux adjacent to the silicon wafer (Fig. 5c). Further EDS point analysis on
these two types of deposits indicates that they are mainly silicon carbide (Fig. 5d,
e), with trace amounts of boron and phosphorous. Energy peaks of zirconium and
phosphorous have strong overlap. The sources of boron and phosphorous are unclear.
Furthermore, the section of the YSZ membrane in contact with the flux shows no
diffusion of zirconium or yttrium into the flux (Fig. 5f). Thus, the YSZ membrane
was stable in contact with the flux during the electrolysis. Therefore, it is unclear
whether the observed Zr peak is real.

As previously discussed, silica dissociation occurred when the potential was
greater than 0.51 V. It is likely that silicon was initially produced during the SOM
electrolysis, but it reacted with carbon to form silicon carbide (The standard Nernst
potential for reaction SiO2 + 3C = SiC + 3CO(g) at 1100 C is 0.32 V). This can
also be explained from the phase stability diagram of Si-C-O (Fig. 6). In the pres-
ence of graphite (carbon at unit activity) when the applied potential is increased the
oxygen activity decreases below 10−23 atm. and silica is reduced to SiC since Si is
thermodynamically not stable. In order to reduce silica to Si the activity of carbon
needs to be lower than 10−2.4.

Conclusions and Future Work

A state-of-the-art Solid Oxide Membrane Electrolytic Cell has been designed and
assembled. An electrochemical reaction involving silicon wafer, flux, graphite, and
impurity oxygen in the gas phase was shown to be responsible for the thinning of the
wafer. By immersing the siliconwafer and the graphite current collector deep into the
flux, this side reaction was significantly reduced. Subsequently SOM electrolysis of
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silica with graphite as the current collector was performed. The process was electro-
chemically characterized, and the deposit wasmicrostructurally and compositionally
characterized. The SOM cell has an overall low resistance, and the salt electrolyte
remained primarily ionic during electrolysis. It was found that silicon was success-
fully produced, but it formed a carbide phase due to the presence of graphite in the
system (crucible and the current collector). YSZ membrane was found to be stable
in contact with the flux during electrolysis.

Future work will focus in four priority areas. The first will be to remove all carbon
components from the system. That includes the crucible and the current collectors.
The carbon crucible will be replaced by a stainless-steel crucible. The carbon cathode
current collector will be replaced by refractory tungsten metal and the carbon anode
current collector will be replaced by an inert oxygen current collector developed
earlier in our group [17, 18]. With these modifications we hope to be able to deposit
pure silicon on the siliconwafer cathode and produce pure oxygen at the anode. Next,
wewill perform fluid-dynamics simulation to identify ways to lower concentration or
mass transfer polarization to sustain the electrolytic current and increase the thickness
of the silicon deposit. To lower surface roughness of the silicon deposit, we also plan
to perform periodic current reversal with auxiliary electrodes in the salt flux, like
that practiced in the copper industry. Finally, for longer-term operation we plan to
replace liquid silver anodes, which volatilize, with stable lanthanum nickelates.

Acknowledgements This work was supported, in part, by the US Department of Energy’s Office
of Energy Efficiency and Renewable Energy (EERE) under the Solar Energy Technologies Office
Award No. DE-EE0008988 and by the US National Science Foundation under Award Nos. CMMI-
1937829 and 1937818.

References

1. Bye G, Ceccaroli B (2014) Solar grade silicon: technology status and industrial trends. Sol
Energy Mater Sol Cells 130:634–646

2. Goodrich A et al (2013) A wafer-based monocrystalline silicon photovoltaics road map:
utilizing known technology improvement opportunities for further reductions inmanufacturing
costs. Sol Energy Mater Sol Cells 114:110–135

3. Krishnan A, Lu XG, Pal UB (2005) Solid Oxide Membrane (SOM) technology for environ-
mentally sound production of tantalum metal and alloys from their oxide sources. Scand J
Metall 34(5):293–301

4. SuputM, DeLucas R, Pati S, Ye G, Pal U, Powell AC (2008) Solid oxide membrane technology
for environmentally sound production of titanium. Trans Section C, Mineral Process Extract
Metall 117(2):118–122

5. Pal UB (2008) A lower carbon foot print process for electrolytic production of metals from
oxides dissolved in molten salts. JOM 60(2):43–47

6. Guan X, Pal UB, Powell AC (2014) Energy-efficient and environmentally friendly solid oxide
membrane electrolysis process for magnesium oxide reduction: experiment and modeling.
Metallurg Mater Trans E, Mater Energy Syst 1(2):132–144

7. Su S, Pal U, Guan X (2017) Solid oxide membrane electrolysis process for aluminum
production: experiment and modeling. J Electrochem Soc 164(4):F248–F255



668 H. Yan et al.

8. JiangY, Xu J, GuanX, Pal UB, Basu SN (2013) Production of silicon by solid oxidemembrane-
based electrolysis process. Mater Res Soc Symp Proceed 1493:231–235

9. Villalon T Jr (2018) Zero-direct emission silicon production via solid oxide membrane
electrolysis. Doctoral dissertation, Boston University. https://hdl.handle.net/2144/30729

10. Xu J, Lo B, Jiang Y, Pal U, Basu S (2014) Stability of yttria stabilized zirconia in molten
oxy-fluorite flux for the production of silicon with the solid oxide membrane process. J Eur
Ceram Soc 34(15):3887–3896

11. Lovering DG, Gale RJ (eds) (1987) Molten salt techniques, vol 3. Plenum Press, New York,
NY

12. Prasad S (2000) Studies on the Hall-Heroult aluminum electrowinning process. J Braz Chem
Soc 11(3):245–251

13. Su S (2016) Zero-direct-carbon-emission aluminum production by solid oxide membrane-
based electrolysis process. Doctoral dissertation, Boston University. https://hdl.handle.net/
2144/17080

14. Krishnan A (2006) Solid oxide membrane process for the direct reduction of magnesium from
magnesium oxide. Doctoral dissertation, Boston University (2006)

15. Gratz E, Pati S,Milshtein J, Powell AC, Pal UB (2012) Control of Yttrium diffusion out of yttria
stabilized zirconia during SOM electrolysis for magnesium production. Magnes Technol:499–
503, Sept

16. Virkar AV (2005) Theoretical analysis of the role of interfaces in transport through oxygen ion
and electron conducting membranes. J Power Sources 147(1–2):8–31

17. Guan X, Pal UB, Gopalan S, Powell AC (2013) LSM (La0.8Sr0.2MnO3 )-Inconel inert anode
current collector for solid oxide Membrane (SOM) Electrolysis. J Electrochem Soc 160(11):
F1179–F1186, Sep

18. Guan X, Pal UB, Jiang Y, Su S (2016) Clean metals production by solid oxide membrane
electrolysis process. J Sustain Metall:152–166, Feb

https://hdl.handle.net/2144/30729
https://hdl.handle.net/2144/17080


Part VII
REWAS 2022: Poster Session



Advanced Process of Waste Glass Bottle
for the Production of Recycled Glass
Aggregate and Cullet

Hoon Lee, Hansol Lee, and Kwanho Kim

Abstract In Korea, ~20% of waste glass bottles are buried in landfills every year.
Many studies have been conducted to utilize this waste in foamed glass and cement
production. However, more research is needed to find efficient methods to convert
the waste to valuable materials, such as recycled fine aggregates. In this study, we
designed an integrated crushing-grinding-separation process involving additional
crushing equipment to handle large amounts of waste glass bottles and determined
whether the products met recycled fine aggregate quality standards. Waste glass
bottles were crushed to a size less than 10 mm using a pilot-scale shredder and roll,
hammer, andvertical shaft impact (VSI) crushers.We found that theVSI crusher is the
most suitable equipment, in terms of crushing performance and ease of operation, to
convert the glass bottles to recycled fine aggregates. The crusher generated products
exhibiting aspect ratios less than those of natural sand in most particle sizes. The
proposed process is a promising way to convert glass wastes to recycled aggregates.
We expect that incorporating optical-sorting-based techniques into the process will
further increase the recycling rate of waste glass bottles, even from a mix of bottles
with different colors.
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Introduction

In 2019, ~610,000 tons of waste glass bottles were produced in Korea, and ~79.6%
of them (480,000 tons) were recycled [1]. The recycling rate of waste glass bottles in
Korea is above 75%, a relatively higher rate than that for other wastes. However,
Korea’s recycling rate is ~10% lower than that of top recycling countries like
Germany and Japan. Since only the manufacturers with an annual shipment volume
of 10 tons and above, sales revenue of 1 billion and above, and imports of 300million
Korean won and above in the preceding year are required to recycle, it is difficult
to estimate the exact amount of waste glass bottles [2]; thus, it is estimated that the
amount of waste glass bottles produced is more than expected. Furthermore, when
the glass bottles are easily broken or different-colored bottles have been mixed, it is
challenging to use them as raw materials for glass bottles with high recycling value;
therefore, approximately more than 200,000 tons of waste glass bottles are buried
in a landfill every year. Therefore, in this study, an integrated crushing-grinding-
separation process has been designed to handle large amounts of waste glass bottles
and to determine whether the products satisfied the recycled fine aggregate quality
standards.

Waste Glass Bottle Recycling Process

Past Research on Waste Glass Bottle Recycling

Various studies have been conducted on recycling waste glass bottles that usually end
up in a landfill, including studies on the use of waste glass in foamed glass produc-
tion, cement production, concrete aggregate alternatives, and mortars [3–21]. These
studies showed that the alkali-silica reaction (ASR), which occurs when concrete
materials are mixed with waste glass, could be controlled by adjusting the particle
size and by using additives. The glass enhances the physical properties of concrete
via the pozzolanic reaction, which is a cement-hydration reaction. Thus, various
methods can be applied to process and utilize waste glass bottles as a construction
material.

Waste Glass Bottle Recycling Process in Korea

In Korea, waste glass bottles are collected by either local governments or private
companies. After some impurities are initially removed during washing and hand-
picking of the collected waste glass bottles, the bottles are delivered to intermediate
companies that perform crushing and grinding. These companies apply various sepa-
ration protocols to eliminate the impurities that were not removed during the previous
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Fig. 1 Waste glass bottle recycling process

stage and to reproduce the waste glass bottles in the desired particle size by the
crushing process. The subsequent processes are dictated by the final application. In
this study, a new processwas designed by adding a crushing equipment to reusewaste
glass bottles as recycled aggregates. Based on this new design, the existing recycling
process line of the recycling company currently treating the largest amount of waste
glass bottles in Korea has been reconstructed, as shown in Fig. 1. First, ferrous metal
pieces are removed from the separated waste glass bottles by a primary magnetic
separator. Next, the bottles are separated by a trommel screen (screen size of 10 mm)
to be used either as glass cullet for making glass bottles if the glass pieces are larger
than 10 mm or as the recycled aggregates if they are smaller than 10 mm. Then,
the ferrous and non-ferrous metals are removed from the separated glass pieces by
magnetic and eddy-current separators, respectively, and light impurities like paper
pieces are eliminated by an air classifier. Finally, the crushing equipment processes
the glass to an average particle size of ~10 mm for the glass to be used for recycled
fine aggregates that meet the quality standards of particle size distribution.

Crushing/Grinding Process for Waste Glass Bottles to Be
Used as Recycled Aggregate and Determination of Quality
Standard Adequacy

Crushing/Grinding Process and Particle Size Distribution

To reuse waste glass bottles as the glass for designing recycled fine aggregates,
numerous quality standards must be satisfied, the most representative ones of which
are the quality standards for impurities and particle size distribution. According to
the Korea Standard (KS) F2576 test, the content of organic impurities, such as vinyl,
plastic, wood, and paper, must be below 1.0% in the recycled aggregate sample.
The quality standard for impurities has been met since most of the impurities were
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removed by the hand-picking, eddy-current, magnetic, and air separation processes,
as shown in Fig. 1. Table 1 shows the particle size distribution quality standard of
the glass for recycled fine aggregates (KS F2527 test) [22]. The impurity-free waste
glass bottle did not meet the quality standard for particle size distribution (KS F2527
test), requiring an additional crushing process. In this study, waste glass bottles were
crushed to a size less than 10 mm using a pilot-scale shredder and roll, hammer,
and vertical shaft impact (VSI) crushers. The particle size distribution of the crushed
products is shown in Fig. 2. Comparing the results of the crushing test with the
standards revealed that the particle size distribution it did not meet the minimum
particle size distribution standard due to insufficient crushing by the roll crusher and
shredder. The shredder was considered unsuitable for materials with high hardness
like glass because the equipment is designed to break down ductile and composite
materials. The rolls of the roll crusher are spaced apart, which is also not suitable
for crushing the particles of plate-type waste glass bottles. The hammer crusher,
whose primary energy is the impact force, caused over-grinding due to the high
kinetic energy of the rotating hammer. Since the hammer was worn away easily, it
was considered unsuitable in terms of maintenance and repair. The VSI crusher, on
the other hand, crushed the waste glass bottles sufficiently because it does not hit
the samples directly but uses rotating impellers to disperse the sample over the wall,
inducing crushing effects via the collision energy generated between particle–particle
and particle–wall.

Table 1 Quality standard for particle size of recycled fine aggregate

Particle size, mm 10 5 2.5 1.2 0.6 0.6 0.15

Mass percentage of sieved particle, % Max 100 100 100 90 65 35 15

Min 100 90 80 50 25 10 2

Fig. 2 Particle size
distribution of crushed waste
glass bottle
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Aspect Ratio

According to literature, when waste glass bottles of different colors are crushed
and used as recycled fine aggregates, the angularity and roundness are important
properties to consider in the easy handling of a mixture of aggregates and binding
materials, and can be determined by the aspect ratio (the ratio of the maximum
measured length of a particle to the minimum measured length). In this study, the
aspect ratio ofwaste glass bottleswasmeasuredbefore and after crushingusing Image
J, a common image processing program. As shown in Fig. 3, Image J rendered the
sample into a digital image, enhanced the contrast of the image to remove the gray
shades, and then converted them into a binary mode to clearly distinguish the particle
boundary.

Figure 4 shows the aspect ratio for each particle size of the feeds and crushed
products of the VSI crusher. Approximately 20% of natural sand particles have an
aspect ratio of 1.5 and higher. In the feeds, ~18% of the relatively large particles of
size 5.0–10.0 mm exhibited an aspect ratio of 1.5 and higher, similar to natural sand.

Fig. 3 Sample image analysis using Image J
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Fig. 5 Box plot of aspect ratios

However, ~50% of the particles of sizes 2.5–5.0 mm and 1.2–2.5 mm showed an
aspect ratio of 1.5 and higher. In the products, the percentage of particles of size 5.0–
10.0 mm with an aspect ratio of 1.5 and higher increased by ~22% compared to the
particles of the feeds, but it decreased by ~20% for the particles of sizes 2.5–5.0 mm
and 1.2–2.5 mm. The box plot in Fig. 5 shows that the crushed products exhibited
aspect ratios less than those of natural sand in most particle sizes.

Future Research

The best way to add value to recycled waste glass bottles is to use them as cullet, a
raw material for glass production. Cullet can only be used when it is composed of
single-colored materials; however, since waste glass bottle pieces currently collected
are of different colors, they are not reusable as the cullet. Therefore, sorting waste
glass bottle pieces based on color using optical sorters and the process to separate
and recycle waste glass bottles in terms of size and application should be studied in
the future.
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Conclusion

A process for recycling waste glass bottles as glass for recycled fine aggregates
was proposed herein. The feasibility of forming waste glass bottles into recycled
fine aggregates was investigated by identifying the optimal crushing equipment and
measuring the products’ aspect ratio. The VSI crusher is considered themost suitable
equipment in terms of crushing performance and ease of operation, and it gener-
ated products that exhibited aspect ratios less than those of natural sand in most
particle sizes. A large amount of waste glass bottles that are buried in a landfill every
year can be recycled and used as a recycled fine aggregate using the proposed inte-
grated process. If an optical-sorting-based treatment process for waste glass pieces
of different colors is further added to the proposed process, it could significantly
contribute to the improvement of the waste glass bottle recycling rate.
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Copper Recovery Assessment
from Tubular Led Lamp Strips

Jonathan Tenório Vinhal, Gabriel Bastos Pacheco,
Rafael Piumatti de Oliveira, and Denise Crocce Romano Espinosa

Abstract The technology of LED lamps has revolutionized the lighting market,
stimulating its consumption. Consequently, a generation increasing of this type of
waste is observed, LED lamps are composed of carcass, PCBs, strips and LEDs. The
lamps have metals with economic potential for recycling. Al and Cu are the main
metals in strips and can be recycled through hydrometallurgical techniques. Thus,
this work aims to evaluate the possible recovery of Cu from tubular led lamps strips.
The first stage of the study is the strips characterization through chemical analysis by
ICP-EOS, and SEM. The next stage is the leaching thermodynamic simulation using
FactSage 8.0 software. The strips characterization showed contents of 88% of Al
and 8.5% of Cu. The thermodynamic simulation shows possible selective leaching
of Cu against Al, under the following conditions: HNO3, pH 3–3.8, Eh above 0.55,
and 25 °C; and NH3, pH 7–10, Eh −0.15 to 0.6, and 25 °C.

Keywords Waste from Electrical and Electronic Equipment (WEEE) · Led
lamps · Cu recovery · Characterization · Thermodynamic simulation

Introduction

LED lamps have dominated the lighting market due to their greater energy efficiency
compared to fluorescent and incandescent lamps. The growing consumption brings
with it a problem related to their disposal at the end of their lifespan. Due to the recent
development of LED lamp technology, there is still no specific and standardized
process for their recycling. Furthermore, few studies have proposed recycling routes
for this (WEEE), making necessary the seek for new sustainable recycling routes [1].

For the structuring of recycling processes, it is essential to know the parts thatmake
up LED lamps. That can be made through a characterization study and assessment
of information in the literature. Copper is one of the metals with great potential
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for recovery in electrical and electronic waste [2]. In LED lamps, more specifically
LED devices, it is also possible to identify rare earth elements, such as Y, Eu, and
Ce, and critical metals such as In and Ga. The recovery of metals from secondary
sources becomes attractive due to the difficulty in obtaining them [3, 4]. Not only
do LEDs contain recoverable elements in the lamps, but also the electronics, and the
supporting strips for the LEDs. The strips can be made of aluminum or polymeric
material. The construction of the aluminum strips is made with a solder mask layer
that covers the copper circuit, over a layer of dielectric material, supported by an
aluminum strip. [5]

In addition to recovering metals from secondary sources, recycling LED lamps
also has social benefits. As described in a study carried out in Australia [6], the mate-
rial recovery process from electronicwaste has a dismantling stage, requiring special-
ized labor. The recycling process of these residues directly reflects on the generation
of employment and income [6]. Similar to the processing of TV LEDs [3], LED tube
lamps require manual dismantling step to concentrate the fractions containing the
elements of interest. In that way, the waste collection and pre-processing idealized
in Australia is seen as useful for recycling LED lamps.

After pre-processing, one of the ways to perform urban mining is through
hydrometallurgy. Leaching techniques are applied in extractive metallurgy using
solutions for extracting metals from solid materials. The process consists of taking
a metal from its solid form to an aqueous form. The literature has reported leaching
technic as an alternative to recover copper from slags [7], mining waste [8] and
WEEE, i.e., printed circuited board [9]. Normally, this process is used to ores, but
it can also be applied to WEEE, as in the case of this work. Selective leaching is
possible on solids with two or more metals contained, that means, the desired metals
are solubilizedwhile the others are kept in their solid form. Inmany cases this process
is not perfect and needs further purification. The metal leaching technique can occur
in both a basic and an acidic medium, depending on the material to be leached [10].
The literature has reported leaching technic to recover cooper from slags,

An important tool for hydrometallurgy is the Eh-pH diagram, also known as the
Pourbaix diagram, or predominance diagrams. The axis of the diagramcorresponding
to the pH represents a measure of the H+ ions present in the solution, while the other
axis represents the redox potential. In each diagram region it will appear one or
more species. This means that by thermodynamics, such species are predominant in
that medium under the conditions covered by the region. The lines that divide each
region are the balance lines. The applications of these diagrams are diverse, such as
corrosion, passivation, water treatment, hydrometallurgy, and metal recovery [11].

HydraMedusa and HSC software are used to assemble predominance diagrams.
The thermodynamic data provided by them facilitate and guide processes since it is
possible to identify the phases formed under specific conditions. As mentioned by
Botelho Junior et al. [12], the FactSage Software widely used in pyrometallurgical
processes and little explored in hydrometallurgical studies has an equilibriummodule
for reaction in aqueous medium capable of supplying the formed products, as well as
their quantities, and consumptionof leaching agents. It is noteworthy that the software
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is also an important tool to assess the behavior ofmetals in different leachingmedium,
through the EpH module.

Therefore, given the background, this work aims to evaluate the possible recovery
of Cu from tubular led lamps strips through two steps, strip characterization and
thermodynamic simulation of leaching process.

Materials and Methods

To carry out this work, tubular LED lamps from CEDIR and from the maintenance
of the Polytechnic School of the University of São Paulo were used. The lamps were
dismantled and splitted into three parts: connectors; lamp tube, and strips. The target
of this work was the strips.

A visual analysis intends that the strips are composed of layers, thus it was neces-
sary for better understanding analysis by scanning electron microscopy associated
with microanalysis by energy dispersive X-ray spectrometry (SEM–EDS, Phenom,
proX model). A sample of the strip was embedded in resin to observe its profile and
obtain a better-quality SEM image.

Chemical analysis of the stripswas also performed. 250mgof samplewasweighed
for microwave digestion (CEM, Mars model 6). Base on the elements identified in
the SEM and according to Microwave Acid Digestion: Method Note Compendium
[13], 9 mL of HNO3 and 1 mL of HF were used. In addition, 0.45 g of H3BO3

were added after digestion to neutralize the free fluorides in the solution. Finally, the
solution was volumed to 25 mL and analyzed by optical emission spectrometry with
induced-coupled plasma (ICP-OES, Varian, model 725ES).

After strip characterization, thermodynamic simulations were carried out in
different scenarios using FactSage software version 8.0 to identify the best condi-
tions for recovering copper from the strips. The Pourbaix diagrams of aluminum
and copper in water, as well as in a solution of HCl, H2SO4, and HNO3 and NH3

were assembled using the EpH module. Simulations of Cu and Al leaching were
also carried out using the equilibrium module. The leachings studied were in acidic
medium with HCl, H2SO4, and HNO3 and in basic medium using NH3. Figure 1
illustrates the interface of the EpH module used to build the Pourbaix diagrams.

In order to generate the Pourbaix diagrams, the EpH module on the FactSage 8.0
software was used. The database used was FactPS. It is possible in the elements tab
to select all the elements involved in the reaction (metals or non-metals) as well as
the number of metals. Oxygen and hydrogen were always present in non-metallic
elements, whereas metals could have Al and/or Cu. For solutions containing some
acid or NH3, a new non-metallic element was added. When there were two metals in
solution, an R in the range between 0 and 0.5 was selected on the metal mole fraction
tab due to the characteristics of the strip, being R is equal to Cu/(Cu + Al). In the
Species tab, the aqueous and solids options were selected and the molarity equal to
1 was standardized, indicating that the simulation would be performed with aqueous
and solid phases. In this same section, the selection of the list of possible formed
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Fig. 1 FactSage 8.0 software EpH module interface

species was made, allowing, for instance, to differentiate the Pourbaix diagram in
nitric acid medium from the diagram in ammoniacal medium. On the constants tab
it was possible to determine the temperature and also select the type and the value
of the “Z” factor. For all produced diagrams, the ranges on axis were kept in a way
they would have the same dimensions, (Eh) ranging from −3 to 1.8 V in 0.2 step,
and (pH) ranging from −2 to 16 at intervals of 2.

In diagrams building for acidic and basic medium, the non-metallic element
present in the acid or base was selected. For the HCl leaching, chlorine was added,
sulfur was added for H2SO4, and for the HNO3 andNH3 leaching, nitrogen was used.
It should be noted that in these cases which is added a third non-metallic element to
the system, a new option is enabled on the constants tab. This option is called “Z”, it
determines the amount of a species (ionic or not) in the solution. That means, from
its definition it is possible to show the substance that is in the mixture. It is also worth
noting that the values of Z are entered as logarithms of Z. For the case of HNO3 the
option of m(NO3

−) was selected, that is, molarity of NO3
−, for H2SO4, m(SO4

2−)
was used, for HCl m(Cl−), and for NH3 m(NH3).

As it is a thermodynamic software, the simulation is carried outwith all the existing
compounds in the software database involving the added species. Therefore, some
species that are unlikely to be formedwere removed from the list of possible products
in order to obtain a result closer to reality.

The diagrams were generated in different molarities, aqueous medium, and
temperatures in order to generate a larger database for the analysis of the optimal
process conditions. In general, aluminum hydrides (AlH3), AlOOH and hydrated
aluminas (Al2O3(H2O)) were removed. For copper, the CuH2O2 species was
removed. As already mentioned, the nitric and ammoniacal medium were differ-
entiated by the adjustment and selection of species formed in the diagrams. For both
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Table 1 Parameters evaluated in the building of Pourbaix diagrams

Metals Acids/bases Metal concentration Acids/bases concentration Temperature (°C)

Al – 1 M – 25, 40 e 55

Cu – 1 M – 25, 40 e 55

Al e Cu – 1 M – 25, 40 e 55

Al e Cu HNO3 1 M 0.5 e 1 M 25, 40 e 55

Al e Cu H2SO4 1 M 0.5 e 1 M 25, 40 e 55

Al e Cu HCl 1 M 0.5 e 1 M 25, 40 e 55

Al e Cu NH3 1 M 0.5 e 1 M 25, 40 e 55

cases, compounds involving only nitrogen andmetals (AlNandCuN3)were removed,
as well as the compound Cu4(NO3)2(OH)6. Besides, for NH3 copper complexes
involving NH3 were kept, while for HNO3 all of them were removed, as Cu(NH3)2+.

Table 1 shows the parameters evaluated in the building of Pourbaix diagrams of
copper and aluminum. They are acids and bases, aqueous medium concentrations,
and temperature.

After the building of the predominance diagrams and their analysis, the optimal
conditions for selective extraction of copper compared to aluminum by leaching
were established. In addition, previous studies were consulted to guide and define
the leaching parameters (solid/liquid ratio (25 and 50 g/L), temperature (25, 40 and
55 °C), sample mass (5 and 10 g) for a fixed leaching solution volume of 200 mL and
concentration of the leaching agents (varying according to the selected leaching agent
under optimal conditions) [14–21]. In that way, the equilibrium module on FactSage
8.0 was used to simulate the thermodynamic equilibrium of the residue leaching
reactions under the optimal conditions established by the Pourbaix diagrams.

Given the initial composition of reagents and a list of possible products formed,
the equilibrium module calculates, based on thermodynamic databases, the final
composition of the species after reaching thermodynamic equilibrium. The reagents
can be added in grams, moles, or pounds. It is also possible to select the initial
temperature conditions of individually compounds. In simulation, it was opted not
set the initial temperature conditions for compounds.

The list of possible formed products was the same used in the EpH module.
However, more metallic compounds were used besides Al and Cu. From chemical
analysis by ICP-OES, it is possible to determine the proportion of metals in the
strip, thus adding Fe, Ti, Si, Ca, and Pb. On the Products tab, the selection of formed
compounds ismade from its phase, thus it is necessary to choose the possible products
formed in the gaseous, aqueous, liquid, and solid phases.
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Results and Discussion

Characterization

Table 2 shows the mass average values of the LED lamp components. Observing the
results obtained after weighing the lamps, it is noted that the corresponding mass
of each part of the lamp varies, depending on the brand, in some cases the glass
used is thinner than others, while in other cases the strips are produced in polymeric
material and not aluminum. Considering only the case of lamps that have stripswhich
are made of aluminum, it is noted that the lamps have, on average, a total mass of
194.26 g, tubes 144.67 g, connectors 24.43 g, and strips 25.17 g. Tubes represent
74.47% of the total mass of the lamp, connectors 12.58% and strips 12.95%.

Through the SEM–EDS of the strip embedded in resin, Fig. 2b, it was possible
to verify the structure of the strip. It was also seen that the dielectric layer has a
thickness of around 100 µm, while the solder mask layer varies between 20 µm
(in the thickest part) and 6 µm (in the thinnest part). Copper layer has a thickness
of something around 22 µm. Figure 2b (point 3) indicates a notable presence of
carbon and oxygen, so this fact suggests that the solder mask is formed from some
type of organic compound. As mentioned by Oliveux et al. [22] and Sperança et al.
[23], the soldering mask is an organic resin formed mainly by polyester, epoxy, or
polypropylene. The whitish color of this layer is due to the presence of titanium
oxide, as indicated by the EDS, titanium and oxygen are present in this portion of
the material, so titanium oxide was probably used to produce the solder mask.

In addition to the solder mask layer, the expected distribution of aluminum and
copper present in the strip can be seen. The aluminum layer works as bases structure
and the copper layer as the electric circuit on the strip.

The dielectric layer image made it possible to indicate that it is composed of
fiberglass as stated by Oliveux et al. [22]. The remarkable presence of silicon and
oxygen in the lighter regions, Fig. 2b (point 5), and the presence of carbon in the
darker regions, Fig. 2b (point 4), can be seen. The presence of Si and O, in addition
to the cylindrical morphology of these portions, are indications of silica, that is, glass
in the form of fibers.

Table 2 Lamp mass distribution

Sample Lamp tube Total mass (g) Tube mass (g) Strip mass (g) Connectors (g)

1 Glass 193.1 158.0 3.2a 31.9

2 Glass 215.0 165.1 25.7 24.2

3 Glass 210.9 163.9 24.8 22.2

4 Glass 156.9 105.0 25.0 26.9

aSample 1 has a polymer strip, that explains its lower mass compared to the others
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Fig. 2 a Schematic aluminum strip b Image obtained by SEM–EDS analysis of strip embedded in
resin

It is noteworthy that during the process of polishing the sample of the embedded
strips, the metallic parts suffered mechanical deformation and can be observed as
contaminants in the microanalysis of adjacent layers. An example of this contami-
nation is visible in the EDS in the region of the copper layer, Fig. 2b (point 2) where
the presence of aluminum and carbon is found in the spectrum.

Based on the SEM–EDS analysis, it is understood that for a better leaching
process, Al and Cu should be exposed to attack by the acidic or basic solution,
which is not the case of the strip. Above the Cu circuits there is the overlay of the
solder mask, so to expose Al and Cu to an acidic or basic attack it would be necessary
to remove this layer. Such a process could be done through milling.

The chemical analysis corroborates the SEM–EDS, showing that most of the strip
is composed ofAl, around 88.1%.Copper corresponds to 8.5%of the strip. Therefore,
taking the mass fraction of 12.95% of the lamps corresponding to the strip, at least
1.1% of the lamp mass is copper from the strip, and 11.4% aluminum. Aluminum
comes from the strip matrix, while copper is part of the electrical junction circuits of
the LEDs in the lamp. In addition to these two metals, there is also Pb, which can be
linked to the solders present in the residue, Si probably coming from the dielectric
material, that is, fiberglass, and Ti, a constituent of the white paints in the solder
mask. Table 3 shows the chemical analysis of strip by ICP-OES.

An estimative of metals recovery from waste LED lamps is delicate due to the
lack of data related to waste LED generated. The studies found in literature estimate
the waste LED generated using other data as trade, sale, and lifespan. The few data of
LED lamps waste collection, and different types and model of lamps make that work
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Table 3 Chemical analysis of strip by ICP-OES

Al Ca Cu Fe Pb Si Ti

% 88.1 0.8 8.5 0.5 0.1 1.4 0.5

even hard. Kumar et al. [1] have investigated the generation of LED lamps waste
in Canada and the economic benefits through its recycling, showing an estimated
contained value of Cu and Al for waste LED lamp equal to 1.6million USD, and
5.1million USD in 2021. That represents 174 tonnes of Cu and 1,774 tonnes of Al
(values found based on metal price in 2021). Taking as reference the waste LED
generated in 2021 Kumar et al. [1], the strip mass from Table 2, and the metal%
from Table 3, around 43,5 tonnes of Cu and 451.2 tonnes of Al are potential to be
recovered from the waste strips of LED lamps in Canada.

Thermodynamic Simulation

After strip characterization, the predominance diagrams were built. From Pourbaix
diagramsof a systemcontaining the twometals (Al andCu) inwater, it canbe seen that
both have wide ranges in which they can be leached by the formation of compounds
or the metal in ionic form. Furthermore, it was possible to observe oxide formation
bands, such as alumina. It is important to emphasize that, according to the diagrams,
it is possible in a system involving Al and Cu by adding another compound, both in
a basic and acidic medium. That facilitated the proposition of different compounds
for their leaching, as can be seen in the diagrams involving HNO3, HCl, H2SO4, and
NH3. It should also be noted that the higher the temperature, themore the equilibrium
lines move toward acidic pHs.

Having in mind the study goal of recovery cooper by selective leaching, the
sceneries analyses were made. The first system to be studied was HNO3 (Fig. 3a). It
is possible to observe that for a temperature of 25 °C, Eh above −1.75, and pH less
than 3 the aluminum is solubilized in the formofAl3+ , for anEh above 0.28 and a pH
less than 3 copper also comes into solution, but these cases are undesirable according
to the objective of the work. Despite this, there is a small range in which only Cu is
solubilized in the form of Cu2+ and aluminum undergoes oxidation. Initially, this new
condition is not appropriate for the purpose of the study due to aluminum oxidation,
but aluminumcan undergo passivation [24], thatmeans, the passivationwould protect
the material from completely oxidizing. The higher the concentration of metals, the
more the equilibrium lines shift toward acidic pHs, as in diagrams containing only
Al and Cu. Based on the 0.5 M diagram at 25 °C it is possible to determine that this
region is comprised between pH 3 and 4.1 and Eh above 0.45.

The second system to be analyzed was H2SO4, (Fig. 3b). From the Pourbaix
diagram, it can be seen that copper is not leached throughout the pH and Eh range,
and in some portions only aluminum is leached. According to Silvas et al. [25], Cu
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Fig. 3 Al and Cu Pourbaix diagram in 0.5 M of a HCl, b H2SO4, c HNO3, and d NH3 solution at
25 °C

can be leached in H2SO4 medium together with H2O2, but to carry out such a process
it is necessary first leach the Al using only H2SO4, and then Cu with the adding of
H2O2. Therefore, to a system with Al and Cu a leaching involving H2SO4 does not
apply to the purpose of the work since the Al is in solution.

The third system to be analyzed is the acidic leaching using HCl, (Fig. 3c). As
in the HNO3 diagram, the equilibrium lines advance to acidic pHs with increasing
temperature, which is an advantage, as it is possible to work at lower pHs and,
therefore, use more HCl, thus increasing the speed of the reaction. As with leaching
containing HNO3 there are several bands where aluminum and copper are leached,
however there is a small band where only copper is leached and aluminum is not.
Based on the diagram for a temperature of 25 °C, this range is comprised between
pH 3 and 4 and Eh above 0.55. Analyzing this region, it can be predicted that it will
present the same problem in relation to the Eh range, as it encompasses values that
are difficult to be reached. As can be seen in [23], systems containing Cl- ions are
aggressive to aluminum, preventing its passivation, so this system would not enable
selective copper leaching either.

The last system analyzed is the leaching system in a basic medium using NH3.
As can be seen in the studies of Oluokun and Otunniyi [19] and Sun et al. [21] the
NH3 solution can be made directly using NH3 or using an ammonium salt. Looking
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at the diagrams, it can be seen that the selective copper leaching region in the center
of the diagram grows with increasing NH3 concentration. It is also noted that with
increasing temperature the equilibrium lines shift to acidic pHs. Considering the
objective of the work, there are two bands which copper is leached and aluminum
remains in metallic form on strip. Considering the diagram of 0.5 M NH3 at 25 °C, it
can be seen that this range is between pH 3.25 and 10 and Eh between −0.15 V and
0.8 V, but because it is a leaching in a basic medium, if only the range after pH 7,
then the new range is between pH 7 and 10 and Eh -0.15 V and 0.6 V. In this system,
copper in solution would not be in the form of a pure ion, but would be in the form
of Cu(NH3)42+. In addition, the hypothesis of aluminum passivation is also adopted.
In the diagrams with acidic solutions, it can be seen that by raising the temperature
the copper recovery process is favored, which is not true for the ammonia system.
As the temperature increases, the equilibrium lines shift to acidic pHs, reducing the
basic pH range, which is possible for carrying out the process. Furthermore, NH3

is a volatile compound, so the increase in temperature facilitates its exit from the
aqueous system, being extremely undesirable.

From the analysis made on built diagrams, the aqueous medium of nitric acid and
ammonia were selected as favorable for the leaching process. Optimal regions were
identified in the speciation diagrams, and applied to the leaching simulation using
the equilibrium modulus. The regions found were between pH 3 and 3.8, Eh above
0.55 for HNO3 at a temperature of 25 °C. For a system involving NH3 the optimal
region was between pH 7 and 10, Eh between −0.15 and 0.6 at a temperature of
25 °C. The first equilibrium modulus results to be analyzed is the HNO3 system. In
this scenario, it is possible to confirm what is observed in the Pourbaix diagram for
HNO3 at 25 °C, that is, at a pH close to 3 the Cu is leached in the form of Cu2+.
Despite a recovery of practically 100% of the copper, it can be seen that part of the
Al (24.9%) also went into solution. This result provided by the software refers to
thermodynamic equilibrium, disregarding any kinetic phenomena. At the beginning
the acid molarity was 0.7 M, which corresponds to a pH below 3, and therefore,
represents a region where aluminum is leached. However, it was considered for the
leaching process that Al has a slower kinetics than Cu. Such consideration can be
justified by the formed layer of Al2O3 on the metal surface, avoiding the aluminum
inside to be leached (passivation). Therefore, Cuwould first reactwith the acid raising
the pH.

The simulations of ammoniacal system did not present the expected results from
the analysis of the Pourbaix diagrams. When adding the reagents it was noticed
that the expected copper complex (Cu(NH3)42+) was not formed, and the initial Cu
reacted forming the CuO. The low fugacity of the compound given by the software’s
database could explain the non-formation of the complex. Although the simulation
demonstrates that leaching by the formation of ammoniacal complexes would not be
possible, it is known that in the literature the complexes would be formed [19, 21].
According to Oluokun and Otunniyi [19], H2O2 releases O2 and this oxygen reacts
withmetallic Cu, formingCuO,which is presented in the simulation result. However,
the reaction mechanism does not end with the formation of CuO, as proposed by the
simulation. Oluokun and Otunniyi [19] suggest that CuO reacts with NH3 and water,
resulting in Cu(NH3)42+ and OH−.
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The analyzes made above are based on the fact that both Al and Cu are exposed
to attack from the acidic or basic solution, however, as mentioned before, it would
be necessary to remove the solder mask from the strip to achieve this condition.

Conclusion

From the above information, it is concluded that the selective leaching of copper
against aluminum from the support strips of LED devices present in tubular lamps is
possible due to the results of thermodynamic simulation. The favorable aqueous
medium to this leaching is those of nitric acid and the ammoniacal medium.
Therefore, the recovery of these metals in a recycling process is likely.

Lamp mass distribution, strips mass together with chemical analysis revealed that
at least 1.1% of the lamp mass is copper from the strip, and 11.4% aluminum.

The construction structure of the strip observed in the MEV-EDS analysis points
to a first layer formed by its matrix (Al), then a layer of dielectric material (composite
with fiberglass), and finally an electric circuit, covered by a solder mask composed
of a polymeric material. Removing the soldering mask and exposing the Cu to the
leaching agent would be favorable for the hydrometallurgical process. Therefore, a
prior grinding process would help with leaching.

The predominance diagrams obtained in the FactSage 8.0 software showed that
in aqueous medium of HNO3 and NH3 there are optimal regions (for HNO3 pH from
3 to 3.8 and Eh above 0.55 at 25 °C; for NH3 pH of 7 to 10, Eh between −0.15 and
0.6 at 25 °C) which allows selective leaching of copper against aluminum. In these
regions, copper is leached as ionic or ionic complex cooper and aluminum is oxidized
to alumina. Despite the indication of aluminum oxidation, it is expected that in these
medium it will undergo passivation, not compromising all the metallic aluminum in
the residue. It was also seen that in sulfuric acid the selective leaching of copper is
not possible and although HCl allows this selective leaching, the chloride ions would
react with aluminum not allowing its passivation.

The results from the equilibrium module of the FactSage 8.0 software show that
a leaching of 5 g of strip in an aqueous medium of 200 mL of 0.7 M HNO3 leaches
around 100% of copper from the strip and 24.9% of the aluminum. However, if there
was a passivation of Al protecting the rest of themetal, only the Cuwould be leached.
For leaching in a basic medium using NH3 it has not been proven to be effective for
the purpose of the work. According to the results presented by the FactSage software
the Cu would be in the form of CuO. Cu and NH3 complexes are not calculated due
to their low fugacity. Thus, it is not possible to confirm the selective leaching of Cu
from an NH3 solution through the software.
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Fe-Si Alloy Preparation and Alumina
Extraction from Red Mud and Silica
Fume via Vacuum Carbothermal
Reduction

Peng Wei, Wenzhou Yu, Hao Chen, and Joseph Emmanuel Nyarko-Appiah

Abstract With the increasing awareness of environmental protection, the disposal
of solid waste such as red mud (RM) and silica fume (SF) has attracted widespread
attention. In this study, a novel method by recycling RM and SF simultaneously was
proposed for preparing Fe-Si alloy and extracting alumina. The process is mainly
composed of vacuum carbothermal reduction and magnetic separation. The results
show that Fe-Si alloy was successfully synthesized during the vacuum carbothermal
reduction and it was effectively separated during the magnetic separation. Addition-
ally, after themagnetic separation, the non-magnetic portionmainly contains alumina
and it can be a potential raw material to produce alumina by the Bayer process.
This process could recycle RM and SF simultaneously, and almost no waste residue
was generated. Therefore, it provided a clean and sustainable route for synergistic
recycling of RM and SF.

Keywords Fe-Si alloy · Alumina extraction · Red mud · Silica fume · Vacuum
carbothermal reduction

Introduction

Red mud (RM) is a solid waste discharged in the production of alumina from bauxite
ores [1]. In general, about 0.8–1.5 tons of RM is generated from each tons of alumina
production byBayer process, and 1.5–2.5 tons of RM is discharged from the sintering
or combined process. [2] By 2018, the amount of cumulative RM had reached 4
billion tons globally [3]. However, RM is a corrosive substance because of its high
alkalinity (containing 1–10% of Na2O) [4], causing the serious environment prob-
lems due to its accumulation. At present, most of the RM were mainly disposed by
direct dam storage [5]. However, these methods not only spend huge maintaining
cost and occupy a vast of construction land, but also possibly result in the soil pollu-
tion and the groundwater pollution [6, 7]. Therefore, it is imminent to deal with RM
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effectively and economically. Recently, valuable components recovered from RM
have attracted widespread attention all over the world. Actually, RM is rich in iron,
aluminum, silicon, titanium, and other valuable metals. Statistically, the content of
Fe2O3 in RM is approximately 30–40% [8], which implies the RM can be a potential
resource for iron and steel production. In the last decades, many reports have attempt
to extract iron from RM. Jamieson [9] investigated the extraction of iron from RM
by direct magnetic separation. However, this method is restrained to the complexity
of the mineralogical composition in RM, which is difficult to obtain high-grade Fe
concentrate.Wei [10] presented the iron extraction fromRM in the coal-based reduc-
tion with the assistance of sodium salt, and their results show that the Fe concentrate
and recovery rate could achieve 79.32% and 85.43%, respectively. However, most
of these methods focused only on iron component, and the recycling of other valu-
able components such as the aluminum, silicon, and titanium was not considered
adequately. Therefore, more attention should be paid to the comprehensive recovery
of valuable components from RM.

Silica fume (SF) is a kind of by-product, which derived from the metallurgical
grade silicon (MG-Si) and Fe-Si alloy production process, and its main component
is amorphous silica [11]. Owing to the growing demand of MG-Si and Fe-Si alloy, in
2018, the amount of SF discharged in China exceeded 2million tons [12]. Up to now,
SF is successfully utilized in the fields of concrete, cement, and refractory materials
globally [13, 14]. However, the SF generated in China possessed the characteristic
of low-purity and large particle, which is unfavorable for its large-scale application.
Additionally, the accumulation of SF either cause the waste of land resources, or
threaten to human health [15]. Therefore, it is significant to dispose SF in an efficient
and clean method in China.

Considering the high-grade silicon content of SF and the high-grade iron content
in RM, it is possible to use SF and RM as the silicon-bearing materials to produce
Fe-Si alloys. Herein, we presented a synergistic recycling of RM and SF for the Fe-
Si alloy preparation and alumina extraction via the vacuum carbothermal reduction
process. In this work, the influencing conditions and the co-reduction mechanism
for RM and SF were comprehensively investigated. Additionally, the effect of SF
addition and the growth of Fe-Si alloy were studied. The proposed process takes
full advantages of the valuable components recycling by solid wastes, and without
waste residue generated. Therefore, it offered an efficient and sustainable route for
synergistic recycling of RM and SF.

Experimental

Materials

The RM used in this study was collected from the Shandong Alumina Company,
China, and the SF employed was obtained from Sichuan silicon company, China.
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Table 1 Chemical compositions of RM and SF (wt%)

Element Fe2O3 SiO2 Al2O3 TiO2 CaO Na2O

RM 37.27 18.04 23.55 8.51 2.35 8.50

SF 0.169 95.52 0.163 – 0.207 –

10 20 30 40 50 60 70

WW

W

 W - Wuestite(FeO)
C

Silica Fume

Q

 C - Cristobalite(SiO2)

2-Theta(degree)

In
te

ns
ity

(a
rb

itr
ar

y 
un

ite
) Q - Quartz(SiO2)     H - Hematite(Fe2O3)

An - Anatase(TiO2) B - Bohmite(AlOOH)
R - Rutile(TiO2)  N - Natrosilite(Na2Si2O5)

H

Red Mud

N N
QQ

H

H
HH

BN

B
R

H

H

H

An

(a) 

(b)

Fig. 1 X-ray diffraction pattern of RM and SF

According to themeasurement ofXRF (X-ray fluorescence) andXRD (X-ray diffrac-
tion), the chemical compositions and mineralogical components of RM and SF were
shown in Table 1 and Fig. 1, respectively. It can be found from Table 1 that RM
contains 37.27 wt% Fe2O3, 18.04 wt% SiO2, 23.55 wt% Al2O3, 8.51 wt% TiO2,
2.35 wt% CaO, and 8.5 wt% Na2O, while SF was mainly consisted of 95.52 wt%
SiO2. Simultaneously, Fig. 1 shows that the major mineralogical phases of RMwere
hematite (Fe2O3), anatase (TiO2), quartz (SiO2), rutile (TiO2), boehmite (γ-AlOOH),
and natrosilite (Na2Si2O5), while the SF were mainly consisted of cristobalite (SiO2)
andwuesite (FeO).Besides, the charcoal employed as the reductive agent in this study
was bought from the market.

Methods

Firstly, the powdered RM, SF, and charcoal were mixed manually with 5:0:0.98,
4.5:0.5:1.12, 4:1:1.27, respectively. Thereafter, the three mixture samples were
pressed into pellets (20 mm in diameter and 10 mm in height) in the pressure of
15 MPa. Next, the pellets were placed in drying oven to remove the moisture by
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drying at 393 K for 12 h. Subsequently, the pellets were poured into a corundum
crucible, followed by carrying out the reduction process in the vacuum furnace. A
pressure of 100 Pa (~0.001 atm) inside the furnacewas set and the designated temper-
ature (1523± 1 K) was gently reached with a heating rate of 10 K/min. After heating
for 3 h, the reduced samples were cooled into the room temperature naturally inside
the chamber under the vacuum conditions. After that, the reduced samples were
ground in a ball mill to obtain fine powders (<74 μm). Magnetic separation was
performed in a Magnetic Tube of XCGS-50 Davies to separate the reduced samples
into two parts by using a magnetic field intensity of 0.1 T. The magnetic product
was designated as Fe-Si alloy, while the aluminum and titanium components were
concentrated in the non-magnetic product. The separation efficiency was calculated
as:

η = m1 × (β + α)

m0 × (γ + ε)
(1)

where η is the separation efficiency; m1 is the total mass of the raw material; m0 is
the mass of the magnetic portion; β and α are the metallic iron and metallic silicon
content in themagnetic part, respectively; γ and ε are the total iron and silicon content
of the raw material, respectively.

Characterization

The mineralogical compositions of the raw material and the reduced samples were
determined by X-ray diffraction (XRD, Rigaku, 2θ (10°–90°), Cu Kα as X-ray
source), and the main chemical compositions of raw materials were measured by
X-ray fluorescence spectrometry (XRF, Shimadzu XRF-1800). A scanning electron
microscope (VEGA 3 LMH; TESCAN) was used to observe the microstructure of
the reduced samples.

Thermodynamic Analysis

Asdepicted inFig. 2, a thermodynamic analysiswas calculated byFactSage 8.0Reac-
tion module (FToxid, FSstel, FactPS datebase) to theoretically clarify the vacuum
carbothermal reduction behavior of SiO2 and Fe2O3 in RM and SF. It can be found
from Fig. 2a that the �G of reaction (1) decreases with the decline of CO partial
pressure. When the partial pressure of CO decreased to 0.001 atm, the initial reduc-
tion temperature of SiO2 can drop to 1042 K, which implies the vacuum condition
can significantly promote the reduction of SiO2. Additionally, by comparing �G of
reactions (1), (2), (3), and (4), it claims that the formation sequence of Fe-Si alloys
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Fig. 2 Relationship between�Gθ-T of possible reactions at different pressures during the reduction
process

is Fe3Si > Fe2Si > Fe5Si3 > FeSi, indicating that the more silicon-grade of Fe-Si
alloy requires higher temperatures. These results proved that the Fe-Si alloys could
be easily prepared under the vacuum condition.

Results and Discussion

Effects of the RM/SF Proportion on the Reduction

Based on the thermodynamic calculations, the total pressure of the vacuum carboth-
ermal reduction process was predetermined at 0.001 atm (~100 Pa), and the reduction
temperature and duration were designed at 1523 K and 3 h, respectively. Figure 3
displays the mineralogical evolutions of reduced samples with different SF propor-
tion. It can be found that the main phases of the reduced samples were Fe-Si alloy
(Fe3Si), calcium aluminate (CaO(Al2O3)6), alumina (Al2O3), and titanium carbide
(TiC) in the absence of SF. As the proportion of SF increased to 10 wt%, the Fe3Si
phase transformed to FeSi phase and Fe5Si3 phase, indicating that the high-silicon
content of Fe-Si alloys can be effectively synthesized. However, when the SF propor-
tion was 20 wt%, the phase composition of Fe-Si alloys changed from Fe5Si3 and
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Fig. 3 X-ray patterns of reduced samples with different SF proportion at 1523 K for 3 h

FeSi phase to FeSi and Fe2Si phase, implying that the silicon concentration of the
Fe-Si alloy decreased with increasing the SF proportion. Simultaneously, it can be
seen that the diffraction peaks of mullite (Al2SiO5) appeared, which suggested that
the cristobalite (SiO2) in SF cannot be reduced completely. This phenomenon should
be attributed to the increase of cristobalite (SiO2) content decreased the mass ratio of
iron/silicon (Fe/Si) in the mixed samples. The study [16] researched the influences
of Fe2O3 content in the reduction of quartz (SiO2), and the results suggested that the
reduction of quartz (SiO2) could be facilitated with increasing the mass ratio of Fe/Si
in mixture samples during the carbothermal reduction process. Similar in this work,
the increased SiO2 content in mixture decreased the mass ratio of Fe/Si, therefore,
resulted the inefficient reduction of SiO2.

Microstructure and Magnetic Separation Analysis

The microstructure of the reduced samples with different proportion of SF was
presented in Fig. 4a, b. Obviously, the alloy particles showed a round or near-round
structure in the presence of 10 wt% SF (Fig. 4a). However, when using 20 wt% SF
proportion in the mixture (Fig. 4b), the features of the alloy particles become consid-
erably small and dispersive. This phenomenon should be attributed to the occurrence
of the high-melting-point material mullite (Al2SiO5) during the carbothermal reduc-
tion process, as shown in Fig. 3, which decreased the liquid phase and hindered
the mass transfer. The separation efficiency was calculated by Eq. (1), as shown in
Fig. 4c. It can be seen that when the SF proportion increased from 10 to 20 wt%, the
separation efficiency was decreased from 80.52 to 63.27%, which indicates that the
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Fig. 4 a–b SEM image of reduced samples with different SF proportion: a 10 wt% b 20 wt%,
c separation efficiency of samples in the presence of 10 wt% and 20 wt% SF, respectively, and
d X-ray patterns of magnetic separation samples in the presence of 10 wt% SF proportion

excess proportion of SF (20 wt%) in the mixture was unfavorable for the magnetic
separation of Fe-Si alloys and other components.

Figure 4d illustrated themineral compositions of themagnetic product in the pres-
ence of 10 wt% SF proportion. The magnetic portion is mainly consisted of Fe-Si
alloy (FeSi and Fe5Si3 phase) and a small amount of Al2O3, TiC and CaO(Al2O3)6,
which proves that the Fe-Si alloys can be efficiently separated by the magnetic sepa-
ration process. Additionally, the separation efficiency could be further promoted
by adding additive (e.g., sodium additive) under the reduction process or control-
ling the parameters (e.g., magnetic field intensity) during the magnetic separation
process [17]. Meanwhile, the non-magnetic portion is mainly composed of Al2O3,
TiC, and CaO(Al2O3)6 phase, implying the aluminum and titanium components
could be concentrated by magnetic separation. It should be noted that the Al2O3

and CaO(Al2O3)6 can be dissolved in alkali liquor, and then employed to produce
alumina by the Bayer process [18]. Thus, the non-magnetic product can be used
as raw materials in the Bayer process for the alumina production. Furthermore, the
titanium component was rich in the red mud, which could be extracted by nitric acid
leaching process. Additionally, the sodium component in the mixture samples was
reduced toNa gas [19] during the vacuum carbothermal reduction process, which can
be recovered in the ash. Therefore, it was suggested that a sustainable and efficient
route for synergistic recycling of RM and SF was obtained.
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Conclusions

The synergistic recycling of RM and SF is proved feasible by lab-scale experiment
to prepare Fe-Si alloy and extract valuable components, and the basic conclusions
were summarized as follows:

(1) During the vacuum carbothermal reduction process, the cristobalite (SiO2)
in SF could easily be reduced and react with the hematite (Fe2O3) in RM
to synthesize the Fe-Si alloys, in the 10 wt% SF proportion of the mixture.
However, as the SF proportion increased to 20 wt%, the mullite (Al2SiO5)
was generated due to the incomplete reduction of silicon oxide, resulting in
the decrease of Si concentration in Fe-Si alloy. Simultaneously, the separation
efficiency was decreased from 80.52 to 63.27%.

(2) The optimized reduction conditionswereRMproportion of 90wt%, SFpropor-
tion of 10 wt%, and reduction temperature and duration of 1523 K and 3 h,
respectively. After magnetic separation, the Fe-Si alloys and other valuable
components can be effectively separated. The magnetic portion is basically
composed of Fe5Si3 and FeSi phase, while the non-magnetic portion is mainly
consisted of Al2O3, TiC, and CaO(Al2O3)6 phase, suggesting that an effi-
cient enrichment of aluminum and titanium components form RM and SF was
obtained.
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Geopolymers Made of Construction
and Demolition Waste: Current Trends
and Perspectives

Angelica Cardoza and Henry A. Colorado

Abstract The review deals with geopolymers based on construction and demolition
waste (CDW). A review of the research of the last 5 years (2015–2020) is presented
in three different study areas: Energy—Business, Management, and Accounting—
Environmental Sciences. This article initially emphasizes the environmental impact
from the point of view of opportunities for this type of recycled materials. In a
second part, it focuses on the experimental design of geopolymers, concentrating
on the used materials and manufacturing methods. Finally, the third part focused on
the mechanical properties obtained by different authors, carried out via a systematic
review for providing a detailed summary of the different parameters found in the
literature.

Keywords Geopolymer · Construction and demolition waste · Alkaline
activation · Fly ash

Introduction

Ordinary Portland cement (OPC) is one of themost usedmaterials in the construction
industry due to its mechanical properties that make it an excellent material these type
of applications. However, OPChas certain disadvantages, such as its high emission of
greenhouse gases and their energy consumption [1]. It is estimated that approximately
for every ton of OPC manufactured, between 0.85 and 1.0 tons of CO2 are released
[2]. As a green solution, OPC can be partially combined with inorganic polymers
(geopolymer cements), discovered in 1958, which are materials formed from the
alkaline activation of aluminosilicates [2, 3]. It has been shown in some research that
the carbon footprint of these geopolymers is lower than that emitted by OPC [2, 4, 5].
But the high amount of alkaline silicate must be considered, since too high a quantity
in geopolymers is not good with respect to the global environmental impact alert [5,
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6]. The main challenges of this type of materials correspond to the properties they
must have, such as mechanical behavior equal to or greater than OPC, fire resistance,
non-emission of toxic fumes, resistance to acids and salts, low shrinkage, low thermal
conductivity, and low pH [7].

Geopolymer cements do not require the processing at high temperature furnaces,
therefore having less investment in plant and equipment [2]. The raw materials
to produce geopolymers are aluminosilicates, which are geologically available
resources around the world, making geopolymers quite attractive for acquisition.
Currently, reductions of up to 80% in greenhouse gas emissions have been found
with the use of geopolymers [2]. Joseph Davis states that these materials harden at
room temperature and provide compressive strengths in the range of 20 MPa, in just
4 h, at a temperature of 20 °C, and compressive strengths after 28 days are in the
range of 7–100 MPa [3, 8]. Among the main properties of these materials are resis-
tance to sulfates, high resistance to early ages, resistance to freezing and thawing,
low shrinkage, and resistance to corrosion [8, 9]. The main raw materials used in
the preparation of geopolymers have been blast furnace slags rich in calcium, fly
ash poor in calcium and clays, and as alkaline activators are alkali hydroxides, salts
of weak acids, alkali silicates, aluminosilicates, alkali aluminosilicates, and salts of
strong acids [10]. This research is focused in geopolymers based on demolition and
constructionwaste (CDW) [11, 12]. The composition of CDW is very heterogeneous,
mainly formed by mixtures of aggregates, concrete, stone, ceramic materials, gravel,
sand, soil and, to a lesser extent, metals, glass, and plastics [13]. CDWs are one of the
possible and promising raw materials for geopolymer cements. In Spain, it is esti-
mated that a single person generates about 1,644 kg of waste per year, with around
75% of this waste deposited in landfills, only recycling from about 25 to 30% [14].
Green solutions for CDW is an important issue in Latin America, in which Colombia
is just starting to implement environmental regulations, having serious problems in
logistics [15], and in the application of circular economy strategies [16]. In Brazil,
there are now intensive research in geopolymers involving many solid waste types
[17].

Methodology

The methodology used in this article follows the specific guidelines for systematic
reviews in supply chainmanagement proposed byDurach et al. [18], and the sequence
prescribed by Tranfield and Denyer [19]. For the systematic literature review, the
research papers were selected excluding conference and proceedings papers. The
search is carried out according to the steps summarized in Table 1. The time was
delimited from January 2015 to July 2020 in the following areas: Energy—Business,
Management and Accounting—Environmental Sciences.

The general results obtained for the search were 192 related publications,
distributed in a period from 2010 to 2021, having a considerable peak in 2020,
as can be seen in Fig. 1. Of these 192 documents, 137 are research articles, 18 are
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Table 1 Search parameters

Terms CDW, Alkali, Geopolymer, CDW

Combined terms Demolition and construction waste—Alkaline activation—Fly ash

Search Search string Global 2015–2020 Articles Areas

Search 1 (“cdw”) or (“CDW”) or
({demolition and construction
waste}) or (“demolition and
construction waste”) and
(“geopolymer” or “alkali” or
“alkaline activation”) or
(“alkaline activation”)

192 180 132 46

Search 2 (“cdw”) or (“CDW”) or
({demolition and construction
waste}) or (“demolition and
construction waste”) and
(“geopolymer” or “alkali” or
“alkaline activation”) or
(alkaline and activation) and
not (“fly ash”)

43 27 16 5

Search 3 (“cdw”) or (“CDW”) or
{demolition and construction
waste} or (“demolition and
construction waste”) and
(“geopolymer” or “alkali” or
“alkaline activation”) and not
(“fly ash”)

18 16 7 4

Search 4 (“cdw”) or (“CDW”) or
({demolition and construction
waste}) or (“demolition and
construction waste”) and
(“geopolymer” or “alkali” or
“alkaline activation”) and
(alkaline and activation) and
not (“fly ash”)

5 4 1 0

Fig. 1 Documents by year and type [20]
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review articles, 7 book chapters, 29 correspond are conference articles, and 1 appears
undefined.

The most prominent authors with this type of publications are Kostas Komnitsas
with 6 papers, from the Technical University of Crete in Greece; and Rovnaníková
Pavlawith 6 papers aswell, from theCzechRepublic. The countrieswhere it has been
studied the most are China, Spain, and Portugal, see Fig. 2. According to the subject
area, the documents where more research is presented are engineering, materials
science, environmental sciences, and energy, see in Fig. 3. A two-step process was
used to select studies for this review, with a total of 55 articles. In the first step, a total
of 39 non-duplicate articles were identified, from which 14 articles were removed
due to their irrelevant titles. Also, 13 were removed after verifying that the abstract
was not within the scope of this review. The remaining 12 items are considered in
the second step.

A full review of the 12 articles was carried out using the inclusion criteria. One
article was excluded, since it only talks about the reuse of CDW as a partial replace-
ment of OPC for the manufacture of mortar, but does not use the CDW for its
activation and formation of geopolymer cement [21]. Another article is excluded
as it speaks of CDW as a recycled aggregate of geopolymer concrete based on fly
ash [22]. Another article was eliminated because the red brick CDW was used as a
replacement in OPCmortars; in this study, the particle size of the CDWwas reviewed
as an influence on the OPC, and the authors managed to demonstrate that when the
grinding time increased, particle size decreased, and surface area increased [23].

Fig. 2 Documents by
country [20]

Fig. 3 Documents by area
[24]
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Fig. 4 Identification process

A total of 9 articles were identified to be included in this study. The identification
process described is shown in Fig. 4.

Results and Discussion

This section is divided into four subsections. In the first, we present the selected
studies, the actors, and general dimensions included in each of the studies that were
identified. In the second subsection, it is presented the environmental impact in these
studies. In the third section, it is presented the different formulations and techniques
used, and finally it is analyzed the mechanical properties obtained in CDW-based
geopolymers.

Selected Studies and General Results

The studies, the year of publication, the journal, and the main subject area are
presented in Table 2. The studies selected using the methodology described above
were published in the journals of Springer, Elsevier, Institution of Chemical
Engineers, International Journal of Scientific and Technology Research.

Figure 5a shows that the area of greatest interest is environmental science.
Figure 5b shows the trend in the publication of this type of articles, being higher
in 2020.

For the articles in this search, we are based on reviewing the emphasis on the
environmental impact of CDW, and the mechanical results obtained in geopolymers
as a viable alternative, also in each of the materials used by the authors and in the
methods or procedures for manufacture of geopolymers based on CDW. Likewise,
the mechanical results obtained for these materials are mentioned.
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Table 2 Selected studies

Authors Year Area Publisher

Zawrah M.F., Gado
R.A., Feltin N.,
Ducourtieux S.,
Devoille L

2016 Environmental Institution of
Chemical
Engineers

Komnitsas K 2016 Environmental Elsevier Ltd

Robayo-Salazar R.A.,
Mejía-Arcila J.M.,
Mejía de Gutiérrez R

2017 Management Elsevier Ltd

Fořt J. et al 2018 Management—Energy Elsevier Ltd

Bassani M., Tefa L.,
Coppola B., Palmero P

2019 Management—Energy—Environmental Elsevier Ltd

Younis K.H., Salihi
K.A., Ibrahim T.K

2020 Management International
Journal of
Scientific and
Technology
Research

Tan J., Cai J., Li X.,
Pan J., Li J

2020 Management—Energy—Environmental Elsevier Ltd

Rivera J., Castro F.,
Fernández-Jiménez
A., Cristelo N

2020 Energy—Environmental science Springer

Tang Z., Li W., Tam
V.W.Y., Xue C

2020 Environmental Elsevier B.V

Fig. 5 Search trends. a Trend by area and b trend by year
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Environment: Environmental Impact Analysis

To speak of geopolymers as a partial or total replacement for ordinary Portland
cement, it is necessary to review the environmental impact of their production.
Duxson et al. [7] affirm that the CO2 emission from the production of geopoly-
mers is lower than that generated by OPC: their geopolymer did not require a high
temperature calcination step. McLellan et al. [25] indicated that the results of the
emission of geopolymer gases depend on the source of the waste and its location,
with a reduction between 44 and 64% in emissions compared toOPC.Habert et al. [6]
affirm that it is true that the CO2 emission is lower for the production of geopolymers
but that there is an environmental impact in other aspects that contribute to global
warming such as abiotic depletion,marine ecotoxicity, and acidification, which is due
to the sodium silicate solution for activation. They recommend that the production
of geopolymers must focus on the use of waste that cannot be recycled or reused in
any other way, with an adequate molar ratio Si/Al to minimize the amount of sodium
silicate, reducing its environmental effects. Oullet et al. [5] found that the main CO2

emitter in geopolymers are the solids from the activating solution. They studied
different compositions from the literature using the LCA methodology, concluding
that the environmental impact of geopolymers is up to 75% in savings lower than
that OPC.

In Spain, there are different regulations for the use and generation of CDW, such
as Regulation 105/2008 that establishes the obligation to include waste management
plans from the beginning of the projects, as a preliminary study to estimate the amount
generated of waste [26]. Spain is one of the countries with the largest number of both
public and private companies with this approach [27]. In Barranquilla (Colombia),
Pacheco et al. [28] showed that there are many issues concerning waste management,
treatment, and final disposal. Robayo et al. [29] achieved through reductions of 73%
of the developed material in the global warming potential (kg * CO2 * eq/MPa)
compared to OPC, calculating the global warming possible (GWP) index of the
geopolymer using the LCA methodology, and compared it with the GWP of the
OPC. Robayo et al. [29] identified that the most polluting activators were sodium
hydroxide and sodium silicate, but in turn with this alkaline activator they found a
better mechanical performance for geopolymers, reaching 102 MPa. The reported
carbon footprint for sodium hydroxide and sodium silicate is approximately 1.60 and
0.92 kg * CO2 * eq * kg, while for other activators such as Na2CO3 and Na2SO4,
they have a carbon footprint of 0, 22 and 0.098 kg * CO2 * eq * kg, respectively,
which shows that sodium hydroxide and silicate are 86.25% more polluting. For
geopolymer-based mortars, the global warming potential (GPW) value is 265 kg *
CO2 * eq, while for ordinary Portland cement mortars, its value is 511 kg * CO2 *
eq, close to a 100% more. [29] Tan et al. [7, 25] performed a quantitative analysis of
the manufactured geopolymer compared to carbon dioxide emissions. The authors
[7, 25] analyzed previous studies by Yanget al. [31] and Song et al. [24] where
CO2 emissions divide them into three parts: materials, transportation, and production
phases.Tan et al. [31] only tookCO2 emissions into account in production, as the other
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Fig. 6 Cost–benefit for different formulations [22]

two parts are much smaller compared to this one. To evaluate the eco-efficiency, the
intensity of the CO2 flowwas considered as the relationship between the compressive
strength of the concrete and theCO2 emissions. TheCO2 emissions of the geopolymer
developed by the authors consistedmainly in themanufacture of alkali solution, slag,
and CDW powders; the latter was calculated by the electrical consumption of the
crushing which was 0.182 kW h/kg, resulting in a CO2 emission of 0.2457 (kg/kg).
Tan et al. [31] also studied the cost of the geopolymer taking into account thematerials
used and energy consumption. Figure 6 shows the percentage of cost–benefit for the
different formulations,where the authorsmanaged to show themaximumpercentage,
replacement to 55% slag, and a concentration of 6 mol/L.

Fort et al. [32] showed that with the developed geopolymer, they achieve
lower CO2 emissions, lower energy consumption, and lower demand for materials,
achieving up to 45% savings in energy and 72% savings in production of greenhouse
gases compared to OPC pastes, see Fig. 7a.

Likewise, Fig. 7b shows CO2 emissions of the different materials listed by the
author, where the geopolymer emissions are lower compared to OPC. It can be
concluded that the CDW-based geopolymer is a sustainable and environmentally
friendly material, which manages to reduce the amount of greenhouse gases by
being a substitute material for OPC, in addition to mitigating energy consumption.
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Fig. 7 a Energy consumed OPC and geopolymers. b CO2 emissions for OPC and geopolymers
[22]

Experimental Design: Materials and Methods

One of the main concerns regarding geopolymers is to find synthesis parameters that
result in acceptable properties, according to the standards and regulations, that enable
adequate uses. This section will detail materials, methods, and procedures used for
the manufacturing of geopolymers based on CDW.

Raw Materials

The materials used by the different authors in this review are listed below. Fort
et al. [32] used brick dust as a starting material. Komnitsas [33] uses marine sedi-
ments together with CDW (tiles, brick, and concrete) for alkali activation. Zawrah
et al. [34] conducted a study on CDW composed of bricks with the addition of
blast furnace slag for the production of geopolymers. Like Zawrah, Tan et al. [35]
used CDW geopolymer composed primarily of 50% masonry and 42% concrete as
recycled aggregate and calcium oxide-rich aggregate blast furnace slag to achieve
a geopolymer matrix with a greater resistance to compression at an early age [31].
Robayo et al. [29] used raw material red brick and ordinary Portland cement; the
CDW was ground in a hammer mill and then in a ball mill. Bassani et al. used
CDW in fine particles; the authors used 5 different types of CDW that were recy-
cled concrete, recycled ceramic (brick and ground tile), recycled asphalt, natural and
excavated aggregates, and CDW fines (not classified) [36]. Table 3 summarizes the
different materials, particle sizes, compositions, phases, and activators used.

Experimental Procedures

This section details the procedures or methods used by the authors to fabricate
geopolymer materials. Komnitsas pulverized and homogenized both components
to make the geopolymer. The activating solution was prepared by dissolving KOH
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in distilled water varying the morality from 2 to 12 mol and then adding the sodium
silicate solution, which was left to rest 24 h before use. The solid–liquid ratio was
varied between 0.25 and 0.35; the paste was left according to the formulations on
a vibrating table to eliminate trapped air. It was demold after 2 h at room tempera-
ture, then taken to an oven at 80 °C for 24 h, and allowed to cure for 7 days [33].
Zawrah et al. [34] prepared the materials by grinding in a ball mill for 30 min, then
passed to a vibrating screen to separate the size of the particles, and later grinding
for 15 min in a planetary ball mill to homogenize and activate the residue. Sodium
silicate and sodium hydroxide were used, with SiO2/Na2O= 3.2, and molar concen-
trations of NaOH 8 mol/L. The ratio between the two activators was 2.5, the solution
was prepared 24 h before preparing the sample, and the liquid–powder ratio was set
at 0.30 by weight. The samples were mixed by hand for 5 min, then poured into the
mold and placed on a vibrating table for 1 min, demold after 24 h, and allowed to
cure for up to 90 days at room temperature. Robayo et al. [29] used different alkaline
activators to make the geopolymer among them, calcium carbonate, sodium sulfate,
sodium hydroxide, and sodium silicate. For the optimal amount of activator, the
authors partially added OPC in proportions from 5 to 30%. They used a liquid–solid
ratio of 0.23. The pastes were mechanically mixed for 5 min and compacted on a
vibrating table for 30 s. The samples were cured at room temperature for 24 h. The
samples were placed in a curing chamber at a humidity of 80% until 7 and 28 days.
Fort et al. [32] used brick dust generated by the crushing of thermal insulation bricks.
This material did not require crushing and is ready to use, it was dried at 105 °C for
48 h, then sieved, and the molar ratio of the sodium silicate used by the author was
1.6 (SiO2/Na2O). The precursor was mixed and molded keeping it in a chamber at
20 °C and 50% humidity for 7 days. It is removed from the mold and allowed to cure
for 28 days. Tan et al. [31] initially ground the CDW for 8 h in a ball mill to increase
the fineness and surface of the material, and the molar ratio used by the authors of
the alkaline activator (SiO2/Na2O) was from 1.6 to 1.9. The alkaline activator was
stored for 24 h before preparing the samples, prepared at a speed of 140 rpm for
10 min, and then compacted on a shaking table for 15 s. They were left in a mold
for 24 h at room temperature, and after being demold, they were left on a plastic
membrane for 6 days before being analyzed. The authors did not use any thermal
curing. Bassani et al. [37] ground the different types of CDW in a rotating drum to
obtain fine powder and used fine material because the smaller the size, the faster the
geopolymerization process develops and the higher the mechanical properties. The
molar ratio of the sodium hydroxide was SiO2/Na2O = 3.4. The SiO2/Na2O had a
concentration of 36%. The ratio between the two activators was 4: 1. The authors
used the activator in three different ways (undiluted, diluted 50%, and diluted 75%)
to study the influence on the reaction. 50wt% of the particles with size between 63
and 125 mm, and 50wt% of the particles with sizes smaller than 63 for the different
samples were used. Solid–liquid ratios of 0.4 were used, while samples were cured
at room temperature for 3, 7, and 28 days [36]. Each author carried out a different
methodology to make the geopolymers, showing a very large variability in these
processes. Dassekpo [38] mentions that more research is needed on the synthesis
parameters for the manufacturing of geopolymers.
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Mechanical Properties

The mechanical properties in this type of materials are very important due to their
use. Table 4 lists the results of different research taken into consideration in this
review.

Koministas [33] found that the best geopolymer formulation was the activation of
tiles under a molarity of 8 mol, while the concrete showed a much lower activation
potential due to its low contents of SiO2 and Al2O3 necessary for activation. The
high CaO content in concrete consumes KOH making it insufficient for dissolving
aluminosilicates. For the mixture of tiles with marine sediments, the author finds
a reduction in compressive strength explained by the decrease in the SiO2/Al2O3

ratios. The sediments reached a lower resistance when they were activated. Zawrah
et al. [17] managed to find that by adding the blast furnace slag to the CDW-based
geopolymer, the porosity and water absorption were reduced due to the formation of
new phases in the material matrix, and that the calcium oxide present in the slag was
reduced to form hydrated calcium silicate products in the geopolymer matrix, good
to improve the compressive strength and decrease the setting time. They also found
an improvement in samples with longer curing times occur after the material has set
[28, 33].

Robayo et al. [29] used several activators for the formation of activated alka-
line cement, finding that the better mechanical behavior was achieved when sodium

Table 4 Mechanical properties of geopolymers

References Formation conditions Flexural strength Compressive strength
(MPa)

Curing time

[31] Alkaline concentration
6 mol/l replacement
55% slag

8 MPa 70 7 days

[31] Molar ratio 1.9 slag
replacement 40%

– 58 7 days

[36] CDW fines
Undiluted activator

5 Mpa 12.8 28 days

[29] CDW red brick plus
20% OPC
NaOH + Na2SiO3

– 102.6 28 days

[34] CDW red brick plus
granulated blast furnace
slag (GS60)

– 83
77

90 days
28 days

[33] 100% CDW tiles
90% CDW (tiles)
10% Souda sediments
90% CDW (tiles)
10% Patras sediments

– 42.7
40
41

7 days
7 days
7 days

[32] AAP70 11.9 Mpa 41.9 28 days
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hydroxide and sodium silicate were used, since the addition of sodium silicate
increases by the presence of soluble silica species (Si–O-) [40]. Also, for activa-
tion with NaOH, resistances decreased with the addition of OPC, due to the loss of
balance in the system as a function of pH and the high calcium content in the paste.
Tan et al. [31] showed that due to the low calcium content of CDW, it is difficult
to obtain high compressive strength at early ages without heat treatments, and by
adding slag with a high calcium content, it fills the pores and voids, improving the
resistance of the matrix. S. Puligilla et al. [41] show that the calcium content of the
slag improves the geopolymerization process, due to the formation of the hydrated
calcium and aluminum silicate gel (C-A-S–H). Authors made CDW geopolymer
with 55% slag replacement due to the high compressive strength at an early age and
the ambient temperature curing conditions.

Bassani et al. [36] demonstrated that CDW composed only of bricks and tiles and
the unclassified CDW had higher fractions of highly reactive aluminosilicate and
mica group phases, presenting higher mechanical strength. Thus, the final properties
of geopolymers depend directly on many factors such as the type of activator, the
manufacturing process, the starting material, and the particle size.

Conclusion

This reviewdetailed resources for the elaboration of novelmaterials based on alkaline
activation or as its coined name geopolymers, its main properties and disadvantages
were named, as well as its use as an ecological alternative as a replacement for
ordinary Portland cement. Several authors demonstrated with some phases presented
in the CDW that this residue can be used for the formation of geopolymers, since they
present reactions with the alkaline activator due to its siliceous-aluminous phases.
With an addition of 30% of OPC to the brick-based geopolymer, the mechanical
performances can be increased; in addition to the CDW, other residues, such as
blast furnace slag, can be added and the compressive strength is notably favored. An
increase in molarity of more than 4 mol in CDW-based geopolymers has no effect
on mechanical performance. The better compressive strengths were obtained when
high molar ratios of SiO2/Al2O3 and SiO2/(Al2O3 + CaO) are present in the initial
paste, whereas when SiO2/Al2O3 is low, the resistances are low. It is concluded that
the CDW-based geopolymer is a sustainable and environmentally friendly material,
which manages to reduce the amount of greenhouse gases by being a substitute
material for OPC, in addition to mitigating energy consumption for production.
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KIGAM Technology for the Recovery
of NdFeB Waste Magnet
and Manufacturing Scraps

Kyeong Woo Chung, Ho-Sung Yoon, Chul-Joo Kim, Rina Kim,
and Byunchul Lim

Abstract At KIGAM, the pilot plants have been developed and demonstrated two
processes for recycling NdFeBwaste magnets andmanufacturing scraps. The former
process uses thermal oxidation as a pretreatment before. The latter does caustic
digestion and the thermal oxidation process. About 35% of the iron in feed was
co-leached with REEs upon leaching of thermally oxidized products. Therefore, the
separation process of REEs and non-REEs was carried out using the double-salt
precipitation method to produce a high purity REEs solution applicable for solvent
extraction. Instead, the leaching yield of iron upon leaching of caustic digestion
and thermal oxidation products showed a value of 0.01%. Thus, the high purity
REEs solution was obtained and directly applied to solvent extraction. Finally, REEs
compounds of 99.9% or above could be obtained by solvent extraction using mixer
settler and precipitation from raffinate and stripping solutions.

Keywords Recycling · Secondary recovery · NdFeB magnet

Introduction

Since the NdFeB magnet firstly appeared in early 1980, its utilization has become
markedly grown in the high-tech industry [1]. Lately, its use is expected to vigorously
expand in the electric vehicle and wind power industry to achieve carbon neutrality
in 2050 [2]. The increased consumption will increase the future supply risk of REEs
such and neodymium and dysprosium. Recycling is considered to be promising for
securing supply stability of REEs [3]. In addition, the use of recycled materials also
leads to the reduction of greenhouse gases’ emission [4].
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At KIGAM, the recycling of NdFeB magnet/scrap based on hydrometallurgy
has been studied since C-H Lee firstly reported the leaching behavior of thermally
oxidized NdFeB powders in 1998 [5]. In the 2010s, process development has been
intensively researched, and lately, the technology has been demonstrated in a pilot
plant, which is ongoing. This paper presents the recycling technology developed at
KIGAM for NdFeB waste magnets and scraps.

Process for Recycling of Waste Magnet

Figure 1 shows the recycling process for the NdFeB waste magnet consisting
of peeling of plating layer, crush and grinding, thermal oxidation, sulfuric acid
leaching, precipitation of rare earth double sulfate, conversion of double salt to
REEs hydroxide, hydrochloric acid leaching of hydroxide, purification ofREEs using
solvent extraction, and synthesis of REEs compounds.

NdFeB magnet is prone to oxidize in the air even at room temperature, so usually
coated with a metal of Ni or Zn. First, the plating layer was peeled off using cyanide
solution. And they were crushed and ground to powders under 200um in size using
a jaw crusher, roll mill, and vibration mill in sequence (Fig. 2). XRD data shows
that powders were partially oxidized, giving rise to NdFeO3 and γ-Fe2O3 during

Fig. 1 Standard process for recycling process for NdFeB waste magnet
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Fig. 2 Images of a peeled-off magnet and powders by b jaw crusher, c roll mill, and d vibration
mill

crushing and grinding, as shown in Fig. 3. However, metallic iron was also observed.
Therefore, thermal oxidation at 600 °C for 3 h using a rotary kiln was applied for
ground powder which fully oxidized them. Metallic iron disappeared, and γ-Fe2O3

was mainly transformed to α-Fe2O3, which was expected to reduce iron leaching.
The resultant powders were leached in 2.5 M sulfuric acid solution at 60 °C for

3 h, giving rise to the leach liquor of ca. 28,000 mg/L of REEs and ca. 56,120 of Fe.
The oxidation and leaching reactions are presented in Table 1.

After leaching, REEs were selectively recovered as a double salt with iron
remaining in leach liquor by adding sodium sulfate into the leach liquor. The recovery
yield of L-REEs showed 99.9%, irrespective of the input amount of sodium sulfate
(Fig. 4). However, that of H-REEs was much affected by input amount. Seven equiv-
alent of sodium sulfate was added in this study. Moreover, REEs double sulfate was

Fig. 3 XRD patterns of ground powders before and after thermal oxidation
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Table 1 Chemical reactions
involved with unit processes

Unit process Chemical reaction

Thermal oxidation Nd + Fe + 3/2O2 → NdFeO3
2Fe + 3/2O2 → Fe2O3

Sulfuric acid leaching 2NdFeO3 + 6H2SO4 → Nd2(SO4)3
+ Fe2(SO4)3 + 6H2O

Double-salt precipitation Nd2(SO4)3 + Na2SO4 →
2Nd·Na(SO4)2↓

Conversion to hydroxide 2Nd·Na(SO4)2 + 3NaOH →
Nd(OH)3 + 2Na2SO4

Hydrochloric dissolution Nd(OH)3 + 3HCl → NdCl3 +
3H2O

Synthesis of REEs oxide 2NdCl3 + 3C2O4H2 →
Nd2(C2O4)3↓ + 6HCl
Nd2(C2O4)3 + 3/2O2 → Nd2O3 +
6CO2

Fig. 4 Recovery yield of REEs with the input amount of sodium sulfate

re-dissolved in a hydrochloric acid solution of pH 3~3.5 after converting to REEs
hydroxide in NaOH solution (see Table 1). It produced the high purity REEs chloride
solution with an iron of below 100 mg/L.

The recovery yield ofREEs inREEs chloride solution showed ca. 96% for L-REEs
and ca. 91% for H-REEs, respectively. The lower value for H-REEs than L-REEs
might be due to the lower precipitation yield of H-REEs double sulfate than L-REEs
double sulfate (Table 2).

The REEs chloride solution was applied to the solvent extraction process for
the purification of REEs. PC88A and kerosene were used as an extractant and a
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Table 2 Recovery yield of rare earth elements in REEs chloride solution

L-REEs H-REEs Total

Pr Nd Tb Dy

Input amount (kg) 33.3 134.1 12.8 7.6 187.8

Recovered amount (kg) 32.2 129.5 11.7 7.0 180.4

Recovery yield (%) 96.8 96.6 91.5 91.2 96.1

Fig. 5 Purities of light and heavy rare earth elements in the raffinate and stripping solution

diluent, respectively, where the concentration of PC88A was set at 0.5 M. Diluent
and concentrated hydrochloric acids were used as scrubbing and stripping solutions
(Fig. 5). The extraction, scrubbing, stripping, and washing stages were 4, 8, 3, and
2, respectively. The purity of L-REEs in raffinate initially quickly went over 99.9%.
It means that H-REEs was easily well extracted under the condition used in this
study. Instead, that of H-REEs showed ca. 98.5% after 200 h. It was attributed to the
stripped L-REEs unscrubbed in organic solution at the initial stage before stabilizing
the whole process. Thus, the stripping solution was exchanged with a fresh one after
220 h, so the purity of H-REEs immediately showed 99.9%.

Finally, REEs oxides were recovered through the precipitation and calcination of
REEs oxalates (Fig. 6). REEs fluorides were synthesized by the addition of ammo-
nium fluoride to the raffinate or stripping solution. The final products show the purity
of 99.91% or above.
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(a)                               (b) 

Fig. 6 Images of didymium oxalate and oxide

Process for the NdFeB Scraps

Figure 7 shows the recycling process for the NdFeB scraps composed of caustic
digestion, thermal oxidation, hydrochloric acid leaching, purification of REEs using
solvent extraction, and synthesis of REEs compounds.

Unlike the ground powders of a waste magnet, manufacturing scrap exists unoxi-
dized because coolant wraps it and prevents its oxidation by air. The caustic digestion
of unoxidized powders in 50wt% NaOH at 100 °C for 1 h could decompose REEs
and iron to their hydroxide and mixture of magnetite and metallic iron, and further
oxidation at about 350 °C yielded the mixture of Nd2O3 and Fe2O3 [6]. The ternary
oxide, NdFeO3, was not formed; therefore, simultaneous dissolution of neodymium
and iron from NdFe2O3 could be suppressed. Furthermore, Fe2O3 is highly resistant

Fig. 7 Process for recycling process for NdFeB waste magnet
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Fig. 8 XRD patterns of powders after caustic digestion and thermal oxidation

to the acid solution, unlike Nd2O3 which quickly dissolves in diluent acid solution.
The leaching of caustic digestion and thermal oxidation powders in 0.45 M HCl at
room temperature showed the highly selective leaching of REEs over iron, typically
higher than 99% of neodymium leaching yield and lower than 0.1% of iron leaching
yield. High purity of REEs chloride solution could be directly applied to the solvent
extraction process, which simplified the recycling process of NdFeB scraps (Figs. 8
and 9).

Conclusions

At KIGAM, recycling processes from NdFeB waste magnet and scraps to REEs
compound were researched and developed. The pilot plant scale test demonstrated
that high recovery yields of REEs of over 90% and high purities of REEs compound
of over 99.9% could be obtained using the developed process.
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Fig. 9 Leaching yield of Nd and Fe from caustic digestion and thermal oxidation powders with
time
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Recovery of Copper, Iron, and Alumina
from Metallurgical Waste by Use
of Hydrogen

Casper van der Eijk and Halvor Dalaker

Abstract Substituting carbonwith hydrogen is one of the fewwaysmetal production
can potentially become free of CO2 emissions. Moreover, the metallurgical industry
produces significant amounts of waste. The present work presents a circular concept
that will be pursued in the HARARE project, based on increasing waste recovery by
the use of hydrogen. The project will tackle two example cases: bauxite residue and
copper smelter slags. The common theme is to use hydrogen to selectively reduce
iron and copper, making it possible to extract these metals. Through a series of pyro
and hydrometallurgical steps, as well as mechanical separation, it is also possible
to recover secondary valuables like alumina, molybdenum, cobalt, nickel, zinc, and
scandium. The final remaining residues can be valorised as building materials for
a truly zero-waste concept. In this paper, the different process streams for the two
example cases are laid out, including the valorisation of secondary material streams.

Keywords Hydrogen · Bauxite residue · Copper slag · Circular economy ·
Recycling

Introduction

The metallurgical industry is a large emitter of CO2. In the EU27, it accounted for
162 million tonnes of direct CO2 emissions in 2019 [1]. Of these, some 86 million
tonnes are related to production of the energy used in the processes. While by no
means trivial in practice, this energy can be replaced by emissions-free alternatives,
and eliminating the energy-related portion of the CO2 emissions is thus at least
theoretically feasible with existing technologies. The remaining CO2 emissions on
the other hand—some 47% with EU numbers, and likely similar around the globe—
are tied directly to the use of carbon in the industrial processes that turns ore into
metal. Eliminating these emissions requires different processes from those of today,
which is why metal production is listed as a “hard-to-abate sector” [2]. One of the
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few ways the process-related (i.e. non-energy) CO2 emissions of metal production
can be eliminated is to replace carbon with a different reducing agent, with hydrogen
often being mentioned as the foremost candidate.

Another challenge of the metallurgical industry is the inefficiency that is found in
its value chains. For example, 10–30% of the aluminium present in bauxite ore ends
up discarded as bauxite residue (BR), and the discarded slags from copper smelting
contain about 1% Cu—more than the concentration of Cu in ore from an average
modern mine. These inefficiencies also indirectly increase the CO2 emitted per ton
of finished product, not to mention that they lead to waste problems, with millions
of tonnes of metallurgical by-products piling up in landfills every year.

The HARARE project [3] (Hydrogen As the Reducing Agent in the REcovery of
metals andminerals frommetallurgicalwaste)will demonstrate sustainable pathways
to produce metals using hydrogen as an enabler, for removing waste and valorising
materials in carbon free processes. In this paper, we outline the proposed processes
that will be investigated in the HARARE project.

Overall Concept

In both the slag from flash smelting of copper and the bauxite residue from alumina
production in the Bayer process, the main component is iron oxide. At the core
of the HARARE concept is the use of hydrogen gas to reduce the iron oxide to
without process-related CO2 emissions. Having removed the iron, the main compo-
nents (copper and alumina, respectively) can be recovered and returned to their value
chains. To ensure a zero-waste approach, potentially harmful elements must also be
removed, and all other residues turned into useable resources like building materials.

The different approaches are outlined in Fig. 1.
The use of hydrogen for the recovery of metals from Cu slag and bauxite residue

has already been described in literature. But for the case of copper, the emphasis was
on raw materials rich in copper [4]. When bauxite residue is treated with hydrogen
at temperatures above ca. 850 °C, hercynite (FeAl2O4) is formed [5]. The formation
of this phase makes the separation of aluminium and iron difficult. So either the
reduction temperature must be kept low, accepting that the iron oxides will not be

Fig. 1 Sketch of the overall idea
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reduced to metallic iron but to magnetite (Na-route in HARARE) or Ca must be
added leading to the formation of the Ca-Al-oxides which are more stable at high
temperatures than hercynite (Ca-route in HARARE).

The Injection of Hydrogen to Refine Copper Slags

Slag from copper flash smelting contains not only slag-forming components, but also
copper levels comparable to that in ores from modern mines (~1 wt%). In addition,
it contains iron oxide (~50 wt%), alkalis and heavy metals (K, Na, Zn, Pb++, ~3–
5 wt%), as well as smaller amounts of molybdenum, cobalt and nickel. The high
iron content of the slag makes it challenging with traditional methods to extract the
copper without also extracting a lot of iron and creating a low-Cu high-Fe alloy of
little commercial relevance. Even without copper recovery, the alkalis and heavy
metals make it difficult to valorise the slag as a construction material or as an iron
source. The low-value options available for slag valorisation are as blast abrasion
agent, cement compound, and river embankment. The slag is partly valorised through
these means, but volumes are limited. Furthermore, legal limits for heavy metals will
be lowered in the future, further restricting the opportunities available.

In HARARE, RWTH Aachen and Aurubis will develop selective reduction
process based on hydrogen injection into the liquid slag. Using hydrogen as the
reducing agent allows the reducing potential to be fine-tuned with the composition
of the gas and the process temperature, controlling whichmetals will be reduced. The
expected selectivity is up to 2,27 mCu/mFe in the metal phase. A Sankey diagram
of the process is shown in Fig. 2. The process will have two steps:

• Step 1, lower reducing potential:

Fig. 2 Sankey diagram for the valorisation of copper slag
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– Copper will be reduced to liquid metal alloy along with smaller amounts of
Fe, Mo, Co, and Ni.

– Alkalis and heavy metals will be reduced to metallic fumes and collected as
flue dust,

– Iron will mostly remain in the slag in its oxidised state.

• Step 2, increased reducing potential:

– Iron oxides are reduced to iron and removed as pig iron.

This process will separate the different valuable components of the slag and create
the following products;

• High-value high-copper alloy.
• Pig iron
• Zn-rich flue dust as raw material for Zn production
• Slag free of iron, alkalis, and heavy metals, suitable as a construction material.

Recovery of Alumina from Bauxite Residue

In the production of aluminium, almost twice as much bauxite residue (BR) as
aluminiummetal is produced. Despite containing potentially valuable materials such
as aluminium, silicon, and iron, as well as rare earth elements (REEs), BR is mostly
landfilled. This is not only a waste of resources, but also presents a land-use problem,
as BR takes up increasing amounts of land.

The iron oxide in the BR can be turned into iron by hydrogen reduction. In order
to facilitate recovery of alumina and valorisation of other residues, fluxing of the
BR prior to H2 reduction is necessary. In the HARARE project, two routes for BR
processing are pursued. The first route the “Ca-route”, uses CaO as a flux, while the
second route, the “Na-route”, uses NaOH.

The Ca-route works at high temperature and thus fits best for BR qualities that are
low in Ti because the Ti binds with Al in a perovskite structure at high temperatures.
The Na-route on the other hand can tolerate BR qualities with high Ti, since it takes
place at lower temperatures. Furthermore, the final residue of the Ca-route is easier
to use as building material because with Ca-silicate content, it resembles normal
cement. The two routes are described below.

Calcium Route for the Recovery of Alumina from BR

In the calcium route, NTNU and SINTEF will treat BR by hydrogen together with
CaO to produce iron and a tailor-made slag of CaAl-oxides (mayenite) that is leach-
able at low temperatures. A Sankey diagram of the process is shown in Fig. 3. The
process will take place below the melting temperature of iron, which means that the
produced iron will be in the solid state and thus cannot be separated by a tapping
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Fig. 3 Sankey diagram for the valorisation of BR through the Ca-route

process. The separation of the solid iron particles is one of the challenging parts
of the process because the distribution the iron particles in the oxide is very fine.
NTNU and ReSiTec will test different crushing, grinding, and separation techniques
to liberate the metallic from the non-metallic phases, including magnetic separation
and floatation.

After separation of the iron, the non-magnetic fraction will consist mainly of an
easily leachable alumina-containing slag (mayenite). The alumina will be leached
from themayenite byNTUA, andAl-hydroxidewill be precipitated from the solution
and can be returned to the aluminium value chain.

The remaining residue at this stage is rich in limestone which will be recovered by
flotation at NTNU to be recycled to the start of the process chain for a new roasting
stage. During the roasting stage, CO2 is generated from the limestone during the
reductive treatment. The off-gas is a mixture of CO2, H2O, and unreacted H2. From
this gas mixture, the CO2 can be easily concentrated.

Most of the CO2 is reused in the process when the CO2 is needed during precipita-
tion, whilst the CaO is turned into CaCO3 again. The CO2 concentration for precipi-
tation does not need to be 100%, so here is a possibility to use a diluted CO2 stream
from another industrial process while the concentrated CO2 from the heat treatment
is stored. The capture and storage of CO2 is a possible add-on to the process which
will not be included in the HARARE project work.

After the recovery of the limestone, the remaining residue consists of oxides
suitable for use in building material, into which the Sc and other rare earth elements
(REEs) in the BR will also have concentrated.

Sodium Route for the Recovery of Alumina from BR

BR can be recovered by roasting with carbon, smelting, and leaching [6]. Based on
this work, KU Leuven will develop the process further into an electrically heated,
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Fig. 4 Sankey diagram for the valorisation of BR through the Na-route

H2-based reduction process, with no smelting. A Sankey diagram of the process is
shown in Fig. 4.

Step (i) is alkali roasting of the BR with NaOH in H2 atmosphere. This treatment
will turn the aluminium oxide in the BR into water soluble NaAlO2 and reduce the
iron oxides. The temperature is lower in the Na-route than in the Ca-route, which
means that the iron oxide is not reduced to metallic iron, but rather to magnetite,
Fe3O4.

Step (ii) is water leaching. Sodium and aluminium will dissolve as Na+ and Al3+

and can then be precipitated as hydroxides. Al(OH)3 is returned to the aluminium
value chain, while NaOH is recycled to the start of the Na-route and used with a
fresh batch of BR.

The solid fraction in the leaching step consists of magnetite and a non-magnetic
oxide-phase. These are separated by wet magnetic separation and can be used as raw
material for iron and building materials respectively. Once again, the REEs of the
BR are expected to be concentrated in the oxide residue (Fig. 4).

Secondary Material Streams and Zero-Waste Approach

The main focus of the HARARE processes is on the recovery of copper and alumina
back into their respective value chains, but in a completely zero-waste approach,
every material stream will be valorised. Some details on the approaches to valorise
the secondary material streams are described below.

Separation of Copper-Alloy

The Cu-rich alloy produced from the copper slag also contains other metals like Fe,
Mo, and Co. These can be separated through hydrometallurgical, electrometallur-
gical, or pyrometallurgical treatment. The best optionwill depend on the composition
of the alloy, which is not only produced to maximize the Cu content in the alloy, but
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also to minimize the Cu lost to the slag. NTUA will perform the hydrometallurgical
treatment and electrometallurgical treatment, which are both based on dissolution
followed by selective precipitation, while NTNU will perform pyrometallurgical
treatment based on vacuum refining.

Rare Earth Elements, Scandium

BR contains significant amounts of REEs, in particular scandium. In both the Ca-
route and the Na-route, these valuable materials are expected to concentrate towards
the non-ferrous oxide-phase after recovery of the alumina- and iron-rich phases.

From the Ca-route, NTUA will treat remaining oxide-phase after limestone
recovery with mineral acids (HNO3, HCl, or H2SO4) and ionic liquids to recover
REE and Sc by selective leaching.

From theNa-route, the non-magnetic leachate is amixture of an amorphous silica-
rich phase and a perovskite (CaTiO3) which contains most of the scandium and REE.
By dissolving the silica-phase at high temperatures and pressures, KU Leuven will
recover the valuable CaTiO3 phase, an “artificial deposit” of REE.

Zn and Pb from Flue Dust

During the hydrogen treatment of the Cu slag, the volatile metals Zn and Pb will
end up as oxides in the flue dust. The recovery of zinc and lead from such oxidic
powders is part of the common, industrial zinc winning and recycling practices.
There, zinc metal or oxide is leached with sulphuric acid, while lead oxide stays
unsolved or metallic lead precipitates as lead sulphate. RWTH will demonstrate that
the recovered flue dust from the HARARE process is compatible with these recovery
techniques.

Electrolytic Refining of Iron from Magnetite

The magnetic phase at the end of the Na-route is rich in magnetite, Fe3O4, but cannot
be used as a raw material in blast furnaces due to its high Na content. NTUA will
use it as a raw material for electrolysis of iron, by using a process similar to that
developed in the Horizon2020 project called SIDERWIN [7] in which NTUA and
Mytilineos are partners.

Building Materials

Even with the substantial efforts of product- and by-product valorisation, significant
fractions from the HARARE value chain will remain as non-metallic residues. In
order to determine the best way to valorise these as building materials, KU Leuven
will correlate the structure of the residues with their predisposition for dissolution
through reactivity protocols, produce high-performance alkali-activated or blended
cements, and deliver predictive models on the properties of the binders.

To demonstrate that there are no adverse effects on the surrounding environment
of using these materials in construction, SINTEF will investigate the leaching of
harmful substances from the valorised residues.
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Outlook

The HARARE project offers innovative solutions for materials streams that generate
over 160Mt/year of residues that are either landfilled or used for low-end applications
(2020 data). Furthermore, these streams contain valuable metallic and non-metallic
phases that are not valorised in any way. The solutions proposed in Harare are based
on hydrogen, will thus be free of process-related CO2 emissions, and look very
attractive from an environmental perspective. The ecological sustainability will be
verified through LCA, lead by AdMiRIS. Since a positive environmental impact is
not sufficient for real-world implementation, AdMiRIS will also evaluate techno-
economic viability and value creation assessment, together with SINTEF.

To some members of the general public, hydrogen is associated with safety
concerns and fear of explosions. In developing the concepts described herein, both
in the laboratory and pilot scale, the expertise of Linde will ensure that such risks are
managed in a responsible manner, and that the processes will be safe. Communica-
tions of results will be aimed at the general public by popularizing the information
in national and local media as well as in social media including screen casts and
videos. This will raise awareness among the general public about the applications,
potential, and benefits to society of the developed technologies.

The project kicked off in June 2021 and will run for 48 months. We look forward
to publishing results as they become available.
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Recovery of Lithium from Black Cathode
Active Materials of Discarded
Lithium-Ion Batteries

Pankaj Kumar Choubey, Rukshana Parween, Rekha Panda,
Om Shankar Dinkar, and Manis Kumar Jha

Abstract Lithium (Li) is the lightest energy critical element used in manufacturing
of active cathode material of lithium-ion batteries (LIBs). Thus, the consumption
of lithium is constantly increasing in the LIBs. Meanwhile, LIBs become obsolete
after reaching its end-of-life resulting in the generation of huge amount of spent
LIBs. Present study reports the roasting and leaching process for selective recovery
of Li from active cathode material. To optimize the process parameters viz. roasting
temperature, time, and mass ratio studies were carried out varying the experimental
conditions for the conversion of lithium oxide to lithium sulfate from the complex
of lithium cobalt oxide. It was found that cathode material converted into lithium
sulfate at 750 °C in two hours maintaining mass ratio of LiCoO2/Na2SO4: 1/0.5.
Subsequently, 99.1% Li was leached from roasted product at 75 °C in de-ionized
water within two hours. Further, Li can be precipitated as lithium carbonate using
sodium carbonate.

Keywords Spent LIBs · Active cathode material · Roasting · Leaching · Lithium

Introduction

Lithium-ion batteries (LIBs) are mainly used in the electronic products due to their
higher energy storage capacity than other rechargeable batteries. Thus, the demand of
LIBs is constantly increasing; as a result, massive amount of LIBs becomes obsolete
after reaching their end-of-life. Approximately 25 billion units (500 thousand tons)
of spent LIBs were generated in 2020 [1]. It has been expected that more than
eleven million tons of spent LIBs will become obsolete by the end of 2030 [2].
These spent LIBs contain valuable metals and materials {lithium (Li), copper (Cu),
manganese (Mn), cobalt (Co), nickel (Ni)} and materials (graphite) [3]. Therefore,
it is required to explore a sustainable process for the extraction of metals from spent
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LIBs, which will not only minimize the dependency on primary resources but also
protect the environment. Usually, LIBs were pre-treated by heat and mechanical
or mechano-chemical techniques to concentrate the metallic values for subsequent
recovery of metals. Sun and Qiu [4] separated the cathode material by decomposing
the binder and electrolyte of spent LIBs using the vacuum pyrolysis method in a
range of temperature 500 to 600 °C. The cathode material was further dissolved in
2 M sulfuric acid solution at 80 °C to leach Co and Li [5]. In subsequent study,
ascorbic acid was mixed with sulfuric acid to enhance the dissolution efficiency of
cobalt and lithium. It was observed that 95.7% Li and 93.8% Co leached with 2 M
H2SO4 in presence of 0.11 M ascorbic acid at 80 °C [6].

Alternatively, studies were also conducted in organic acids like citric, malic,
oxalic, succinic acid, etc. to dissolve the lithium and cobalt from spent LIBs. The 98%
Li and 97% Co were dissolved in oxalic acid at 90 °C in 150 min, while cobalt was
precipitated as cobalt oxalate [7]. Subsequently, 97.8% Ni, 97.6% Co, 97.3% Mn,
and 98% of Li leached in1.0 mol/L DL-malic acid at 80 °C in 30 min with addition
of 4 vol% H2O2 [8]. The biodegradable trichloroacetic acid (TCA) is further used as
a leachant with addition of 4% H2O2 as the reducing agent to dissolve Co, Ni, Mn,
and Li leaving Al remained in the residue. Chen et al. [9] found that 99% Li, 91%
Ni, 92% Co, and 94% Mn were dissolved in 1.5 mol/L citric acid at 80 °C, while D
glucose was added as a reducing agent. Further, metals (Cu, Ni, Co,Mn, and Li) were
selectively extracted by liquid–liquid extraction to purify the leach liquor for subse-
quent extraction of metals. Wang et al. [10] used the di-(2-ethylhexyl) phosphoric
acid (D2EHPA) for extraction of Mn at phase ratio (O/A): 1/1, and then cobalt was
extracted with 2-ethylhexyl hydrogen-2-ethylhexyl phosphonate (PC-88A) at pH
4.25. Shuya et al. [11] extracted Ni, Co, and Mn with neodecanoic acid/ versatic 10
at pH: 6 leaving Li in the solution. Recently, benzoyltrifluoroacetone (HBTA), green
kerosene, and trioctylphosphine oxide (TOPO) have been used to separate the nickel,
cobalt, and lithium from leach liquor. It was found that 88% Co was extracted with
a mixture of extractants (0.2 M TOPO and 0.2 M HBTA) at O/A ratio 1/1 having
high separation factor values of cobalt extraction with respect to nickel Co/Ni:57 and
lithium Co/Li: 173. The literature review showed that selective extraction of Li from
spent LIBs faces challenges due to co-extraction of Co and other metals.

In a view of above aspect, present paper reports the roasting and leaching studies
for selective extraction of Li from discarded Li-ion batteries. Studies were performed
at various process parameters such roasting temperature, mass ratio of black powder
and sodium sulfate to selectively convert the insoluble phase of Li into its soluble
species for extraction of lithium. Further, leaching studieswere performed at different
conditions to optimize the parameters for selective leaching of Li from roasted
sample.
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Table 1 Composition of dried black powder of spent LIBs (wt. %)

Li Co Mn Ni Cu Graphite Others

3.37 16.17 5.9 1.34 2.7 47.7 22.7

Experimental

Materials

Waste LIBs of mobile phones were used for the experimental studies. At first,
discarded LIBs were put in saturated solution of sodium chloride for 4 to 5 h to
completely discharge it to avoid any explosion during pre-treatment. The discharge
LIBs were processed by mechanical pretreatment (crushing) followed by flotation
to separate the black powder containing lithium and cobalt. The black materials of
waste LIBs were further dissolved in aqua regia to analyze the metals contents using
inductively coupled plasma optical emission spectroscopy (ICP-OES). The typical
analysis of black powder used for recovery of Li is presented in Table 1.

Methodology

Roasting Procedure

Roasting studies of black powder were conducted in a temperature controlled muffle
furnace in a range of temperature varied from 500 to 800 °C using sodium sulfate
as roasting agent. The black powder was mixed with different amount of sodium
sulfate in presence of lubricant (low density oil) to homogenize the mixture of black
powder and sodium sulfate. Thereafter, mixture of black powder and sodium sulfate
was kept in the muffle furnace at fixed temperature to oxidize the lithium oxide to
lithium sulfate from the complex of Li-Co oxide. The roasted black powder was
further used for the leaching studies to recover the lithium.

Leaching Procedure

Leaching experiments were carried out in a Pyrex leaching reactor (Capacity: 1L)
equipped with condenser facility to avoid the loss of solution during heating of
solution. A temperature controlled hot plate having sensor facilitywas used to control
the solution temperature throughout the leaching studies of lithium from roasted
samples. During the leaching, solution was taken at different interval of time (5 to
60 min) to analyze the Li in the in the solution. The leached residue obtained after
the leaching was further dried at 120 °C for 120 min to analyze the material balance.
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Fig. 1 Roasting of black
powder at different
temperature [mass ratio of
black powder and sodium
sulfate: 1/0.5, reaction time:
120 min]
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Results and Discussion

Roasting Studies

For selective recovery of lithium from black powder of spent LIBs, roasting studies
of black powder were carried out with sodium sulfate at different temperature varied
from 500 to 800 °C to transform the lithium cobalt oxide into lithium sulfate. Result
showed (Fig. 1) that percentage conversion of lithium cobalt oxide to water soluble
lithium sulfate increases with increase in roasting temperature. Approximately, 57%
black powder was converted to lithium sulfate at 500 °C in presence of sodium sulfate
while complete conversion of black powder to lithium sulfate occurred at 750 °C in
2 h maintaining mass ratio of black powder to sodium sulfate 1/0.5.

Leaching of Lithium From Roasted Black Powder

In order to optimize the parameters for selective leaching of lithium from roasted
black powder, leaching experiments were carried out at different parameters such as
reaction time, temperature, S/L ratio, etc. as discussed below.

Effect of Reaction Time

In order to optimize the equilibrium time for dissolution of Li from roasted black
powder, experiments were conducted at various times varying from 15 to 150 min at
75 °Cwhile maintaining the pulp density 100 g/L. Result (Fig. 2) shows that leaching
of Li increases with increase in reaction time, 19.2% Li was dissolved in 15 min,
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Fig. 2 Effect of reaction
time on Li leaching from
roasted black powder
[leachant: distilled water,
solid: 100 g roasted black
powder, temperature: 75 °C]
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while 99.1% Li dissolved in 120 min at 75 °C. Further, increase in reaction time has
no effect on the dissolution efficiency of Li. It indicates that reaction attained the
equilibrium in 120 min; therefore, 120 min reaction time has been chosen as optimal
reaction time for dissolution of Li from roasted black powder.

Effect of Temperature

Studies were performed at different temperature varying from 30 to 90 °C to optimize
the temperature for maximum leaching of Li from roasted black powder. It was
found that leaching of Li increases with rise in solution temperature. ~15.2% Li was
dissolved at 30 °C in 120 min at pulp density 100 g/L while complete dissolution of
Li occurred at 75 °C under same experimental conditions. Leaching of Li was found
to increase with rise in the solution temperature is due to increase in rate of reaction.
Above 75 °C (Fig. 3), temperature has no major effect on the enhancement of lithium
leaching efficiency. Therefore, 75 °C has been chosen as optimum temperature for

Fig. 3 Effect of temperature
on leaching of Li from
roasted black powder
[leachant: distilled water,
solid: 100 g roasted black
powder, temperature: 25 to
90 °C, reaction time:
120 min]
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Fig. 4 Developed process
flow sheet for selective
recovery of Li from spent
LIBs

Black powder

Roasting Na2SO4

Leaching H2O

Roasted Black Powder 

Filtration 

Leach Liquor 

Leached residue 

Evaporation

Lithium sulfate 

Δ

maximum leaching of Li from roasted black powder. Finally, a process flow sheet
has been drawn for selective recovery of lithium from spent LIBs as shown in Fig. 4.

Conclusions

On the basis of laboratory scale roasting and leaching studies, the following conclu-
sions have been made for selective recovery of lithium from black powder of LIBs
as given below.

1. It was found that water insoluble species of lithium cobalt oxide of black powder
converted to water soluble species of lithium at 750 °C in 120 min using sodium
sulfate as a roasting agent at mass ratio of black powder to sodium sulfate 1/0.5.

2. More than 99% lithiumwas selectively dissolved from the roasted black powder
at 75 °C in 120 at pulp density 100 g/L while Co, Mn, Cu and Ni remained in
the leached residue.

3. The obtained pure solution of Li can be used for recovery of lithium in form of
lithium carbonate and lithium sulfate using precipitation or evaporation process.

Acknowledgements The authors are thankful to the Director, CSIR-National Metallurgical
Laboratory, Jamshedpur for giving the permission to publish this paper.
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Recovery of Rare Earth Elements
from Nd-Fe-B Magnet Through Selective
Chlorination Using Zinc Chloride

Kyung-Hwan Lim, Chan Choi, Gyeonghye Moon, Tae-Hyuk Lee,
and Jungshin Kang

Abstract The selective recovery of rare earth elements from Nd-Fe-B magnets
through a novel selective chlorination process using zinc chloride was investigated.
A Nd-Fe-B magnet powder and zinc chloride mixture in an alumina crucible was
positioned in a gas-tight quartz tube. This quartz tube was placed in an electric
furnace preheated to 1000 K for 1.5 h for the reactions. After the experiments, a
mixture ofmetallic iron and neodymiumchloridewas produced owing to the selective
chlorination of rare earth elements in themagnet powder. In addition, the chlorination
efficiencies of neodymium, dysprosium, and praseodymiumwere 96.5%, 57.2%, and
97.6%, respectively, under certain conditions. Therefore, it was demonstrated that
the novel selective chlorination using zinc chloride developed in this study is feasible
for the efficient recycling of Nd-Fe-B magnets.

Keywords Nd-Fe-B magnet · Selective chlorination · Recovery of rare earth
elements

Introduction

Neodymium (Nd)–iron (Fe)–boron (B) magnets with addition of small amount of
dysprosium (Dy) have excellent properties such as high coercivity even at high
temperatures [1]. Because of these properties, Nd magnets can be used in various
applications such as hybrid and electric cars. The demand for green cars is expected
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to increase in the future to meet the need of carbon dioxide (CO2) gas emission
reduction; therefore, the utilization of Nd magnets will increase.

Rare earth elements (REEs) are extracted from several mineral resources such
as bastnaesite, monazite, and ion adsorption deposits. Among REEs, light rare earth
elements (LREEs), such asNd andpraseodymium (Pr), are extracted frombastnaesite
and monazite. These mineral resources are abundant in nature and also distributed
around the world [2]. However, heavy rare earth elements (HREEs), such as Dy and
terbium (Tb), can only be extracted economically from ion adsorption deposits in
the southern parts of China [2]. This is the one reason that China monopolizes the
world production of REEs.

During the extraction of LREEs from monazite, environmental threats and radia-
tion risks are encountered, because monazite contains radioactive elements such as
uranium (U) and thorium (Th) [2]. Therefore, proper treatments of these radioactive
elements generated during the extraction are necessary to preserve the environment.
In contrast, ion adsorption deposits contain very little amount of radioactive elements
because these elements are washed out because of weathering [2]. However, there are
still environmental concerns during the extraction of REEs because they are extracted
via elution using ammonium sulfate ((NH4)2SO4).

ToproduceREEswith preservationof environment, recyclingof spentNdmagnets
is required. However, only Nd scraps generated in magnet production plants are
commercially used as feedstock for recycling because these scraps contain a large
amount of REEs and processing costs are minimum [2, 3]. Although spent Nd
magnets are not recycled at present, it is necessary to develop an efficient and envi-
ronmentally sound process for the recovery of REEs from spent magnets when the
increase of the use of Nd magnets is considered.

Numerous methods have been developed to recover REEs from spent magnets
[4–9]. Among those, the selective recovery of REEs through the chlorination of
spent magnets using metal chloride is promising [8, 9]. When the selective chlo-
rination of spent magnets using ferrous chloride (FeCl2) or magnesium chloride
(MgCl2) is utilized, only REEs are recovered as chloride without chlorination of Fe
inmagnets. Shirayama reported that Nd in a spentmagnet was selectively chlorinated
to neodymium chloride (NdCl3) by reacting with MgCl2 at 1273 K [8]. In addition,
approximately 80% of Nd and Dy was recovered from the initial magnet after the
reactions for 12 h [8]. Hua reported that the rate-determining step of the selective
chlorination using MgCl2 is the diffusion of MgCl2 into an ash layer consisting of
Fe metal remained [10].

In this study, a selective chlorination process using zinc chloride (ZnCl2) was
investigated to recover REEs fromNdmagnets, as shown in Fig. 1 [11]. When ZnCl2
is used as the chlorinating agent, reaction temperature can be decreased because of its
lowmelting point. In addition, the reaction rate can be increased because lowmelting
temperature of zinc (Zn) metal produced by the chlorination reaction is alloyed with
the ash layer of Fe metal. Furthermore, rare earth chlorides such as NdCl3 can be
separated from the residue obtained after selective chlorination by utilizing different
vapor pressures at high temperatures.
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Fig. 1 Flowchart of the selective chlorination of Nd magnet using ZnCl2 investigated in this study

Fig. 2 Chemical potential diagrams of the a Nd–Zn–Cl and b Fe–Zn–Cl systems at 1000 K (the
boiling point of ZnCl2 is 999.5 K [12] or 1005 K [14] depending on the reference consulted,
Reprinted by permission from Springer Nature: Springer, Journal of Sustainable Metallurgy,
Selective Chlorination of Rare Earth Elements from a Nd–Fe–B Magnet Using Zinc Chloride
[15]

Mechanisms of Selective Chlorination of Nd-Fe-B Magnet
Using ZnCl2

Figure 2a, b show the chemical potential diagrams of Nd–Zn–Cl and Fe–Zn–Cl
systems, respectively, at 1000 K [12, 13]. ZnCl2 (l,g) equilibrates with Zn (l) and
NdCl3 (s) at point a in Fig. 2awhileNd (s) does not coexist with ZnCl2 (l,g) at 1000K.
Therefore, when a sufficient amount of ZnCl2 is used as a chlorinating agent, Nd
in the magnets will be chlorinated to NdCl3 by reacting with ZnCl2 at 1000 K, as
shown in Eq. (1). In addition, Dy and Pr in the magnets also will be chlorinated to
dysprosium chloride (DyCl3) and praseodymium chloride (PrCl3) by reacting with
ZnCl2 at 1000 K, as shown in Eqs. (2) and (3), respectively. On the other hand, the
chemical equilibrium point for FeClx (x = 2,3, l,g), ZnCl2 (l,g), and Zn (l) does not
exist, as shown in Fig. 2b. As a result, even though a sufficient amount of ZnCl2 is
used for the reactions, Fe in magnets will not be chlorinated
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2Nd(s, in Nd-Fe-B magnet) + 3ZnCl2(l, g) = 2NdCl3(s) + 3Zn(l)

�G◦
r = −785.0 kJ at 1000 K [12]

(1)

2Dy(s, in Nd-Fe-B magnet) + 3ZnCl2(l, g) = 2DyCl3(l) + 3Zn(l)

�G◦
r = −676.0 kJ at 1000K [12]

(2)

2Pr (s, in Nd-Fe-B magnet) + 3ZnCl2(l, g) = 2PrCl3(s) + 3Zn(l)

�G◦
r = −811.6 kJ at 1000 K [12]

(3)

Experimental

Figure 3 shows a schematic of the experimental apparatus, and Table 1 lists the
experimental of the selective chlorination process using ZnCl2 at 1000 K for 1.5 h.
A mixture of Nd-Fe-B magnet powder and anhydrous ZnCl2 placed in an alumina
(Al2O3) crucibleswas positioned in a quartz holder inside a glove box. Afterward, the
quartz holder was removed from the glove box and placed at the bottom of a gas-tight
quartz reactor. The gas inside the reactorwas replacedwithAr gas through evacuation
and filling of Ar gas. The pressure inside the reactor was maintained at 1 atm during
the experiments by flowing Ar gas. After the completion of atmosphere control, the
reactor was placed in an electric furnace, which was preheated to 1000 K. When the
reaction time was finished, the reactor was immediately removed from the furnace
and cooled to room temperature. The samples obtained after the selective chlorination
reaction were subjected to deionized (DI) water leaching at room temperature for
0.5 h, and the residues obtained after the leaching were dried at 343 K for 0.5 h.

Table 1 Experimental
conditions of the selective
chlorination process using
ZnCl2 at 1000 K for 1.5 h

Exp. noa Weight of
magnet,
wmagnet/g

Particle size,
dmagnet/µm

Reaction time,
tr/h

190812b-1 1.000 <75 1.5

190812b-2 1.003 75–150 1.5

190812b-3 1.001 150–300 1.5

190812b-4 1.000 300–600 1.5

a Experimental conditions;
Weight of zinc chloride, w ZnCl2 = 2.72 g
Reaction temperature, T = 1000 K
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Fig. 3 Schematic of the
experimental apparatus
(Reprinted by permission
from Springer Nature:
Springer, Journal of
Sustainable Metallurgy,
Selective Chlorination of
Rare Earth Elements from a
Nd-Fe-B Magnet Using Zinc
Chloride, Kyung-Hwan Lim
et al. 2021)

Results and Discussion

Table 2 lists the composition of the Nd magnet used as feedstock. In addition, Fig. 4
shows the results ofXRDanalysis of the residues obtained after the selective chlorina-
tion reactionswithout water leaching. As expected from the thermodynamic analysis,
NdCl3 and Fe (Zn) were identified after the experiments. DyCl3 and PrCl3 were not
identified because the feedstock contains low concentrations of these elements, as
shown in Table 2.

Further, Fig. 5 shows the influence of the particle size of the feedstock on the chlo-
rination efficiencies of Nd, Dy, and Pr after the experiments.When the particle size of
the feedstock used for selective chlorination using ZnCl2 increased from <75 µm to
300–600 µm, the chlorination efficiencies of Nd, Dy, and Pr increased from 93.8%,
36.3%, and 96.0% to 96.5%, 57.2%, and 97.6%, respectively. In addition, the total
chlorination efficiency of Nd, Dy, and Pr was 92.1% when the particle size of the
feedstock was 300–600 µm. As the particle size decreased, the chlorination effi-
ciencies of REEs decreased because the concentration of oxygen in the feedstock
increased from 0.188 mass% at 300–600 µm to 0.467 mass% at <75 µm. REEs in

Table 2 Composition of the Nd-Fe-B magnet used as feedstock

Concentration of element i, Ci (mass%)a

Nd Dy Pr Fe

Nd magnet feed 20.7 3.71 6.62 66.5

a Determined by ICP-MS and ICP-OES analysis
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the magnet powder feedstock easily react with oxygen during processing because
these elements are reactive. However, the oxides of REEs could not be chlorinated
to rare earth chlorides by reacting with ZnCl2 at 1000 K. For example, when the
oxides of Nd and Dy react with ZnCl2 at 1000 K, neodymium oxychloride (NdOCl)
and dysprosium oxychloride (DyOCl) are produced, as shown in Eqs. (4) and (5),
respectively [12, 15]. As a result, the chlorination efficiencies of REEs increased
when the particle size of the feedstock was increased.

Nd2O3(s) + ZnCl2(l, g) = 2NdOCl(s) + ZnO(s)

�G◦
r = −81.3 kJ at 1000K [12]

(4)

Dy2O3(s) + ZnCl2(l, g) = 2DyOCl(s) + ZnO(s)

�G◦
r = −4.2 kJ at 1000K [12, 15]

(5)

Fig. 4 Results of XRD analysis of the residues obtained after the selective chlorination reac-
tions (Reprinted by permission from Springer Nature: Springer, Journal of Sustainable Metallurgy,
Selective Chlorination of Rare Earth Elements from a Nd-Fe-B Magnet Using Zinc Chloride,
(Kyung-Hwan Lim et al. 2021)

Fig. 5 Influence of particle
size of the feedstock on the
chlorination efficiencies of
Nd, Dy, and Pr
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Conclusions

The selective chlorination process using ZnCl2 to recover Nd, Dy, and Pr from Nd
magnets was investigated in this study. When the Nd magnet reacted with ZnCl2
at 1000 K, Nd in the feedstock chlorinated to NdCl3; however, Fe in the feedstock
did not. In addition, the chlorination efficiencies of Nd, Dy, and Pr reached 96.5%,
57.2%, and 97.6%, respectively, when the particle size of the feedstock used for the
chlorination reaction at 1000 K for 1.5 h was 300–600 µm. As a result, 92.1% of
REEswas recovered from the Ndmagnets through the selective chlorination process.
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Recycling of Automobile Discarded
Ceramic Converters for Pt-Group
Metals’ Recovery Through Pressure
CN-Leaching

Sadia Ilyas, Hyunjung Kim, and Rajiv Ranjan Srivastava

Abstract Recycling of automobile catalytic converters was studied using the
cyanidation at an elevated temperature and pressure that dissolving Pt-group metals
(PGMs) followed by their liquid–liquid separation with ionic-liquid Cyphos IL101.
PGMswere efficiently dissolved by autoclaving of the spent catalysts sample precon-
ditioned in 2.0 M NaOH solution at 90 °C for 60 min duration. The cyanide used in
the study was metabolically produced by Chromobacterium violaceum. Under the
optimized autoclave leaching process at temperature 150 °C, pO2 200 psi, and time
120 min, approximately 90% PGMs could be dissolved. The residual cyanide can be
subjected to the biodegradation within the bacterial life-cycle.

Keywords Automotive catalysts · Platinum group metals · Pressure leaching ·
Biocyanidation

Introduction

Autocatalytic converters are refractory in nature due to the large mass fraction (on
average about 43 wt.%) of cordierite ceramic (Mg2Al4Si5O18) therein. They usually
applied to provide the stable basic skeleton in honeycomb shape of the catalytic
converters [1]. A thin porous layer of γ-Al2O3 washcoated onto cordierite provides
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the effective surface area for dispersing the active metals for the catalytic conversion
of exhausted emissions to their less harmful substance (i.e., CO2, N2, andH2O) [2, 3].
Due to the exhibition of desired oxidation performance along with a better thermal
stability, the platinum group metals (PGMs that includes Pt, Pd, and Rh) are applied
since the inception of automotive catalysts for capturing the gaseous emissions [4, 5].
The indispensable role of PGMs in autocatalytic converters are leading to consume
about 35% Pt, and over 80% Pd and Rh of their total market demands in 2019 [6].
Henceforth, PGMs’ recycling from exhausted catalytic converters is imperative due
to a fact that their amount in exhausted catalysts (about a total of 0.1 wt.%) is much
higher than the primary ores [7, 8]. PGMs’ recycling coupled with the concept of
circular economy can lead to dissociate the economic development from the use of
natural minerals. [8]

In the recent times, biotechnology has emerged as a good alternative with low
carbon footprint in extractive metallurgy from ores [9, 10]; however, infant in the
field of PGMs’ recycling from refractory materials like autocatalytic converters as
they are hard-to-leach noble metals. Although literature survey reveals that PGMs’
property to form cyanide complexes has been utilized by some researchers with low
efficiency of Pt and Pd about 80–85%, and Rh around 70–75% [11, 12]. To the best of
our knowledge, no effective biocyanidation-leaching of PGMs is reported yet except
some simulated chemical leaching with NaCN instead of using the actual biogenic
cyanide in the system, which has been examined in this study under the elevated
temperature and partial oxygen pressure (pO2).

Experimental

The spent catalytic converter sample that containing Pt 756 ppm, Pd 367.5 ppm, and
Rh 170.8 ppm was used in this study. A cyanide-producing bacterium, C. violaceum
DSM30191T maintained in YP medium at 30 °C was accumulation for growth and
biogenic cyanide production. After 16 days of cyanide entrapped in NaOH solution,
a total of 5.8 g/L NaCN was obtained in the solution of pH value 11.6, which was
used as lixiviant for PGMs’ pressure leaching in autoclave (500 mL Parr autoclave
with (Ni–Cr)Alloy 600 reactor). 40 g sample in 200 mL biogenic cyanide solution
of predetermined concentration was charged in the reactor under the fixed agitation
speed of 200 rpm and duration of 1 h, while the temperature, pressure, and NaCN
concentration was varied. To vary the NaCN concentration, duration of biocyanida-
tion process was accordingly adjusted along with maintaining the pH value 11.6 as
invariable. The oxygen pressure was maintained by externally supplying the indus-
trial grade O2 after reaching at the desired temperature and considering the in-situ
pressure on that temperature. At the end of the experiment, the oxygen supply was
stopped and the autoclave was water-cooled. Then, the solution was filtered using
a 0.45 μm membrane filter and collecting the filtrate for PGMs’ analysis using
an inductively coupled plasma mass spectrometry (ICP-MS; MSS 01, SPECTRO
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Analytical Instruments GmbH, Germany). All leaching tests were carried out in
triplicates, and the average results are reported herein.

Results and Discussion

Effect of Temperature

Temperature has a direct relation with pressure for the enhancement of rate of reac-
tion. Hence, pressure leaching of PGMs using biogenic cyanide lixiviant was first
investigated at different temperatures elevated in the rage of 100–200 °C, while
keeping the other parameters constant (NaCN concentration, 5.8 g/L; pO2, 150 psi;
initial pH, 11.6; and time, 60 min). Results shown in Fig. 1 depict a positive effect
of temperature on PGMs’ dissolution. As can be seen, at the elevated temperature
of 100 °C and oxygen pressure of 150 psi, PGMs’ dissolution in cyanide solution
was not more than 85%. Dissolution efficiency reached to the maximum of 91% Pt,
94% Pd, and 87% Rh at 150 °C, thereafter, increasing temperature showed a decline
in PGMs’ dissolution (87% Pt, 81% Pd, and 84% Rh at 150 °C). Comparatively, Pt
and Rh dissolution decreased slightly in contrast to a steep decline of Pd, which can
be corroborated to non-stability of Pd(CN)4 [2–12] and cyanide decomposition at
higher temperatures [13].

Fig. 1 Effect of temperature on pressure leaching behaviour of PGMs from NaOH-preconditioned
autocatalytic converter at NaCN concentration, 5.8 g/L; pO2, 150 psi; biocyanide solution pH, 11.6;
and time, 60 min
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Effect of Partial Oxygen Pressure

For autoclaving, in particular to dissolve difficult-to-leach metals from a refrac-
tory material, the role of pressure becomes very important to liberate the desired
metals into solution. Hence, PGMs’ dissolution in biogenic cyanide was examined
at various oxygen pressures in the range of 50–250 psi at a fixed temperature of
150 °C. Results in Fig. 2 depict an increasing trend for PGMs’ dissolution with
elevating oxygen pressure to the closed system. The biocyanide leaching of PGMs
was found to increase significantly (Pt, from 83 to 94%; Pd, from 86 to > 6%; and
Rh, from 76 to ~ 90%) with change in pO2 from 50 to 200 psi. This behaviour can
be understood by breaking the surface chemical barrier to attack directly on PGMs
particles by the biogenic cyanide solution that enhance the dissolution efficiency [8].
Moreover, the catalytic role of oxygen in cyanide can also be corroborated to the
exhibited behaviour through the cyanidation reactions as given in Eqs. (1–3) [13]. A
slight decrease in Pt and Rh efficiency observed at pO2 of 250 psi presumably due to
the surface oxide passivation of both. Since the maximum dissolution was achieved
with a pO2 of 200 psi, it was maintained throughout the experimental sets.

2Pt + 8NaCN + O2 + 2H2O ↔ 2Na2
[
Pt(CN)4

] + 4NaOH (1)

2Pd + 8NaCN + O2 + 2H2O ↔ 2Na2
[
Pd(CN)4

] + 4NaOH (2)

Fig. 2 Effect of oxygen pressure on autoclave leaching of PGMs fromNaOH-preconditioned auto-
catalytic converter at temperature, 150 °C; NaCN concentration, 5.8 g/L; biocyanide solution pH,
11.6; and time, 60 min
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4Rh + 24NaCN + 3O2 + 6H2O ↔ 4Na3
[
Rh(CN)6

] + 12NaOH (3)

Effect of NaCN Concentration

To form PGMs-cyanide complex, the optimization of cyanide concentration for
driving the Eqs. (5–7) was carried out in the range of 0.63 g/L to 6.43 g/L NaCN at
the constant temperature (150 °C) and pO2 (200 psi). As can be seen from Fig. 3,
PGMs’ dissolution progressed with increasing concentration of cyanide as the lixi-
viant medium. The biocyanide leaching of PGMs was found to change significantly
(Pt, from 73% to > 95%; Pd, from 82 to 96%; and Rh, from 68% to ~ 91%) with
change in NaCN concentration from 0.63 g/L to 6.43 g/L. This change in behaviour
of PGMs’ dissolution indicates a change in the rate mechanism from the rate of diffu-
sion at low cyanide concentration to the chemically controlled at a higher cyanide
in solution [8, 14, 15]. The maximum leaching efficiency having been achieved at
5.82 g/L NaCN solution captured through the microbial-driven HCN synthesis was
optimized, at which, the PGMs’ concentration was found to be Pt, 157.5 mg/L; Pd,
77.6 mg/L; and Rh, 33.9 mg/L.

Fig. 3 Effect of NaCN concentration on pressure leaching of PGMs from NaOH-preconditioned
autocatalytic converter at temperature, 150 °C; pO2, 200 psi; biocyanide solution pH, 11.6; and
time, 60 min
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Conclusion

In the present study, a pressure autoclave leaching of PGMs from catalytic converters
was examined that yielded 91% Pt, 94% Pd, and 87% Rh at 150 °C. Leaching effi-
ciency showed progress at 250 psi pO2 and 5.8 g/L NaCN concentration, yielding
94% Pt, > 96% Pd, and ~ 90% Rh. This behaviour can be understood by breaking
the surface chemical barrier to attack directly on PGMs particles by the biogenic
cyanide solution that enhance the dissolution efficiency. Moreover, the catalytic role
of oxygen in cyanide system could also be established, whereas the change in PGMs’
leaching behaviour with cyanide concentration indicated a change in the rate mech-
anism from the rate of diffusion at low cyanide concentration to the chemically
controlled at a higher cyanide in the solution.
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Selective Separation of Molybdenum
from Leaching Solution of Spent Catalyst
by Solvent Extraction with TBP

Kunpeng Shi, Yanfang Huang, Guihong Han, and Shengpeng Su

Abstract Separation and recovery of molybdenum and vanadium from leaching
solution of spent catalyst are of great significance for resource utilization of spent
catalyst. In this work, selective separation of molybdenum was comprehensively
investigated by tributyl phosphate (TBP) with the emphasis on the hydrochloric acid
concentration, TBP concentration, reaction time, and oil–water ratio. The results
indicated that molybdenum was effectively extracted by 40% (v/v) TBP. More than
95.2%molybdenumwas extracted, while the extraction percentage of vanadiumwas
negligible under the optimal conditions (hydrochloric acid concentration of 2 mol/L,
reaction time of 10min, and phase ratio (O/A) of 1/2). Furthermore, themolybdenum
in loaded organic phase can be stripped using 0.1 mol/L sodium hydroxide, which
achieves the selective separation of molybdenum and vanadium.

Keywords Selective separation ·Molybdenum · Vanadium · Solvent extraction

Introduction

Molybdenum and vanadium are rare strategic elements on Earth and coexist with
nickel, tungsten, copper, and other elements in nature [1]. They are important rare
elements [2]. Molybdenum and vanadium have high melting point, high wear resis-
tance, high tensile strength and other properties, aerospace, catalyst, steel industry,
and other high-tech fields are widely used as important metals [3]. Molybdenum
and vanadium coexist with other worth materials in diverse resources [4]. Since
their primary resources are depleting gradually, recovery of them from different
secondary resources is under exploration by the metallurgical industries. These
secondary resources include different solid wastes such as spent catalysts, waste
batteries, waste electronic equipment, municipal solid wastes, discarded scraps, and
slags [5–7]. For example, the deactivated spent oil hydrotreating catalyst is rich in
many valuable metal elements such as vanadium, molybdenum and aluminium [7,
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Table 1 A summary on the solvent extraction of Mo and V by different extractants

Extractant Aqueous solution Selectivity Reference

D2EHPA H2SO4, pH = 0.8, Mo = 4.45 g/L, V =
0.82 g/L

Mo over V [17]

D2EHPA + TBP HNO3, pH = 0.4, Mo = 9 g/L, V =
0.1 g/L

Mo over V [11]

Cyphos IL 101 H2SO4, pH = 0.5, Mo = 0.5 g/L, V =
0.5 g/L

Mo over V [18]

Aliquat 336 NaOH, pH = 8.5, Mo = 20 g/L, V =
1 g/L

V over Mo [8]

LIX-84 H2SO4, pH = 0.6, Mo = 0.6 g/L, V =
9 g/L

V over Mo [5]

P507-N235 H2SO4, pH = 1.8, Mo = 0.72 g/L, V =
0.75 g/L

Both Mo and V [19]

TBP HCl, 2 mol/L, Mo = 1 g/L, V = 1 g/L Mo over V This Study

8]. Using the secondary resources as metallic feed stocks to the metallurgical process
has benefits.

A selective extraction separation method for molybdenum and vanadium was
established by using leaching solution of HDS spent catalyst. Because of analogous
physicochemical properties, the extraction and separation process for molybdenum
and vanadium are difficult [9]. Among the common methods for separation and
purification of Mo(VI) and V(V), solvent extraction is thought to be better than other
techniques, because of the initial concentration of the metal is higher than 1 g/L
[10, 11]. In recent years, many researchers researched the process for extraction
of molybdenum and vanadium from the leach solution [12–14]. The process details
with consideration of different conditions from various extractants were summarized
in Table 1. There has been little experimental report on the separation of Mo (VI)
from V (V) by TBP up to now; however, there are plenty experiments using TBP
as a modifier [15, 16]. In order to obtain a better extraction rate, some important
parameters, such as the hydrochloric acid concentration, TBP concentration, contact
time, and oil–water ratio for the extraction of Mo(VI) from V(V) by TBP were
considered.

Experimental

Chemical Agents

The commercial extractant TBP (99.5% purity) was purchased from Yakuri Pure
Chemical. Sulfonated kerosene was provided by Alfa Aesar as the diluent (98%
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purity). The organic phase was prepared using TBP extractant with concentra-
tion between 20 and 45% (v/v) diluted in kerosene. The aqueous solutions were
prepared by dissolving 1 g/L and 1 g/L of Na2MoO4·2H2O (Aladdin, AR, 99.0%)
and Na3VO4 (Macklin, AR) in distilled water, respectively to imitate leach solution
[19, 20]. Hydrochloric acidwas used to adjust the pHof the aqueous solution. Sodium
hydroxide was utilized as a stripping solvent, which was supplied by Sigma-Aldrich.

Analysis Apparatus

The concentrations ofMo(VI) and V(V) ions in the aqueous phase were measured by
ICP-OES instrument (ICAP PRO, Thermo Scientific). Also, concentrations of ions
in the organic phase were obtained with mass balance. In addition, the mechanical
shaker (TQZ-312, ShangHai Jinghong) was used to contact the two phases at the
equilibrium condition.

Experimental Procedure

The experiments in one stages (extraction) were performed by mixing 40 mL of
feed solution and organic phase (O/A = 1) using a mechanical shaker with 150 rpm
shaking rate. After shaking, the combinations of two phases were transferred to a
separation funnel at 25± 1 °C. Then, the metal concentrations in the aqueous phase
were determined by ICP-OES analysis.

Results and Discussion

Mo(VI) and V(V) Speciation in Aqueous Solution

In the solvent extraction, the information on the distribution of the metal ions is
important in choosing an appropriate extractant. The distribution of species formed
depends on the concentration ofmetals and ligands and solution pH [21]. The anionic
species of molybdenum and vanadium, such as Mo8O26

4−, HMoO4−, H2Mo6O21
4−,

and HV10O28
5− are exist in the pH range of 2–6, and MoO4

2− the main complex in
the range of pH > 6; HV10O28

5−, V4O12
4− exist at 2.5 < pH < 10, and the HVO4

2−
is exist at pH > 10 [22]. The cationic species of molybdenum and vanadium, such
as MoO2

2+ VO2
+, are present at pH less than 2 [23]. A small amount of VOCl2

exists at 2 M HCl solution indicated that the molybdenyl cation (MoO2
2+) might

combine with chloride ion to form extractable neutral chloro complex (MoO2Cl2) in
HCl solution [23–25].
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Fig. 1 Effect of different
hydrochloric acid
concentrations in
molybdenum and vanadium
extract

0.5 1 2 3 4 5

0

20

40

60

80

100

（
）

E
xt

ra
ct

io
n 

ra
te

%

（ ）HCl concentration mol/L

 Mo
 V

Effect of HCl Concentration

In the recovery of valuable metals from spent HDS catalyst by hydrometallurgical
method, acid leaching is often employed to dissolve these metals from the catalyst
[26–28]. Generally, the concentration of Mo(VI) and V(V) in the acid leaching solu-
tion of the secondary resources is around 1 g/L [19, 26]. Therefore, the concentration
of Mo(VI) and V(V) in the synthetic solution was fixed at 1 g/L, the contact time
is 10 min, and the concentration of HCl was varied from 0.5 to 5 M. The neutral
species of Mo(VI) are predominant at these acid concentrations. Therefore, TBP is
chosen as the extractant in present study. The concentration of TBP was fixed at 40%
(v/v), and the volume ratio of aqueous and organic phase was unity. The extraction of
Mo(VI) and V(V) is shown in Fig. 1. The extraction percentage of Mo(VI) increased
from 4.75% to 95.32%, respectively with the increase in HCl concentration from
0.5 to 2 M and then was nearly constant with the further increase in HCl concen-
tration. The extraction of V(V) was negligible in the HCl concentration range of
1–3 M and then increased from 2.94% to 79.87% with the further increase in HCl
concentration to 5 M. In concentrated HCl solution, neutral species of Mo(VI), such
as MoO2Cl2, can exist and their mole fraction increases with the increase in HCl
concentration [16, 29]. Therefore, the extraction of Mo increased with the increase
in HCl concentration. Although most of V(V) exist as VO2

+ at pH less than 2 [21],
the low extraction percentage of V(V) by TBP in the HCl concentration range from 1
to 3Mwas attributed to the existence of V(V) as cationic species in this HCl solution.

Based on above results, Mo(VI) and V(V) could be separated by TBP at HCl
concentration 2 M-3 M. Therefore, the extraction behavior of Mo(VI) and V(V) at
different TBP concentration was investigated in further experiments.

Effect of TBP Concentration

Then, the extraction percentages of Mo(VI) and V(V) in simulated leaching solution
were researched by changing TBP concentration at 2 M HCl concentration. In this
experiment, the concentration of the two metals was fixed at 1 g/L, the contact time
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Fig. 2 Extraction of
molybdenum and vanadium
at different TBP
concentrations under
2 mol/L HCl
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is 10 min, and that of TBP was varied from 20 to 45% (v/v). The volume ratio of
aqueous and organic phase was equal. The variation in the extraction of Mo(VI)
and V(V) with different TBP concentration at 2 M HCl is shown in Fig. 2. The
extraction percentage of Mo(VI) increased from 78.91% to 95.92% respectively,
with an increase in TBP concentration from 20 to 45% (v/v), while the V(V) cannot
be extracted by TBP. At low pH, most cationic Mo(VI) species such as MoO2

2+ is
predominant. This species can form MoO2Cl2 with chloride ion, the extraction of
MoO2Cl2 by TBP from aqueous acid solutions [29, 30]. Most of V(V) exist as VO2

+

at pH less than 2, so the extraction percentage of V(V) was nearly negligible for any
TBP concentration [31, 32].

The solvent extraction reaction of Mo(VI) by TBP from HCl solution can be
represented as

MoOCl2(aq) + 2TBP(org) = 2TBP ·MoCl2(org)

where subscript (aq) and (org) represent aqueous and organic phase.
The solvent extraction behavior of the two metals was investigated at 2 M HCl

solutions. Figure 3 shows the variation in the extraction of Mo(VI) and V(V) with
TBP. It can be ascribed to the coordination of the pair electron on − P = O group
in TBP molecules with the neutral species of Mo(VI) [33]. The extraction data from
2MHCl solution indicate that it is possible to remain V(V) in the raffinate by solvent
extraction with TBP; thus, the association of MoO2Cl2 with the pair electron on TBP
would be easier than that of V [16].

Effect of Organic to Aqueous Phase Ratio

To find out a suitable organic to aqueous phase ratio, the extraction of Mo(VI) and
V(V) was analyzed using different O/A ratio, extending from 1/1 to 1/5 with 40%
(v/v) TBP maintaining acid concentration of leach liquor 2.0 mol/L. The aqueous
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Fig. 3 Extraction changing curve with different oil–water ratio of Mo(VI) and V(V)

solution containing Mo–1 g/L and V–1 g/L was used for the experiment, and the
contact time is 10 min. The results are shown in Fig. 3. It was observed that with
increase of O/A phase ratio from 1 to 0.2, extraction ofMo decreased from 94.11% to
74.07%. When the oil–water ratio was 1/2, the molybdenum extraction rate reached
91.16%, while the extraction rate of vanadium is negligible; in order to reduce the
extraction stages and simplify the operation process, the extraction ratio O/A = 1/2
was selected.

Effect of Contact Time

The influence of contact time on the extraction rate of molybdenum and vanadium
was discussed. The concentration of Mo(VI) and V(V) was fixed at 1 g/L and the
TBP-kerosene system with an organic phase concentration of 40%, O/A = 1:2, a
series of extraction experiments at different reaction time from 5 to 40 min were
conducted under the conditions of normal temperature and 2 M HCl concentration.
The results are shown in Fig. 4. It can be seen from Fig. 5 that when the contact time
is 10 min, the extraction of molybdenum reaches equilibrium, and the contact time is
increased continuously, which has little effect on the extraction rate of molybdenum.
The contact time has little effect on the extraction rate of vanadium; consider reducing
energy consumption and improving efficiency, so the contact time for experiments
is selected as 10 min.
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Fig. 4 Influence of contact
time on Mo(VI) and V(V)
extraction rate
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Conclusion

The separation of Mo(VI) and V(V) from the hydrochloric acid solution containing
1 g/L of Mo(VI) and V(V) was investigated using TBP. In the HCl concentration
range from 0.5 to 3 M, no V(V) was extracted by TBP, and thus, it was possible
to leave V(V) in the raffinate. The extraction behavior of Mo(VI) is affected by
HCl concentration. When HCl concentration was 2 M, the extraction percentage of
Mo(VI) was much higher than that of V(V), indicating the possibility of separating
the two metals by adjusting TBP concentration. It was able to separate Mo(VI) by
strippingwith dilute NaOH solution from the loaded TBP. Our research indicates that
solvent extraction of the two metals from 2 M HCl solution by TBP is advantageous
to separate the two metals.
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Synthesis and Characterization of Cu-Ni
Bimetallic Catalysts Support on GO,
rGO, and NGO

Chengrui Wang, Yanhong Fang, Guangfen Liang, Huamei Duan,
Dengfu Chen, and Mujun Long

Abstract CO2 activation plays an important role in CO2 utilization. Thus, the cata-
lyst consisting of Cu-Ni supported on graphene oxide (GO), ammonia modified
graphene (NGO), and reduced graphene oxide (rGO) were synthesized. Their prop-
erties were analysed by BET, XPS, TEM, and TG-DSC. The specific surface area
of supports followed the order of ammonia modified graphene (NGO) > graphene
oxide (GO) > reduced graphene oxide (rGO). Cu0 existed in rGO andNGO supported
catalysts. 29.5% of Cu2+ was reduced to Cu+ or Cu0 in rGO. In NGO, 30% of Cu2+

was reduced. Most of the Cu and Ni was dispersed uniformly on these two supports.
In GO, some particles were sintered, which was composed of Cu and Ni with a size
up to 100 nm. In rGO and NGO, the metal particle size was less than 50 nm. The
CO2 activation energy was determined by TG-ESC experiment, and the calculation
was done by Ozawa method. The results showed that CuNi-rGO and CuNi-NGO
could activate CO2, and the activation energy (E) was 78.26 and 91.30 kJ·mol−1,
respectively. Compared with literature, these catalysts could reduce the activation
energy (E) by 48%.

Keywords CO2 activation · Catalysts · Commercial graphene · Activation energy

Introduction

An important substance to the continuation of life on earth, CO2 has very stable
chemical properties. The carbon balance of nature creates a comfortable environment
for the reproduction of species [1], and the natural carbon cycle involves about 90
Gt of CO2 [2]. However, because of human activities, CO2 emissions has exceeded
this amount [3]. This impacts the human living environment considerably [4–6].
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Many countries and international organizations have adopted now policies to reduce
CO2 emissions. However, high investment and low return in the short term threatens
the realization of goals. Therefore, it is necessary to develop new technologies to
reduce the net CO2 emissions and decrease with the CO2 emissions. At present,
these methods include physical storage [7] and chemical activation [8]. Compared
with physical storage, chemical activation may not only eliminate the problem of
excessive CO2 emission, but the chemical raw materials may also produce economic
value.

Among chemical activation methods, the Chemisorption method based on tran-
sition metals is one of the most commonly methods. Behner et al.[9] explored the
adsorption and activation of CO2 on Fe(110), Fe(100), and Fe(111), and CO2 was
adsorbed on gradient Fe(110) and Fe(111) planes at –196 and –133 °C. Then, CO2

decomposed into O and CO. Erik et al. [10] estimated the adsorption heat of CO2− on
Pd(111), Cu(111), Ni(111), and Fe(111) surfaces byUBI-QEPmethod and discussed
the activation pathways of CO2 on different metal surfaces. The results showed that
the stability of CO2− on four transition metal surfaces was Fe > Ni > Cu > Pd, and
CO2− was easily produced on the surface of Fe and Ni. The activation of CO2 by
chemical catalysis is based on adsorption theory[11]. Guo Jianzhong et al.[12] found
CO2 and CH4 could be co-adsorbed and activated on Ni/SiO2 catalyst with different
particle sizes. Ni of smaller particle sizes could promote the reaction between surface
oxygen species and CO2. Liu et al. [13] investigated the chemical adsorption state of
CO2 on Co, Fe, Ni surface, and explored the process of CO2 into CO on the transition
metal surface. The results showed that some electrons could transfer from transition
metal to CO2 on the transitionmetal surface, which causes the bond bend and stretch,
to then form CO2−. The chemical adsorption on catalyst was usually aided with high
pressure and temperature [14–16]. CO2 adsorption onmetal oxide surface could then
form different adsorption species. Zhao Yunpeng et al.[17] took CuO-ZnO-Al2O3 as
catalyst to study the CO2 hydrogenation to methanol. The temperature and reaction
space velocity was 240 °C and 2400 h−1, V(H2)/V(CO2)= 2.6/1, the CO2 conversion
rate was 9.0%, and methanol selectivity was 14.1%. To enhance the performance of
the catalyst, the catalyst was usually supported. Compared with traditional supports,
graphene and its derivatives had better properties [18–23], such as excellent elec-
trical conductivity and a specific surface area of up to 2630 m2.g−1. So, in this paper
graphene was chosen as the support of the catalyst.

In this paper, Cu, Ni, and Cu-Ni supported on graphene oxide (GO), reduced
graphene oxide (rGO), and ammonia modified graphene (NGO) were synthesized
to explore their properties. First, the catalyst was prepared by then impregnation
method. Then, the specific surface area of three supports was measured by Brunner–
Emmet–Teller (BET) method. X-ray photoelectron spectrometer (XPS) analysis was
used to determine the phase composition. The distribution and size of the particles
on the support could be characterized by Transmission Electron Microscope (TEM).
Finally, the activation energies were calculated by thermogravimetric and differential
scanning calorimetry analysis (TG-DSC).
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Experimental

Reagents and Instruments

The chemicals used in this paper include graphite (≥99.95%, Linen); sulfuric acid
(95.0–8.0% H2SO4, Chuandong); sodium nitrate (≥99.0% NaNO3, Chuandong);
potassium permanganate (≥99.5% KMnO4, Boyi); hydrogen peroxide (≥30.0%
H2O2, Chuandong); hydrochloric acid (36.0 –8.0% HCl, Chuandong); barium chlo-
ride (10% BaCl, Alfaesha); anhydrous ethanol (≥99.7% C2H6O, Chuandong); N-
methyl pyrrolidone (≥99.0% C5H9NO, Alighting); ascorbic acid (≥99.7% C6H8O6,
Kelong); ammonia (25 –28% NH3·H2O, Chuandong); copper nitrate (≥99.0%
Cu(NO3)2·3H2O, Kelong); and nickel nitrate (≥98.0% Ni(NO3)2·6H2O, Kelong).
All chemicals were used as purchased without further treatment.

Brunner–Emmet–Teller method (Micromeritics ASAP2020M + C, USA); XPS
spectrogram analysis (ESCALAB 250Xi, Seymour Fraser); thermogravimetry–
differential scanning calorimetry analysis (STA44PF3, Germany); transmission elec-
tron microscope analysis (Talos F200S, The United States of America); intelli-
gent triple magnetic heating agitator (ZNcl-DLS 230*2303, Tenheng Instrument);
CNC ultrasonic cleaner (KQ2200DB, Ultrasonic Instrument); desktop high-speed
centrifuge (TG16-WS, Xiangyi); vacuum drying oven (DZF-6030, Jinghong); rotary
evaporator (RE-52, Yarong); and tube furnace (1100–60, Haoyue) were used for
characterization and preparation of the catalysts.

Experimental Method

All supports were purchased from the company of Aladdin–Holdings Group. The
catalyst was prepared by impregnation method. First, the ratio of metal mass to
support was 1:10 (the molar ratio of Cu and Ni is 2). Cu and Ni metal nitrate were
dissolved in anhydrous ethanol, and the support was submerged in the solution.
After that, the solution was put into the rotary evaporation apparatus under vacuum
to remove the anhydrous ethanol. The resulting solid was put into a tube furnace. The
calcination was carried out at 573 K for 2 h with a ramping rate of 5 K/min under 5%
H2 in N2 atmosphere. The sample was collected after cooling to room temperature.
These catalysts were denoted as CuNi-GO, CuNi-rGO, and CuNi-NGO.
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Fig. 1 BET analysis: a GO; b rGO; c NGO

Results and Discussion

BET Analysis

The specific surface area of support has a very important impact to the dispersion of
active components and the reaction performance of catalyst. A large specific surface
area is conducive to the dispersion of active components and the diffusion of gas
components in the catalyst. In our work, the specific surface area of three supports
was tested by BET. As shown in Fig. 1, the specific surface area of NGO was the
largest (262.03 m2·g–1). The addition of alkali solution (NH3H2O) strengthened the
electrostatic repulsion between the layers andmay have increased the specific surface
area of the support. The specific surface area of GO was 246.77 m2·g–1, and the rGO
had a surface area of 202.84 m2·g–1. This might be due to the excessive addition
of C5H9NO during the preparing of rGO, which made graphene agglomerate and
reduced the specific surface area.

XPS Analysis

In order to understand the difference of active components on the commercial support
catalysts, XPS analysiswas used.All peak positions can be found in theXPSdatabase
[24]. Figure 2a–c were CuNi-GO, CuNi-rGO, and CuNi-NGO Cu2p orbital X-ray
photoelectron spectroscopy. According to the Cu2p energy spectrum, the copper ion
in CuNi-GO existed in the form of Cu+ and Cu2+. In rGO and NGO, all the Cu2+
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Fig. 2 XPS analysis: a Cu2p orbitals of CuNi-GO; b Cu2p orbitals of CuNi-rGO; and c Cu2p
orbitals of CuNi-NGO

were reduced to Cu+ and Cu0. This means the chemical reactions below, (1)–(3),
occurred. There wasn’t a Cu2+ diffraction peak in CuNi-rGO and CuNi-NGO, which
is consistent with our previous report [25].

2Cu(NO3)2(s) � 2CuO(s) + 4NO2(g) + O2(g) (1)

2CuO(s) + H2(g) � Cu2O(s) + 2H2O(g) (2)

CuO(s) + H2(g) � Cu(s) + H2O(g) (3)

2Ni(NO3)2(s) � 2NiO(s) + 4NO2(g) + O2(g) (4)

In Fig. 2a, according to the statistics of the main peak areas of Cu+ and Cu2+,
the contents of Cu+ and Cu2+ in CuNi-GO were 43.3% and 56.7%, respectively.
In Fig. 2b, it could be seen that the contents of reduced copper (Cu0 and Cu+)
and unreduced copper (Cu2+) in CuNi-rGO were 29.5% and 70.5%, respectively. In
CuNi-NGO, from Fig. 2c, the reduced copper and unreduced copper were 30% and
70%, respectively. The active component (Cu0) [26, 27] existed in CuNi-rGO and
CuNi-NGO.

TEM Analysis

Figure 3a–i shows the TEM figure of CuNi-GO, CuNi-rGO, and CuNi-NGO of
commercial support catalysts and EDS mapping of Cu and Ni. Figure 3a–c showed
the TEM figure of CuNi-GO. From this figure, it can be seen that some particles
were sintered and agglomerated into larger particles. Some particles in CuNi-GO
were larger than 50 nm. According to the EDS mapping in Fig. 3b, c, large particles
mainly contained Cu and Ni elements. Almost all the Cu present aggregated. Part
of the Ni aggregated on GO, and the Ni particles were dispersed on GO evenly.
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Fig. 3 TEM images of CuNi-GO (a), CuNi-rGO (d), and CuNi-NGO (g), the EDS mappings of
CuNi-GO (b–c), CuNi-rGO (e–f), and CuNi-NGO (h–i)

According to XPS analysis, the main metal components were (Cu2+ and/or Cu+) and
Ni2+.

In CuNi-rGO and CuNi-NGO, it can be seen that most of metal components
are dispersed throughout the supports evenly. Some metal components in rGO and
NGO were agglomerated, and the size of most particles is less than 50 nm. The
EDS figure shows that the metal components were also composed of Cu and Ni
elements. Referring to the XPS analysis, these components were composed of (Cu0

and/or Cu+) and Ni2+, while flake crystals are present across the three catalyst. The
largest component size was CuNi-GO, followed by CuNi-rGO, and the smallest was
CuNi-NGO.

CO2 Activation Analysis

In order to explore theCO2 activation performance of these catalysts, thermodynamic
analysis of catalysts was conducted by TG-DSC and TG-DTG. In the DTG curve,
the downward peaks indicate that a reaction has taken place there. Figure 4a–f were
the TG-DSC and TG-DTG curves of the three commercial support catalysts.
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Fig. 4 TG-DSC and TG-DTG curve: a and b CuNi-GO; c and d TG-DTG curve of CuNi-rGO;
and e and f TG-DTG curve of CuNi-NGO

Figure 4a, b show the TG-DSC and TG-DTG curves of CuNi-GO. From these
figures, it can be seen that there is no exothermic peak, which means CuNi-GO had
low CO2 activation strength. For catalysts supported by rGO and NGO, CuNi-rGO
and CuNi-NGO had endothermic peaks in the TG-DTG curves. Since the decompo-
sition temperature of hydroxyl was 200–300 °C, the exothermic peak of CuNi-rGO
corresponds to the absorption of CO2. For CuNi-rGO, it was calcined at 300 °C so
most the functional group should decompose. Therefore, in Fig. 4c, d, the exothermic
peak is also the absorption of CO2. Compared with CuNi-GO, Fig. 3d showed that
the CuNi-rGO had better CO2 activation ability. Figure 4e, f show that CuNi-NGO
exhibit an exothermic peak around 230 °C, which is the exothermic peak gener-
ated by adsorption of CO2. This is similar with CuNi-rGO, which also shows that
the activation center of methanol from CO2 hydrogenation is Cu0. There is a small
exothermic peak in the TG-DTG (Fig. 4f) curve of CuNi-NGO, which also means it
exhibits CO2 activation ability. The exothermic peak data is shown in Table 1.

The high activation energy (E) of the catalysts shows the degree of difficulty and
reaction rate for CO2 activation, and it may be calculated by Ozawa method [28].
The Ozawa equation was as follows.

d(lnβ)

d
(
1/T P

) = −1.052E

R
(5)

R (8.314 J·mol−1·K−1) is the ideal gas constant, β is the temperature ramp rate,
and TP is the temperature at the peak of DSC curve. With different heating rates, a
set of DSC curves and TP is generated, to draw a line directly by lnβ and 1/TP . The
linear slope is used to calculate E . The data of heating rate and peak temperature are
shown in Table 1. Through the equations of (5), a diagonal line is obtained, which
is shown in Fig. 5. Due to the weak activation property of CuNi-GO, we did not
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Table 1 TG-DSC
exothermic peak data of
CuNi-rGO and CuNi-NGO

Sample Heating rate
β/°C·min−1

DSC peak temperature
Tp/°C

CuNi-rGO 2 216

5 225

10 232

CuNi-NGO 2 222

5 230

10 238

Fig. 5 Kinetic fitting curve
of CuNi-rGO and
CuNi-NGO

calculate their E.
Figure 5 shows the kinetic fitting curve of CuNi-rGO and CuNi-NGO. From

this figure, the E of CuNi-rGO and CuNi-NGO are calculated to be 78.26 and
91.30 kJ·mol−1, respectively. The E of CO2 is 152.256 kJ·mol−1 [29]. So, the
commercial support catalyst of CuNi-rGO and CuNi-NGO could decrease the E
of CO2.

Conclusion

This paper investigated the structure and properties of Cu-Ni bimetallic catalyst.
Through BET analysis, we found the specific surface area of support followed the
order of NGO > GO > rGO. The addition of alkaline solution may control the elec-
trostatic repulsion between the layers to increase the specific surface area of the
support. 29.5% of Cu2+ was reduced to Cu0 or Cu+ on CuNi-rGO, while on CuNi-
NGOwas 30%.ComparedwithCuNi-GO, the size ofmost particles inCuNi-rGOand
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CuNi-NGO was smaller. Through TG-DSC analysis, we found that CuNi-rGO and
CuNi-NGO could activate CO2, and the E were 78.26 and 91.30 kJ·mol−1, respec-
tively. These findings provide useful information for designing and optimizing Cu-Ni
bimetallic catalysts supported on graphene derivatives to activate CO2.
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The Research Status and Progress
on the Utilization of Coal Fly Ash:
A Review

Joseph Emmanuel Nyarko-Appiah, Wenzhou Yu, Peng Wei, and Hao Chen

Abstract Coal fly ash (CFA), solid waste from the thermal power plant, is gaining
attention as an alumina content substitute, but its production has long been considered
to be problematic in environmental management. Many researchers have proposed
and developed utilization technologies that can help to solve these problems by
utilizing large amounts of the CFA. This review aims at pointing out aspects for CFA
utilization; one aspect of the utilization technology that has had a great impact on
the material society is how it affects the environment, and the other is the recovery
of rich minerals. The current research status, progress, and future scope of research
on CFA will be reviewed in this paper based on comprehensive research data. More
research is required to provide a better understanding of the reaction mechanism and
economic advantages of CFA. This review paper provides existing opportunities to
motivate researchers to be involved in this study.

Keywords Coal fly ash (CFA) · Environmental effect · Recycling and secondary
recovery · Economic advantages

Introduction

With the intensified coal consumption, the coal fly ash (CFA) is an industrial by-
product produced in the thermal power plant; it has an alumina (Al2O3) content that
ranges between 20 and 50% and is comparable to mid or low-grade bauxite ores [1–
3]. A major percentage of the total CFA production is used in construction, paving,
filling, and even agricultural soil amendment [4, 5], and the remaining percentage
has caused serious environmental and health problems due to its open-air stockpiling
[6, 7]. The global average utilization rate of CFA is estimated to be 60%; the current
utilization rates havebeen estimated at 70%forChina, 56%for theUnitedStates, 85%
for Korea, and 63% for India [8, 9]. Therefore, it is essential to expand the utilization
of CFA to decrease its damage. In recent years, there have been general concerns
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about the impacts of CFA and the continual increase in the price of bauxite around
the world because of its supply shortage. The increasing awareness of environmental
protection and ecological balance has prompted the utilization of CFA [10, 11].

In consideration of the high alumina content, CFAcan be utilized as a substitute for
bauxite as a potential and economical source of alumina.Hence, the alumina recovery
from CFA has attracted much attention [3]. The recovery of alumina from CFA is an
extensive alternative to convert waste into a new source of aluminium [12, 13] and
high value-added products (cement, concrete) that bring substantial economic and
ecological benefits [14]. The traditional process for alumina production has been the
Bayer process [15], which is still generally used in industries. However, due to the
scarce bauxite resources, extraction of alumina from alumina-rich resources as well
as the establishment of other novel processes to improve the aluminium production
is being explored. The typical metallurgical processes for alumina extraction from
CFA are the alkali-sintering process (limestone or soda-lime sintering) and the acid
leaching process [16, 17]. All these processes have their advantages and limitations.
According to research studies, this paper discusses the research status and progress
on the utilization of CFA, summarizing the technical challenges and development of
the metallurgical methods, hoping to provide an insightful CFA utilization.

Current Status and Utilization of CFA

Production of CFA

The natural resources, global economic and population growth require immerse
energy consumption which is likely to be based on coal. Given that coal contributes
almost one-third of global energy, coal power plants are the workhorse in the elec-
tricity industry [18, 19]. Despite the rapid development of hydroelectric power and
other new energy technologies for industries, coal remains the dominant fuel for
power production [20]. The importance of recycling CFA, a solid waste produced
from power plants, is by the scale of global CFA production and the consequent waste
generation. Figure 1 shows a chart summarising the global production and utilization
of CFA since 2000. There are many good reasons to view CFA as a resource, rather
than a waste material. However, although the CFA utilization rate is increasing, the
accumulation of CFA continues to increase [21].

Utilization of CFA

In recent years, the utilization of CFA as raw materials as well as the recovery of
usablematerials fromCFA in various sectors is the current global trend. According to
research data, the CFA production rate outweighs consumption due to the increased
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Fig. 1 CFA production and utilization [22]

amount of energy being generated by coal-fired power plants [23, 24]. TheCFAopen-
air stockpiling contributes to the air, water, and soil pollutionwith heavymetals (such
as mercury, cadmium, and arsenic) that causes human health problems and various
environmental issues [10, 11]. These issues hinder the ecological cycles if not well
disposed of, therefore, good waste management practice as an alternative to indus-
trial resource, process, or application of CFA is needed for a healthy environment.
However, the utilization of CFA in various countries depends on the CFA genera-
tion, physical and chemical properties, environmental protection policies, materials
scarcity, technology, and the structure of industries [8, 25]. The utilization of CFA
illustrated in Fig. 2 indicates that construction and building materials are the most
successful uses of CFA in various countries because of its rich oxide material [26,
27]. On the other hand, CFA is a valuable secondary source for raw materials like
alumina which can satisfy the increasing demand of the aluminium industry [28, 29].
Therefore, to ensure sustainable economic ecosystems, it is important to reduce the
negative impact of CFA on the environment and produce high value-added products.

CFA is a fine powdery particle composed of both organic and inorganic materials
[29]. Also, CFA is a complex material because of the large number of individual
minerals and mineral groups recognized in it [30]. The inorganic materials also
include toxic and hazardous elements such as As, Pb, Ni, and Cr that are harmful to
the environment. CFA composition varies due to coal source, combustion methods,
and the type of furnace used [29]. The major oxides present in CFA from different
countries are summarised in Table 1. According to Table 1, the main elements of all
CFA are SiO2, Al2O3, and Fe2O3. Globally, CFA is grouped into two chemical types,
specifically Class F and Class C, for their industrial utilization. The CFA containing
more than 70 wt.% of the main elements is classified as Class F, while Class C
contains 50–70 wt.% [31]. Class C typically has CaO higher than Class F; higher



786 J. E. Nyarko-Appiah et al.

Fig. 2 Utilization of CFA [21]

Table 1 Chemical composition of CFA [31]

Country Chemical composition (wt.%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 Na2O K2O

China 35–57 18–55 2.3–19 1.1–7 0.7–4.8 1–2.9 0.2–0.7 0.6–1.3 0.8–0.9

USA 34–58 19–28 3.2–25 0.7–22 0.5–4.8 0.1–2.1 1–1.6 0.2–1.8 0.9–2.9

Japan 53–63 18–26 4.2–5.7 2–8.1 0.9–2.4 0.3–1.4 0.8–1.2 1.1–2.1 0.6–2.7

France 47–51 26–34 6.9–8.8 2.3–3.3 1.5–2.2 0.1–0.6 na 2.3–6.4 na

South Africa 46–67 21–27 2.4–4.7 6.4–9.8 1.9–2.7 na 1.2–1.6 0–1.3 0.5–1

India 50–59 14–32 2.7–16 0.6–9 0.1–2.3 na 0.3–2.7 0.2–1.2 0.2–4.7

CaO levels have cementitious properties used in building materials. From Table 1,
it can be noticed that China’s CFA has a relatively wider Al2O3 content range than
other countries listed.

Alumina Recovery Methods

CFA is produced at high temperatures in a power plant and contains mullite (a major
source of alumina), quartz, and someamorphous phases.Alumina recovery fromCFA
was first proposed in the nineteenth century [32] because of the high content found
to exist in CFA, and since then, governments and scientists all over the world have
proposed many recovery methods in this field. The utilization of the CFA depends
greatly on the effectiveness and economic improvement of the technology to process
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or recycle them. There are many technical methods for extracting alumina as well
as other minerals from CFA. The most popular methods of extraction are the alkali-
sintering process (limestone or soda-lime sintering) and the acid leaching process,
as well as their combinations.

Alkali-Sintering Process

An efficient and mature method to recover alumina from CFA is the alkali-sintering
process. The CFA is sintered with limestone or soda-lime to form sodium aluminate
and calcium silicate. The sinter is then leached with water or caustic soda solution to
dissolve the soluble sodium aluminate [33]. The resulting slurry is separated, and the
solution is decomposed as in the Bayer process or is treated with carbon dioxide to
precipitate hydrated alumina. This extraction process is divided into lime sintering,
lime-soda sintering, pre-desilication, and lime-soda sinter combination method.

Acid Leaching Process

The acid leaching process is a simplified extraction process with lower consumption
of energy [4]. The oxides are leachedwith a sulfuric acid or sodium carbonate solvent
at ambient temperature and atmospheric pressure [34]. It is also done by pressure
acid-leaching [35] whereby pressure and temperature are increased to accelerate the
operation. The overdosed sulfuric acid is separated from the solids with filtration, and
the aluminum sulfate product is left on the surface of leached CFA. The aluminum
sulfate crystals are obtained by concentrating the aluminum sulfate solution. The
alumina powder that had been prepared is used in the Bayer process, which is the
mature process to produce the metallurgical level of alumina in the industry [36].

Comparative Analyses on Some Alumina Recovery
Technologies

Guo et al. [37] and Liu et al. [38] proposed an alumina extraction method from CFA
via the activation-acid leaching method. Their results showed that Na2CO3 reacted
with theAl and Si-containingminerals at the calcination conditions to formnepheline
(NaAlSiO4), zeolite [Na6 (AlSiO4)6], and sodium silicate (Na2SiO3). However, the
industrial utilization of the technology has been limited by the high consumption
of Na2CO3, that is, 0.8–1.2 tons of Na2CO3 needed for activating 1 ton of CFA
[37]. Although the acid leaching method has low alumina extraction efficiency [35,
39], it has lower energy consumption and avoids large waste residues. For efficient
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utilization of alumina and silicon resources in CFA, the acid-leached residues which
contain a large amount of reactive amorphous SiO2 could be further utilized to
manufacture silica products. On the other hand, acid leaching has high impurity
content, such as calcium oxide and iron oxide, which are difficult to remove from
the leaching solution [40]. Many researchers are focused on improving this method;
however, the demand for corrosion-resistant equipment during the acid leaching
limits the industry application of this process [41].

The soda-lime sintering method has operational tolerance and a mature system
conducted to activate the CFA [42, 43] but is limited by high sintering temperature
and a large amount of waste residues generation [44]. The mullite (Al6Si2O13) and
quartz (SiO2) in the CFA react with CaO or CaCO3, forming calcium aluminate and
calcium silicate, respectively. The calcium silicate formed is hardly dissolved which
is helpful for the separation of alumina and silicon [3]. Moreover, the formation of
calcium aluminates is unavoidable in this process. Alkali-sintering processes can
achieve high alumina extraction efficiency, but the alkali solutions used in these
processes may cause a high caustic ratio in the final solution [45]. On the other hand,
the use of additives can lower the calcination temperature during heating and promote
the extraction of Al2O3 [46]. Comparing lime-soda sintering with the lime sintering
method, the lime sintering method produces less residue with a high extraction rate
but the lime-soda sintering process is complex, and the cost of soda is also high [47,
48]. Therefore, sintering processes are considered to have significant potential for
industrial use as they are similar to the currently used extraction technologies in the
aluminium plants [28].

Several processes for extracting alumina fromCFA have been proposed. Xue et al.
[49] proposed a clean process for extracting alumina and silica simultaneously from
CFA via vacuum carbothermal reduction. This process proved to be effective having
high extraction efficiency by employing Fe2O3 as an additive to activate mullite
and react with SiO2 in CFA to produce Fe-Si alloy under vacuum conditions. The
prepared Fe-Si alloy can be used in steel making as a raw material. Compared with
traditional extraction processes, the energy consumption and waste residues were
further reduced by employing vacuum carbothermal technology [50, 51]. Addition-
ally, the vacuum carbothermal reduction process has a lower reaction temperature
(1423–473 K) than that of the sintering process (1573–1673 K) [5] and is more envi-
ronmentally friendly. However, therewas some difficulty in separating these particles
thoroughly due to the small particle size of the produced Fe-Si alloy, thereby reducing
the quality of alumina.

Guo et al. [52] also proposed the pyrosulfate calcining method for recovering
alumina from CFA; this method has got attention due to the recyclable raw materials
and low energy consumption. The pyrosulfate calcining method breaks the stable
structure of the mineral phase to enhance the alumina extraction rate. This process
deals with the large number of waste residues which significantly reduce environ-
mental pollution and extraction costs [52]. Comparing the pyrosulfate method to
other extraction methods, the pyrosulfate method has a simple process, mild reaction
conditions, recyclability, and high extraction efficiency but has a relatively high cost
[48]. In the past few years, researchers mainly focused on the alumina extraction
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rate and the phase transformations by using alumina extracting processes. However,
the Al2O3 and SiO2 phase transformation, alumina extraction rate improvement, and
extraction methods are still unclear.

Conclusion

The utilization of CFA is a big concern as governments and researchers are constantly
improving on the harmless disposal and utilization of CFA in some other engineering
applications. Undoubtedly, the use of CFA for engineering purposes will save costly
materials and also result in a decrease in land degradation, air pollution, and water
contamination. On the other hand, employing some novel processes for the recovery
of valuable metals from CFA has potential economic and environmental problems
due to their extraction cost and large waste residues generation. Therefore, further
research studies are needed to improve the utilization of CFA in optimising valu-
able metal recovery technologies and value-added products. The recent metallurgical
recycling technologies have their advantages and limitations that can be developed
upon to improve the efficiency rate. Also, new recycling technologies can be devel-
oped, by using a combination of recovery processes, to turn the utilization of CFA
into an economic reality.
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