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Preface

More than ten years ago, in October 2008, I participated in my first REWAS event,
giving two presentations on my doctoral dissertation work examining aluminum
recycling. At that time REWAS was called the Global Symposium on Recycling,
Waste Treatment, and Clean Technology and the conference was in Cancun,
Mexico. Much has changed in the decade since that conference but one thing
remains the same: the looming sustainability challenges the world faces. Resource
consumption continues to rise driving increased waste, impacts of climate change
are growing, and energy use is increasing exponentially as the world continues to
develop. Fortunately, the minerals, metals, and materials science community has
embraced these challenges as opportunities to drive ground-breaking work in these
fields. These engineers, scientists, educators, and entrepreneurs are contributing to
significant gains in our shared goal of a sustainable materials industry.

The focus of this year’s REWAS conference is on Manufacturing the Circular
Materials Economy. Our current linear economy involves a one-way street where
materials are extracted, manufactured, used, and then thrown away. The idea behind
a circular economy is to de-couple development and growth from resource con-
sumption which have been historically correlated. Unlocking the potential for cir-
cularity in the materials life-cycle can actually enable economic opportunities. All
this will require ingenuity in the materials science and manufacturing sectors as
well as require trans-disciplinary work with the sustainability and industrial ecology
communities. We are highlighting this work in REWAS 2019 in five main thematic
sessions.

Disruptive Material Manufacturing: A Systems Perspective

The landscape of materials manufacturing has the potential for dramatic change as
new design techniques (e.g., materials genome) and new technologies (e.g., additive
manufacturing) begin to scale to industrial production levels. What is the envi-
ronmental impact of additive manufacturing? How will disruptive technologies
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change the landscape of producing materials? What is the circularity potential for
inputs and outputs of these new production routes? How can these systems be
optimized? How does the massive scale-up of clean energy technologies affect
process flow sheets and recycling? Many of these questions are being addressed by
the proceedings from this session which is a partnership with the Additive
Manufacturing Committee.

Secondary and Byproduct Sources of Materials and Minerals

As scarcity and criticality concerns grow, attention has turned to ore alternative
sources of important materials, metals, and minerals. Circular economy techniques,
industrial symbiosis, and urban mining are sustainability strategies for obtaining
these materials from industrial byproducts, end-of-life wastes, and other secondary
sources. This includes recycling of electronic waste, batteries of all chemistries, and
agricultural byproducts. What extraction technologies will be needed to enable this
material recovery? What are the economic and environmental impact implications
of such alternative routes? What kinds of material flow analysis and/or metric
standardization is needed for tracking circularity at multiple scales? As many
of these issues are tackled via pyrometallurgy and hydrometallurgy, these TMS
committees were supporting partners in this session.

Rethinking Production

Besides disruptive technologies, there are additional sustainability benefits with
high potential in the production sector. In partnership with the Materials
Characterization Committee, this session asks, How do we decrease emissions in
production? How can we achieve sustainable process design? How will clean
energy technologies be manufactured? How do we measure and quantify embodied
energy (how do existing methods fall short and how do we align internationally)?
How can we enable cost-effective and efficient collection and reprocessing of
wastes? What are technologies and strategies for managing mixed materials? How
can trace, tramp, and other unwanted contaminants be removed from secondary
streams? What are opportunities for direct use of end-of-life products to make new
products with minimal or no reprocessing? How do we reach zero-waste
production?
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Education and Workforce Development

Transitioning knowledge from the research and academic sectors into applied work
is critical to realizing sustainability. Papers from this session address novel edu-
cational approaches like blended learning, flipped classrooms, and MOOCs, as well
as approaches for integrating sustainability into traditional disciplinary curriculums
like materials science. Technology transition, applied learning, and workforce
development initiatives also will be highlighted. This session was in partnership
with the TMS Education Committee and the Professional Development Committee.

In partnership with the Light Metals Division, REWAS 2019 also is showcasing
work in the Cast Shop Technology symposium. Proceedings manuscripts from this
joint session are featured in the Light Metals 2019 publication, with abstracts
appearing here on the next page. This session focuses on some of the unique
challenges the aluminum industry faces in its transition to sustainability.
Sustainable operations, life-cycle assessment, recycling impacts and awareness,
charge materials, and other environmental issues relevant to cast shops are the focus
of this session.

Looking back at the innovations since REWAS 2008 leaves me excited and
hopeful for the next decade. Many thanks to the excellent team of organizers,
committee chairs, reviewers, and session chairs who made this proceedings pub-
lication possible and most importantly, the researchers, authors, and presenters
participating in REWAS 2019.

Gabrielle Gaustad
Lead Organizer
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REWAS 2019: Cast Shop Recycling
Technologies Abstracts

A Method for Assessment of Recyclability of Aluminum from Incinerated Household
Waste
Mertol Gökelma, Ingrid Meling, Ece Soylu, Anne Kvithyld, Gabriella Tranell

Aluminum is widely used in daily household consumable goods such as food and
drink packaging materials, storage containers, etc. The disposal of such goods into
household waste means that this waste stream contains a significant amount of
aluminum. Domestic waste is commonly sent to incinerator plants where the organics
are combusted while the metallic content stays in the bottom ash, which is subse-
quently separated into various metal streams. Because of the importance of aluminum
in the circular economy, there is a need for efficient recovery procedures for this metal
source. This paper discusses the recyclability and the recovery rate of aluminum from
the bottom ash through remelting with a molten salt. The remelting experiments were
performed under a 50–50 wt% NaCl:KCl mixture with a 2 wt% CaF2 addition to
promote metal coalescence. The oxide thickness and trace element content of the
starting metal and the composition of the resulting metal were characterized as these
parameters largely determine the recovery rate and recyclability of these secondary
metal streams. The laboratory results showed the coalescence efficiency up to 99.5%
and the material yield up to 92%. High deviation in oxide content based on the oxide
layer thickness measurements was observed which crucially affects the metal losses
in recycling.

Aluminum Alloys in Autobodies: Sources and Sinks
Ayomipo Arowosola, Gabrielle Gaustad, Leslie Brooks

Emissions from the transportation industry combined with increasing consumption
of materials have inspired the automotive industry to use lightweight materials in
autobodies. A wide diversity of materials is being used, for example, aluminum,
magnesium, and plastic composites. This lightweighting approach is a proven sus-
tainability strategy improving fuel economy and thereby reducing greenhouse gas
emissions. However, increasing the number of differing types of materials in cars is
actually complicating recycling operations. Critical metals used as alloying additions
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are dissipatively lost in the recycling process and can also negatively impact recy-
cling rates by accumulating as tramp elements. This work combines compositional
characterization of automotive materials, material flow analysis, and techno-
economic assessment to better understand this problem and inform solutions. Results
show that both technical solutions like sensor-based sorting and operational solu-
tions like compositionally based blending can decrease material losses, thereby
reducing the negative impacts and inching closer to a circular economy.

Isothermal Hot Pressing of Skimmed Aluminium Dross: Influence of the Main
Processing Parameters on In-house Molten-Metal Recovery
Varužan Kevorkijan

The Isothermal Hot Pressing (IHP) of skimmed aluminum dross, considered in this
study, was performed under laboratory conditions using a cylindrical pressing
model made from high-temperature stainless steel. The pressing model was inserted
into an electrical furnace with a protective argon atmosphere. The temperature
of the pressing was within the interval 650–900 °C, while the applied pressure
varied between 5 and 50 bars. The laboratory results showed that when using IHP it
is possible to reduce the remaining aluminum content in “pressed dross skulls”
below 10%.

LIBS Based Sorting—A Solution for Automotive Scrap
Georg Rombach, Nils Bauerschlag

The demand for automotive sheet shows the highest growth rates in the aluminum
industry. Currently, the main alloys are from 5.xxx and 6.xxx series with a variety
of approx. 40 different specifications. Such a mixed scrap quality cannot be used in
an efficient way in cast houses, due to the divergent Mg and Si concentrations.
Additionally, the ratios between 5.xxx and 6.xxx scrap are unpredictable. Today,
the only technical possibility to distinguish between these alloys is sensor-based
sorting using LIBS. Such a sorting machine has to produce two sorting fractions,
which both fulfill the requirements of the new wrought alloys. In this case a high
sorting efficiency is mandatory. First results show a purity of the sorted fraction
above 95% as well as a high recovery of the sorted material also above 90%.

Manufacturing of Hydrogen on Demand Using Aluminum Can Scrap with Near
Zero Waste
Jed Checketts, Neale R. Neelameggham

During the 1990s Powerball Industries, UT had demonstrated producing Hydrogen
on demand machinery—where encapsulated sodium metal is reacted with water to
release hydrogen gas under pressure. The hydrogen on demand has several appli-
cations. Here we discuss the ongoing research of making use of aluminum (recycled
or newly produced) with anhydrous sodium sulfate—which will make sodium
metal, sulfur oxides, and aluminum oxide. The thermodynamic analysis shows
suitable physicochemical conditions for the reactions. Preliminary economics using
aluminum scrap—recycled aluminum is shown.
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Positive Material Identification (PMI) Capabilities in the Metals Secondary
Industry: An Analysis of XRF and LIBS Handheld Analyzers
Leslie Brooks, Gabrielle Gaustad

Recycling is a critical part of obtaining a more circular economy. In the metals
secondary industry, traditional equipment (a magnet, file, and/or grinding wheel)
used to identify and sort materials at their end of life can aid in grouping metals
(i.e., Al+Mg alloys, ferrous, high-temperature alloys, etc.), but they are incapable of
identifying the alloy’s elemental composition; a necessity for preventing downcy-
cling and maximizing secondary utilization rates. Handheld analyzers that utilize
X-ray fluorescence (XRF) and spectroscopy (LIBS) technology may offer techno-
logical assistance that is helpful for achieving this level of analysis, often referred to
as Positive Material Identification (PMI). This work tests the performance of these
units under the challenging conditions present in yards (contaminated, unpolished,
rugged scraps). These instruments, with their increasing safety settings, ruggedness,
ease of point-click use, and quick read times (for both XRF and LIBS) have
significant potential, especially with ability to ID metal faster than cognitive
recognition. Additionally, as unit costs of these instruments continue to decrease
and the range of varying types of metal entering yards continues to widen, the
return on investment becomes more immediate. However, extreme fluctuations of
reported elemental compositions are being seen even when measurements have
been taken in the same place consecutively; indicating that in their current state,
they can inform content of material but are not necessarily reliable for reporting
accurate and precise compositional percentages.

The Vertical Floatation Decoater for Efficient, High Metal Yield Decoating and
Delacquering of Aluminum Scrap
Robert De Saro, Sam Luke

The Vertical Floatation Melter (VFD) has undergone pilot testing in removing
organics from scrap aluminum. The VFD uses a vertical cone in which the scrap is
dropped into the top and products of combustion at 1000 °F are introduced into the
bottom, flowing countercurrent to the scrap. The gases float the scrap in the cone
resulting in very high convective heat transfer which leads to rapid decoating with
minimal metal loss.

Turnings, fines, Twitch, and UBC have been processed through a single unit.
Decoating times are about one minute. Measured energy use varies from 78 to 854
Btu/lbm; measured preheat temperatures are 850 °F.

Decoat efficiency appears good with visually no oxidation present and no evi-
dence of organics. Samples have been sent to a lab to confirm this.
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From Recycled Machining Waste
to Useful Powders for Metal Additive
Manufacturing

Blake Fullenwider, Parnian Kiani, Julie M. Schoenung and Kaka Ma

Abstract To fulfill the growing demand for alternative and sustainable feedstock
production for metal additive manufacturing, a novel dual-stage ball milling strat-
egy was proposed to effectively convert recycled stainless-steel machining chips to
powder with desirable characteristics for metal additive manufacturing. A theoretical
analysis was performed to evaluate the impact of ball size on the chips-to-powder
evolution and the consequent powder morphology. To verify the viability of using
the ball milled powder created from machining chips in metal additive manufactur-
ing, single tracks have been successfully deposited via laser engineered net shaping
deposition and compared to the single tracks made from gas atomized powder using
identical deposition conditions. The microstructures of these single tracks exhib-
ited adequate adhesion to the substrate, a uniform melt pool geometry, continuity,
and minimal splatter. Minimal differences in grain structure were observed between
the single tracks made from ball milled powder and those made from gas atomized
powder.

Keywords Metal additive · Manufacturing · Stainless steel · Sustainability · Ball
milling

Powder metallurgy processing techniques, such as additive manufacturing, thermal
spray, spark plasma sintering, and hot isostatic pressing, are widely used to fabri-
cate bulk samples from metal powders. Metal additive manufacturing, one of the
advanced powder metallurgy techniques, has attracted extensive research interest in
recent decades, because of its capability to create near-net-shape parts in one step
[1]. Additive manufacturing (AM) is regarded as a more sustainable process com-
pared to conventional processing such as casting, as it significantly reduces the need
of subtractive machining processes and thereby results in less material waste and
less use of hazardous cutting fluids [2–4]. The properties of the bulk components
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created through AM processes depend on both the processing method and the feed-
stock powder properties [5]. Despite the progresses in processing optimization and
product property improvement that have been achieved, metal AM still faces several
challenges due to low feedstock utilization efficiency and the availability of ideal
feedstock powders [3]. Gas atomized (GA) powders are the most common feedstock
for current metal additive manufacturing techniques because of their spherical mor-
phology and controllable particle size distribution [1]. However, one environmental
challenge of using GA powder in metal AM is the high energy consumption required
to produce the powder through atomization, leading to high costs and limited avail-
ability in alloy compositions [6, 7]. To fulfill the growing demand for alternative and
sustainable feedstock production for metal additive manufacturing, the present work
aimed to explore a mechanical milling strategy to fabricate powders from recycled
machining waste chips. In addition, the feasibility of using the powders created from
machining chips in metal AM was proved by successful deposition of single tracks
and multiple layers via laser engineered net shaping (LENS®).

304L stainless steel was selected as the model material due to its wide use in
AM for various structural materials [8]. The desirable characteristics of feedstock
powder forAMinclude anear-sphericalmorphology andparticle sizes of 38–150µm.
The machining chips used in the current study were provided by AK steel (West
Chester Township, Butler County, Ohio, OH). The individual chips exhibit a length
of 5–20mm, as shown in Fig. 1a. The surface of the chips contains serrations (Fig. 1c)
due to the previous machining operation. To effectively convert the machining chips
with dimension of several millimeters to powders with particle size on the micron
scale, both modeling and experimental work were conducted. A theoretical analysis
combiningGusev’smodel [9] andHertz’smodel [9, 10]was performed to evaluate the
impact force and stress on the particle, as well as the resultant maximum deformation
depth into the particle. Twodifferent types of balls are used as themillingmedia:�-20
balls (ball diameter� 20mm) and�-6 balls (ball diameter� 6mm). Experimentally,
various ball milling procedures were implemented to investigate the effect of ball
diameter on the powder morphology evolution and particle size refinement. A novel
strategy of changing ball diameters during the ball milling was applied.
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Fig. 1 a Optical image of the machining chips; b picture of the powders created by ball milling of
machining chips; c SEM image of the machining chips; d SEM image of the powders created by
ball milling of the machining chips
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Fig. 2 Picture of the single tracks that were deposited using the ball milled powder created from
the recycled machining chips and the representative optical image of ST-BM and ST-GA

The modeling results show that �-20 balls effectively reduce the powder par-
ticle size while �-6 balls effectively change the powder morphology to spherical
or near-spherical. Based on the findings from the modeling, a novel dual-stage ball
milling strategy was proposed to convert the machining chips to powders. Figure 1a,
b exhibits the success of generating powders from the recycledmachining waste. The
powders created from the machining chips via dual-stage ball milling exhibit near-
spherical morphology with particle sizes of 38–150 µm (Fig. 1d), which is suitable
for metal additive manufacturing. The ball milled powders created from the machin-
ing chips also exhibit a higher hardness than GA powder, based on nanoindentation
testing.

In addition, single tracks (ST) have been successfully deposited via LENS® using
the ball milled powder created from the recycled machining chips. Single tracks
were also made from GA powder (ST-GA) using identical deposition conditions.
Figure 2 shows the single tracks that were deposited on the same substrate and
the representative optical image of the single tracks made from ball milled powder
(ST-BM) and ST-GA. The microstructures of these single tracks exhibited adequate
adhesion to the substrate, a uniform melt pool geometry, continuity, and minimal
splatter. Minimal differences in grain structure were observed between ST-BM and
ST-GA. However, the average nanoindentation hardness of ST-BM is approximately
21% higher than that of ST-GA. The present research has discovered a sustainable
approach to fabricate powders from recycled machining chips and has proved it is
feasible to utilize these powders as feedstock in metal additive manufacturing.

Acknowledgements The present work is financially supported by NSF-CBET#1605392.
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Recycling in Supply Chains
for Tomorrow’s Low-Carbon Industries

Adam C. Powell

Abstract Metal production and recycling technology changes are urgently needed
to confront multiple simultaneous grand challenges in society. Energy production
and distribution and transportation are undergoing disruptive transformations, and
industry will follow. Unlike prior disruptions, such as the Internet and biotech, this
will up-end material and energy flows around the planet. Due to both heightened
awareness of climate impacts and plunging costs of sustainable technology, fossil
energy and metals technologies which took 250 years to reach planet-wide industrial
ubiquity must be swept aside and replaced in 2–3 decades. This talk will present
energy industry scenarios and discuss new supply chains which will need to emerge
in order to support these scenarios, the role which recycling must play in order to
make these new supply chains themselves sustainable, and the timescales in which
these changes need to happen, in order to meet targets for preventing large-scale
climate disruption.

Keywords Recycling · Greenhouse emissions · Solar ·Wind · Electric vehicles

Introduction

Dramatic reduction in CO2 and other greenhouse emissions from all sectors is
required to avoid severe climate disruption. The 2014 Intergovernmental Panel on
Climate Change (IPCC) report puts it as follows:

In the majority of stringent mitigation scenarios (430-530 ppm), the share of low-carbon
electricity supply (comprising [renewable energy], nuclear and [carbon dioxide capture and
storage] (CCS)) increases from presently about 30% to more than 80% by 2050. In the long
term (2100), fossil-based electricity generation without CCS is phased out entirely in these
scenarios [1, p. 560].

A. C. Powell (B)
Worcester Polytechnic Institute, Worcester, MA, USA
e-mail: acpowell@wpi.edu

© The Minerals, Metals & Materials Society 2019
G. Gaustad et al. (eds.), REWAS 2019, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-10386-6_2

9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10386-6_2&domain=pdf
mailto:acpowell@wpi.edu
https://doi.org/10.1007/978-3-030-10386-6_2


10 A. C. Powell

This work considers three scenarios for the industrial change required to achieve
these energy goals. The first two, by Bloomberg New Energy Finance (BNEF) [2]
and DNV GL [3] are forecasts based on current technology and development trends.
The third, by Mark Jacobson at Stanford, suggested that 100% electricity production
by water hydropower, wind, and solar (WWS) is possible by 2050, despite the inter-
mittent nature of wind and solar generation [4]. Though there are disagreements with
assumptions in this scenario [5], it represents an upper bound to changes in material
flows required to reduce greenhouse emissions. These studies include electrification
of vehicles and building heating as added loads on the grid, and consider regional
land availability and weather patterns in WWS availability.

However, these analysesmake only limitedmention ofmaterials required for these
changes. DNV GL mentions the cobalt and lithium needs of batteries for transporta-
tion and grid storage, based on analysis by Olivetti et al. [6]. But silicon and rare
earths for solar, wind, and vehicles, and aluminum and magnesium for lightweight
vehicles, are not well described. In particular, recycling can dramatically reduce
energy consumption and emissions consumption in supplying these materials but
has not entered into the above scenario analysis.

This study will therefore estimate some material production requirements for a
renewable energy future envisioned by the above scenarios, with a focus on the role
of recycling in the new supply chains. In particular, it will focus on PV use of sili-
con, wind turbine use of neodymium, and electric transportation use of neodymium,
copper, aluminum, and magnesium.

Energy Scenarios

Scenarios by various research groups and organizations fall around two groups:
one with nuclear and CCS and the other without. In terms of emissions reduction,
Jacobson is the most aggressive and Bloomberg New Energy Finance (BNEF) the
least so, with DNV GL in between.

Scenario 1: Bloomberg New Energy Finance

Bloomberg New Energy Finance (BNEF) is the investment advising wing of
Bloomberg focused on the clean energy sector. Their forecast published in June
2018 looks at changes in technology and concludes that wind and solar will reach
48% of electricity production by 2050 [2]. This is based on technological forecasts
of cost structure changes, and detailed assessments of the lowest cost energy mixes
in several countries (Fig. 1).



Recycling in Supply Chains for Tomorrow’s … 11

Fig. 1 Historical and projected worldwide electricity generation percentages by fuel [2]

Fig. 2 Historical and projected primary energy use worldwide, all sectors [3], comprising (from
bottom) coal, oil, natural gas, nuclear, geothermal, biomass, hydro, solar thermal, solar PV, and
wind

Scenario 2: DNV GL

DNV GL is the world’s largest ship registrar and classification society, formed by
the merger of Del Norske Veritas (Norway) and Germanischer Lloyd (Germany).
The company provides consulting services in shipping, logistics, and energy, and
published their energy industry forecast in September 2018 [3]. Like BNEF, their
approach is based on techno-economic forecasting. The report concludes that electric
vehicleswill comprisemost of the light-duty andmore than half of heavy-duty vehicle
fleets, and renewables will constitute 50% of total energy in all sectors, and 85% of
electricity production (Fig. 2).
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Fig. 3 Projected average power supply, all sectors, in 139 countries in a 100% WWS scenario [4]

Scenario 3: Jacobson

Mark Jacobson, Professor of Civil and Environmental Engineering at Stanford, sets
out to show that the world can make a transition to 100% wind, water and solar
(WWS) energy sources by 2050, with no fossil fuel, biofuel, or nuclear energy input
at all [4]. To balance intermittency of renewables, he proposes large-scale high-
voltage direct current (HVDC) grid connections, such that west coast solar provides
evening power for the east coast, etc. There are issues with his analysis, such as the
assumption, unstated until after publication [7], that hydroelectric power plants can
increase their instantaneous power capacity by more than an order of magnitude in
order to compensate for wind and solar intermittency (total hydro energy output per
year does not change). But his is the only scenario known to the author which reaches
emissions required for the 1.5° threshold of IPCC SR15 [8] (Fig. 3).

Summary

Table 1 shows the total energy supply and primary energymixture in each of the three
above scenarios. Though they use different methodologies, they all project very large
increases in solar and wind electricity and electric transport within 20–30 years. In
particular, solar energy from rises 1.5% of total electricity in 2017 to 24–58% by
2050, and from less than 1 EJ in 2017 to 33, 99, or 216 EJ, respectively, in the three
scenarios. Electric vehicles grow from less than 2% ofworldmarkets in 2017, to 55%
in 2040 [3], 50% in 2037 [4], or 100% by 2025–2030 [5]. These trends will require
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Table 1 Total energy supply
and primary energy mix in
2050 according to each
scenario

Scenario BNEFa DNV GL Jacobson

Total energy, EJ 138 EJ 586 EJ 373 EJ

Solar (%) 24 17 58

Wind (%) 24 12 37

Hydro (%) 10 4 4

Geothermal etc. (%) 3 1 1

Biomass (%) 1 11

Nuclear (%) 7 5

Natural gas (%) 17 25

Petroleum (%) 1 15

Coal (%) 11 10

aBNEF indicates energy use only for electricity production

dramatic changes to the industrial landscape and metal supply chains, as described
in the next section.

Materials Requirements for Energy Scenarios

The rapid increase in solar PV, wind turbine, and electric vehicle production required
tomeet these scenarios requires significant increases in solar silicon, rare earthmetal,
and copper production. Vehicle lightweighting is more complex. The effect of these
energy and transportation trends on materials use is discussed here.

Solar Silicon

A steady state of 33 × 1018 J/year of solar energy production (BNEF estimate for
2050), with a typical capacity factor of 26%, requires about 4 TW of installed solar
capacity. With module lifetime of 25 years, this requires about 160 GW/year of solar
electricity production at steady state. The DNV GL and Jacobson scenarios require
proportionately more: about 480 and 1000 GW/year, respectively. That said, the
near-term ramp envisioned by Jacobson will require 2–3 times that production rate.

As solar energy deployment has accelerated upward, silicon use per watt has been
slowly trending downward, as shown in Fig. 4 [9]. Kerflesswafer productionmethods
such as 1366 Technologies’ Direct Wafer® or Crystal Solar’s Direct Gas to Wafer™
can reduce silicon use to 1.5 or 0.5 g/watt, respectively. Though other technologies
such as perovskites or other thin films may displace silicon, at this point, projected
silicon PV price declines make it seem reasonable to focus on this technology, with
long-term use of 0.5–1.5 g/W.
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Fig. 4 Silicon PV material intensity with projection to 2020

Table 2 Required solar silicon production for various energy and silicon intensity scenarios,
kT/year

Si intensity/Energy
scenario

BNEF 33 EJ/year DNV GL 99 EJ/year Jacobson 216 EJ/yeara

0.5 g Si/W 80 240 500–1500

1.5 g Si/W 240 720 1500–4500

aJacobson low/high range reflects steady state versus approx. near-term ramp production require-
ment

Based on these assumptions, solar silicon production may or may not need to
increase substantially from today’s 450 kT/year as outlined in Table 2. One can
therefore conclude that except in the Jacobson scenario, a solar silicon shortage is
not likely in the coming decades.

Wind Energy

Wind already plays a very important role in the grids of many countries, from Den-
mark and the UK to Texas and the plains states, and continues to grow rapidly.
Projected generation of 33, 70, and 138 EJ/year in the BNEF, DNV GL, and Jacob-
son scenarios, respectively, with 60% capacity factor in new large turbines, leads to
1.7, 3.7, and 7.2 TW of generation capacity. For 30-year generator lifetime, steady
state requires replacement of roughly 60 GW/year, 120 GW/year and 240 GW/year,
respectively.
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Onshorewind hasmostly used doubly fed inductive generator (DFIG) technology,
while much larger offshore turbines nearly all use rare earth permanent magnet
generators with Nd(Pr)FeB magnets. Based on the use of 0.5 T Nd(Pr) per MW, with
about one-third of wind generation being offshore, this leads to 10–40 kT/year Nd
and NdPr production. Current production is around 35 kT/year for all uses [10], and
China is expected to be a net importer of rare earths by 2025, so additional production
will need to come online in order to meet demand. This is compounded by motor
vehicle use as described below.

Motor Vehicle Materials

An increase in total vehicle passenger-miles per year mainly in the developing world
could counter the trend of ride sharing with higher intensity of use (passenger-miles
per vehicle-year, e.g., “Peak Car” in the US [11]), likely leading in no major change
in vehicle production rate. That said, electrification will requirematerials changes for
batteries and motors, particularly lithium and cobalt for batteries and neodymium
and praseodymium for motors. Higher intensity of use makes the cost of energy
consumption more significant relative to depreciation, increasing the motivation for
electrification—and also for lightweighting. Thus, aluminum, magnesium, and car-
bon fiber are likely to see considerable growth in this market.

Asmentioned above,Olivetti et al. discussed the risinguse of lithiumandcobalt for
batteries [6]. And production of 100Mvehicles/year will almost certainly need to use
low- or zero-cobalt batteries, and possibly non-lithium batteries. That said, if roughly
1 kg Nd(Pr) per vehicle motor remains the norm, production of 100 kT/year—plus
demand requirements for wind energy described above—will require large increases
inNdPrmetal production and overall rare earthmining,muchmore so if the ramp rate
approaches that of Jacobson’s scenario. In addition, copper use in electric vehicles
is roughly 2–4 times as high as in internal combustion engines [12].

For vehicle lightweighting, the Ford-Magna multi-material lightweight vehicle
[13] project presents two interesting potential cases for future lightweight vehicles.
The Mach I vehicle uses 396 kg iron + steel, 368 kg Al, 16 kg magnesium and
57.6 kg composites for an 1195 kg Vehicle. Mach II uses at least 60 kg magnesium,
particularly in closures (62% Mg alloys) and the chassis (70% Mg), in a 761 kg
vehicle. 100 M vehicles/year using these body types could thus require up to 37 M
T/year aluminumand 6MT/yearmagnesium, both substantial increases from today’s
production rates.

Recycling in the New Energy Supply Chain

Primary production of metals, particularly iron and steel, produced 7% of the world’s
GHG emissions in 2014 [14]. Table 3 summarizes production rate, energy, and emis-
sions intensities for steel and other metals considered here. The Solar Si energy
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Table 3 Production rate and energy and emissions intensity of major metals in the energy economy

Steel Al Solar Si Mg RE

Current world production (tons/year) 1.5B 50M 450k 900k 35k

Energy intensity (kWh/kg) 6.4 20 100–300 40–100 12

Emissions intensity (T CO2e/T metal) 2.3 3–12 >3 7–25 256

Recycling/primary energy use ~50% 5% Unknown 5% 100%

range is for Elkem metallurgical and Siemens processes [15]; Mg for electrolytic
and Chinese Pidgeon production; rare earth emissions numbers are from Vogel and
Friedrich “medium case scenario” [10] (currently most magnet recycling reoxidizes
the rare earth metal, requiring reduction). Considering emissions, energy use, and
cost, recycling is very compelling.

Olivetti and Cullen discuss five approaches, or levers, to reduce industrial energy
consumption and emissions for various materials: lifetime extension, dematerial-
ization, manufacturing efficiency, substitution, and recovery [16]. At this point, the
technologies are too new, and changing too rapidly, to realistically discuss lifetime
extension, though solar andwind plants aim for roughly the same 25–50 year lifetime
as fossil fuel plants. Likewise for substitution: it is difficult to foresee major changes.
Dematerialization can take multiple forms, such as reducing the number of vehicles,
i.e, “Peak Car” mentioned above [11], or mass reduction, e.g, theMagna-Ford multi-
material lightweight vehicle as described above [13].

That leaves manufacturing efficiency and recovery as the two primary means to
reduce industrial energy consumption and emissions. For this proceedings, recov-
ery/recycling is the primary consideration, and the energy savings described above
present significant motivation, particularly for aluminum and magnesium. (For rare
earths, the primary motivations are cost and supply risk.)

That said, the rapid growth and long lifetime of these energy generation and
efficiency technologies (solar PV, wind turbines, electric vehicles) make recov-
ery/recycling relatively insignificant in the short term, during rapid growth. For
example, rare earth production has been growing at about 12%/year, so for products
with 15-year lifetimes, that’s roughly fivefold increase during the product lifetime,
and a maximum recycling rate of 20% with perfect recovery. Solar and wind growth
rates are higher, and lifetimes considerably longer, such that recycling could only
start to significantly reduce energy and emissions >10 years after reaching market
saturation. This could be as early as 2050–2060 for Jacobson’s scenario, or as late
as 2100 in the BNEF and DNV GL scenarios. Recycling thus has an important role
to play in the long-term steady state, but cannot play a major role during ramp-up.
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Conclusions

The above analysis considers materials requirements for reaching the solar, wind,
and electric vehicle production volumes in three scenarios for energy system trans-
formation published in 2018. Results are summarized as follows:

• Except in the most aggressive growth scenario with 1.5 g/W long-term material
intensity, solar silicon capacity will likely not need to grow significantly in order
to reach these targets.

• Forwind energy and especially electric vehicles, barring awidespread change away
from rare earth permanent magnet motors or generators, Nd and NdPr production
will need to increase by about a factor of 4 to address these markets, over today’s
total.

• For vehicle lightweighting, aluminum and magnesium production will need to
increase significantly: aluminum by about a factor of 2, and magnesium by up to
a factor of 5.

• For all of thesematerials changes, due to rapid growth and long lifetime of vehicles
and generation plants, in the short term (30–70 years), manufacturing efficiency
will be more important than recycling for reducing material production energy
consumption and emissions.

Note that in addition to solar and wind generation and electric vehicles, Jacobson
requires long-range energy transmission by an HVDC grid as mentioned above.
This could in turn require production of very significant amounts of copper and/or
aluminum, with additional energy use and emissions not discussed here.
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The Role of Manufacturing Variability
on Environmental Impact

Alexander van Grootel, Jiyoun Chang and Elsa Olivetti

Abstract Additive manufacturing (AM) especially metal additive manufacturing
(MAM) is expected to disrupt many industries. Besides being very flexible and
allowing bespoke parts with little to no setup time, AM technology is able to fabri-
cate parts with geometries which were previously impossible to create. This allows
for dramatically better designs by making the product lighter or more efficient. How-
ever, despite these numerous and significant benefits, the uptake of functional additive
manufactured parts is slow. A major barrier to expedited uptake of this technology
is process control. It is not certain what the most important process parameters or
the ideal process windows are and how this changes for different process/material
combinations. As of yet, there is not a set process to certify an AM part or process.
This makes quality assurance prohibitively longwinded and expensive. Furthermore,
to ensure safety under such uncertain conditions, a high safety factor and therefore
thicker parts must be used. As a result, uncertainty is also tied to increased material
consumption and therefore higher environmental impact. We need to better under-
stand the nature of variability inAM in order to alleviate some of these problems. This
manuscript presents several examples of the influence of variability inmanufacturing
and its potential impact on environmental performance.

Keywords Environmental impact · Manufacturing · Variability

Introduction

Manufacturing plays a critical role in our economy and has a significant impact on the
environment.About a third of global energy production is dedicated tomanufacturing
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materials into products [1]. Researchers have argued that in order to transition to a
more environmentally sustainable economy our reliance on material consumption
must fall [2]. One effort to reduce environmental impact from material consumption
is dematerialization; reducing the amount of material used while maintaining the
same functionality [3].

In order to make effective decisions regarding dematerialization, it is necessary
to understand how manufacturers operate and consume materials in production pro-
cesses. One important reality that manufacturers deal with is variability in their
processes and raw materials. This variability inevitably results in variance in the
manufactured products, which can be of considerable concern to the manufacturers.
Business tools and practices have arisen to help manage variability in processes and
products across factories and entire enterprises. Total QualityManagement [4, 5] and
Six Sigma [6–8] aim at developing strategies or methods to successfully control the
quality variation of products and achieve profitable manufacturing practices. Process
control, the field that is dedicated to managing and reducing this variability, has a
lot of depth and is in close collaboration with industry. Indeed, the concept of man-
ufacturing variability appears to be very well established and completely ingrained
in the world of manufacturing.

While the relation between manufacturing and environmental impact is indis-
putable, and while the importance of managing variability in manufacturing is well
accepted, no study has investigated the relation between manufacturing variability
and environmental impact. In this paper, wemake a contribution to this area by inves-
tigating the relationship between manufacturing variability and the environmental
impact from material consumption. We aim to demonstrate to the industrial ecology
community that instead of viewing mechanical properties and part dimensions as
deterministic values, we should instead be viewing them through the framework of
distributions and risk levels.

It is worth pointing out that variability has been studied in various different con-
texts by the sustainability community. For example, the impact of variability in life
cycle analysis has been studied [9], and the role of variance in material composition
in recycling has been analyzed as well [10]. In this paper, we specifically focus on
the type of variability that makes two products of the same model differ in their
geometries and mechanical properties. While two products may seem the same, dif-
ferences will exist and these differences can be significant enough to warrant either
the company or a certifying body to put practices in place to deal with the discrepan-
cies. These practices ultimately have environmental implications that we investigate
in this contribution.

The rest of the paper is organized as follows: first, we briefly discuss the con-
cept and sources of manufacturing variability and how variability can be linked to
increased material consumption. Second, we draw from several examples in industry
to illustrate how the issue of manufacturing variability can manifest itself in differ-
ent scenarios, and we tie this to material use and environmental impact. Third, we
discuss how manufacturing variability might influence new technologies, suggest-
ing that processes should be seen as stochastic instead of deterministic. And finally,
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we close by highlighting some points of discussion and potential future avenues of
research.

Manufacturing Variability Is Linked to Environmental
Impact

The link between manufacturing variability and environmental impact is through
overdesign. In many situations, a dominant strategy to deal with variance in a pro-
cess is to overshoot the design constraints. As mechanical properties will always
be stochastic to some degree, this overshoot helps to ensure that parts will fall out
of spec only a small fraction of the time. However, overdesign often requires more
material to be used, and this extra material has environmental implications. In this
section, we will step through each of these connections, first discussing the source
of manufacturing variability, then drawing connections to overdesign, material use,
and eventually environmental impact.

Manufacturing Variability and Overdesign as a Strategy

No two fabricated parts are the same in manufacturing. Differences in the final prop-
erties of a manufactured part arise due to variations in the environment, materials,
or the machine itself [11]. For example, the temperature or humidity in a factory
changes over the course of a day, which impacts the behavior of an injection mold-
ing machine. The flow paths of the molten plastic will be slightly different each
time plastic is injected into a cavity, which has some effect on the internal stresses,
properties, and geometries. Thematerials used for the injectionmolding are not com-
pletely homogenous because the feedstock itself has had its own set of variations
in the environment, materials, or machines. In this way, variations may propagate
through the supply chain. The distribution of the properties of interest will depend
on the process, the part being produced, the processing conditions, and the standard
operating procedures used by the machine operators. Because of these differences,
one must consider properties as distributions rather than deterministic values.

One of the tools to manage manufacturing variance is overdesign: the practice of
overshooting a design constraint on average in order to ensure only a small proportion
of fabricated parts fall outside of the design specification. An example is provided
in Fig. 1a. Instead of being deterministic, the properties of a part are portrayed using
distribution as shown by the blue line. If this distribution is centered exactly on the
design constraint, a large portion of parts would fall out of spec, as is shown by the
blue area in Fig. 1a. Instead, the entire curve is shifted as we show in Fig. 1b. As a
result, only a small portion of all the parts will fall below the acceptable threshold as
shown in Fig. 1c. The amount by which the curve is shifted over is what we consider
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Fig. 1 Schematic of overdesign. a No overdesign, causing a large proportion of parts to fall out of
spec, b the curve is shifted right to create overdesign, c the overdesign leads to less parts being out
of spec

to be overdesign. It is worth pointing out here that adding this buffer only makes
sense when there is effectively only a single constraint on the performance variable.
For a property like part, strength designers may not care that the part is significantly
stronger than promised. However, there are some instances where a property has
both an upper and a lower bound to it. An example may be the dimension of a hole;
the diameter of the hole can neither be too big nor too small and therefore the idea of
overdesigning does not make sense. Also, note that the scenario could be inverted;
there may be an upper bound on an attribute like the amount of contaminants.

Overdesign is just one of the strategies that can be deployed to manage manufac-
turing variability. Another strategy is to do 100% inspection together with rework and
scrapping. However, inspection is not always easy. Reliably establishing the ultimate
tensile strength of a part requires the part to be destroyed. It might be possible to
test the strength of a part up to its design constraint, and to approve it if it is able to
withstand these forces, but this will likely deform and damage the part. Furthermore,
there are significant costs associated with the potential rework or scrapping of out-
of-spec parts [12]. Of course, in some cases overdesign can be used in conjunction
with inspection, rework, and scrapping. In most cases, the strategy of overdesign
appears to be the most effective way to manage manufacturing variability.

The buffer for overdesign is typically decided by weighing the risk level that
decision makers are willing to tolerate against the cost of mitigating this risk. The
policy can either be set internally by a company, or externally, through standards
and certification frameworks. Overdesign in certification frameworks can take on
various forms. In some cases, a safety factor is added (e.g., [13]), which follows the
concept of overdesign directly and essentially sets a higher target for mechanical
requirements to account for variation in mechanical properties. For example, one
might say that instead of a steel bar needing to withstand 10 kN, it must withstand
13 kN (safety factor of 1.3) to account for variability in the strength. Assuming an
average tensile strength of 400 MPa, this turns a bar with 25 mm2 of cross-sectional
area into a bar of 32.5 mm2. In other cases, the preferred framework is that of design
allowables [14]. Here, the mechanical properties that are allowed to be assumed
during design depend on the distribution of these properties. A material that has very
high spread in its properties will have a lower allowable strength than a material
that has a tighter distribution but the same average strength. For example, instead
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of assuming a tensile strength of 400 MPa for a steel bar, only a tensile strength of
300 MPa can be assumed. For our bar that has to withstand 10 kN, this would mean
that instead of 25 mm2 of cross-sectional area, 32.5 mm2 of area would be required.
Ultimately, these different approaches frame the same concept in different terms.

Why Does Overdesign Cause Increased Material
Consumption?

Increased amounts ofmaterials used in a partmeanmore embodied energy in that part.
For many products, a substantial proportion of the lifetime energy can be accredited
to the embodied energy in the materials [15, 16]. In addition, the increased weight
of a final product due to more materials can also influence the environment impact
of the use phase of that product. For example, fuel consumption of a vehicle heavily
depends on its weight.

For any design constraint that varies with the amount of material used, it is pos-
sible to overdesign by adding more of that material. This includes properties such
as the stiffness, strength, and thermal capacity of a part among many others. In real-
ity, the effect of overdesign will be subtler and more complex than simply scaling
the thickness of all parts at the end of a project’s design. Variability will be taken
into consideration from the onset of the project [14]. Significant testing will be con-
ducted early on during the design process to account for variability and to establish
the strengths that can be assumed for the design. Or to put it in the language of a
different framework, safety factors will be applied from the beginning of the project
and parts will be designed to meet the requirements of a more conservative design
specifications. Ultimately, the results will be similar, and variability will lead to more
material being used in the product.

The link between manufacturing variability and environmental impact can there-
fore be established under a few conditions. A simple schematic is shown in Fig. 2.
If manufacturing variability is sufficiently high then potentially the idea of safety
factors is adopted, and overdesign is framed as the need to shift the design specifi-
cations by a specified factor. Alternatively, the idea of design allowables is adopted
and the effective strength that can be assumed by designers is adjusted based on the
variability of the mechanical properties. In both cases, the result is overdesign which
implies thatmorematerial will likely be used thereby leading to higher environmental
impact.
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Variability Plays an Important Role in Many Different
Industries

Manufacturing variability plays an important role in many industries. In this section,
we discuss some examples and explore the opportunities that reductions in vari-
ability could present by looking at typical levels of manufacturing variability and
considering some standard practices in these industries.

Concrete

Concrete has a very high CO2 emissions footprint [17], is a critical construction
material, and the variance in the strength of concrete is notably high [18]. We will
discuss variability in terms of the coefficient of variation (CV), which is defined
as the standard deviation divided by the average of a distribution. A CV of 0.14
is rated to be “fair” by industry standard [19]. In the compliance requirements of
Section 26.12.3.1 in the standard developed by the American Concrete Institute
(ACI) [20], the ACI requires the average of three consecutive tests to exceed the
specified strength, with an allowable failure rate of one in a hundred tests. Which
translates into Sa f ety Factor � zscore × CV√

n
� 2.33 × 0.14√

3
� 18.8%. In other

words, under these assumptions, almost 19% extra concrete is required in order to
overcome issues with manufacturing variability.

In 2016, the total CO2 attributed to concrete was around 1.45Gt CO2 [17]. Assum-
ing that all this concrete has a CV of 0.14 and that for all this concrete, the above
compliance requirements were followed, we can extrapolate our calculations to sug-
gest that around 0.27 Gt of CO2 is being put into the atmosphere every year to make
up for the high variability in concrete. In reality, not all of the world’s concrete will
follow this standard, and not all concrete has a coefficient of variation of 14%. How-
ever, this figure presents itself as a reasonable estimate of the total opportunity that
can be captured by reductions in variability for concrete.

Higher variabilty Increased 
overdesign

Increased 
amount of 

material used

Higher 
environmental 

impact

Fig. 2 A schematic of the connections between manufacturing variability and environmental
impact. If the variability of a process is high, then there is a need for overdesign to account for
this additional variability. More material is needed to satisfy these additional design requirements,
which leads to more environmental impact
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Integrated Circuits

Integrated Circuits (IC) is an industry familiar with variability in manufacturing
processes. There is clear motivation for this; most of the innovation in this industry
is driven by the desire to create increasingly smaller transistors, which requires
increasingly more accurate and precise manufacturing operations. The trend has
been powerful enough to shrink feature sizes from tens of micrometers in the 1970s,
to tens of nanometers in today’s state of the art [21]. With billions of transistors
per chip, each individual transistor must be very reliable otherwise too many chips
may have too many defected transistors. To ensure extremely high reliability for
each transistor, each feature is made larger (overdesigned) relative to what current
technologies may be able to produce on average.

IC manufacturers have to determine tolerable failure rates. This becomes a trade-
off between the size of each transistor, and therefore speed and power draw, and the
reliability of each transistor, which manifests as the yield of the chips. Interestingly,
the yield of chips has been falling as the transistors have shrunk. Transitioning from
350 to 90 nm in feature size, the yield went from around 90–50% [22]. With current
technologies around 14 nm, yield likely has dropped even further although the exact
numbers remain difficult to obtain. These statistics give an interesting insight to the IC
industry. The industry is willing to accept high levels of rejects just for the chance to
build very small transistors, and this risk tolerance seems to have shifted over time. It
also highlights a further dimension from a sustainability perspective. In this industry,
there is a trade-off between yield and the amount of material required per part. With
350 nm technology Intel produced 31 million transistors on a chip with a die size of
242 mm2 [23] while with 90 nm technology Intel produced 125 million transistors
on 112 mm2 [24]. This is an 8.7-fold decrease in area per transistor. Assuming that
the kind of material used is comparable and the thickness remains the same, even if
yield decreased from 90 to 50% materials will still be saved. However, there might
be a point where yield may be so low that it no longer leads to materials savings.

Nevertheless, process control in the IC industry should be seen as a success story.
The field pays close attention to process capabilities and has very sophisticated
statistical tools and design strategies to continue progress [25]. This relentless push
towards smaller transistors is a form of dematerialization that has been enabled by
advances in process control.

Fiber Composites

Fiber composite manufacture provides an interesting example because the compos-
ites industry is starting to see many applications where lightweighting is of impor-
tance, such as in the transportation industry. However, fiber composites have notori-
ously high variation in theirmechanical properties [26].Many regulatory frameworks
revolve around establishing the effective strength of a part [27], with a reliability of
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99% or 95% depending on how critical the component is. Other regulatory frame-
works often require an additional safety factor (which is set depending on the variabil-
ity) when operating with fiber composites (e.g. [13]). We explore how the variability
of fiber composites affects the aerospace industry in a separate contribution [28],
and find that overdesign is frequently around 30% and can lead to an additional
100 kton of CO2 output over the life of a Boeing 787 mostly due to the additional
fuel requirements associated with the added weight.

In this example, manufacturing variability does not just relate to material con-
sumption but also to the use phase. With fiber composites gaining increasing trac-
tion in automotive [29], it is important to remember how manufacturing variability
might impact the ultimate lightweighting potential of fiber composites in applications
beyond aerospace.

Promisesmade by early composite advocates included saving 50% of a structure’s
weight compared to using an aluminum frame [30]. It is difficult to determine how
much weight savings occurred in reality, but estimates place it closer to 20% of the
structure’s total weight [31, 32]. This remains true despite three decades of devel-
opments in the composites field. Part of the shortcomings may be explained by the
difficulties in manufacturing composites. The composites production process proved
to be more problematic to control than anticipated [30] and these challenges were
not considered in initial optimistic predictions. As a result, additional safety factors
must be applied when using composites [13]. These safety factors vary depending on
the specific process, materials, and applications, but discussion with industry experts
places this value around 1.3. The additional requirements of safety factors were not
foreseen by early composite advocates, but it severely undermines the weight-saving
potential of this technology.

The lesson to draw from these developments is that the predicted weight savings
of 50% were an unrealistic extrapolation that did not account for realities on the
production floor. Perhaps when isolated from other factors and when ignoring vari-
ability in properties, it is possible to achieve 50% weight savings. However, once
the technology reached the factory floor the results were more sobering. We should
remember this lesson when we consider upcoming processes and materials.

Every industry has to deal with manufacturing variability every day. This variabil-
ity has implications for the environmental impact of various products andmaterials as
wehave introduced here.Different industries have different approaches and standards
when managing manufacturing variability, but the underlying concepts of viewing
properties and geometries as distributions rather than deterministic values can be
seen throughout all these examples.
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Effective Performance Is More Important than Average
Performance

As illustrated in the previous section, in industry, it is not just about a deterministic
measure of a property or dimension but rather about its distribution and the risk level
companies are willing and able to tolerate. From industry’s perspective, reproducibil-
ity is vital and the framing falls around effective performance rather than average
performance. During research this is not always the norm. Instead, researchers gravi-
tate towards the average performance of a few select samples or even single samples.
It is worth discussing how and at what point during the journey from lab to production
floor we should transition from talking about averages and point values to talking
about distributions.

Differences Between Research Labs and Production Floors

The different focus between research labs and production floors is understandable.
For novel processes andmaterials, it is unreasonable to demand thevolumeof samples
necessary to make accurate estimates of variability, especially when the researchers
are still exploring the process space. However, we can still be skeptical of statements
that speak about improvements in properties if the processability of this new tech-
nology has not been addressed. Before we extrapolate from the average of a select
few samples, we should at the very least consider whether process control may be
difficult.

Manufacturing variability is often not reported at early stages of development, but
even small changes in variability can be impactful. Depending on the distribution
of properties (process and material dependent) and on the reliability (derived from
external or internal policies), a safety factor is determined. This safety factor can
grow rapidly as shown in Fig. 3. If a failure rate of 1% is accepted, then a coefficient
of variance of around 0.1 already requires a 20% overdesign. If a new material were
to claim a 25% higher strength to weight ratio but made the coefficient of variance
increase from 0.01 to 0.10, then the majority of the benefits might be nullified due
to the need for a safety factor.

Upcoming Technologies—Additive Manufacturing

There are some technologies currently in development which show high promise
for effective lightweighting or to reduce environmental impact. However, the pro-
cessability of these technologies is not always given due consideration. One such
technology is Additive Manufacturing (AM).
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Fig. 3 a Relations between safety factor required tomeet a certain reliability for various coefficient
of variation scenarios. b Safety factor required to achieve 99% reliability at various coefficients of
variation. Both plots assume a normal distribution

AM, the practice of building a part layer by layer, is being hailed as a disruptive
technology that can fundamentally change the way we approach fabrication. One of
the main benefits of AM is its ability to fabricate nearly any kind of geometry, which
opens up the potential for substantial weight savings. However, one key obstacle that
impedes the commercialization of AM is process control and quality assurance [33,
34]. AM is a highly sensitive process, and we do not yet understand exactly how the
process works [35]. Due to the difficult nature of this new process will we see special
safety factors forAMparts just likewhatwas observed for fiber composites?Howwill
this impact the lightweighting and dematerialization potential ofAM?Are thereways
to improve processability and thereby increase the dematerialization potential? So
far these questions remain unanswered. Nevertheless, studies are coming out which
claim impressive dematerialization ratios on the order of 50% for some parts (e.g.,
[36]) but gloss over issues surrounding manufacturing variability. More prudence
may be required lest we repeat the overestimates we observed with fiber composites.

Discussion and Future Work

We have established a link between manufacturing variability and environmental
impact through the concept of overdesign.Manyquestions remain, and in this section,
we highlight a few future research areas that may provide answers to these questions.
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Estimating Variability of a New Process

If variability is worth considering during the development of new processes, a natural
question is howandwhen this variability should be estimated. Estimating the variance
of a distribution is difficult, and requires a large number of samples to do reliably.
Additionally, it is not well known whether a lab-scale process is a reasonable proxy
for its ultimate mass production version. Both of these are strong arguments to delay
estimating variance until later in the process’ development. However, delaying too
long is similarly unfavorable. A process is most flexible early in its development,
which implies that if it is possible tomake a processmore consistent and less variable,
it would be easiest to do so early in the development of the process. Furthermore, if
the goal of developing a technology is to save material or to make a part lighter, it is
important to know how we should compare different options.

Expecting hundreds of lab-built samples to establish the variance of a distribu-
tion is unreasonable. Instead of creating many samples and building a distribution
empirically, it may be possible to get a better understanding of what the variability
may be by doing sensitivity analyses and investigating the processability of a new
technology. At the very least this may help identify areas that need improvement or
ways in which the variability can be controlled, and may also help in setting more
reasonable expectations of how the new technology may ultimate preform once it
has been adjusted to account for variability.

Reducing Variability

If it were possible to reduce variability, then many opportunities to save materials
would open up. For example, we estimate that the around 19% of concrete is used
to counteract the effects of variance.

There are tools and methods that can be used to reduce variability. So far these
methods mainly focus on business practices such as Six Sigma, and the results have
been strong [6, 8]. There is also increasing interest in process-level solutions. For
example, in situ process monitoring in AM [35]. Here, the process parameters are
adjusted in process based off of readings taken during the process, and might reason-
ably result in reduced variance between parts. Furthermore, the trend of increasingly
more precise fabrication techniques, like we see in integrated circuits, shows that
there are ways to reduce variability at least in some circumstances.

While studies on variability for various materials and processes exists, there are
few that attempt to understand and highlight the root causes of variability on a
process level. Having a better understanding of underlying sources of variability, and
potential ways to alleviate them may prove an effective way to reduce our material
consumption.
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Risk Neutrality

Our framing implies that one strategy to reduce the size of a safety factor is to accept
a higher risk of failure. For example, one might argue that instead of requiring a
reliability of 99%, only 90% is required.With constant variance, this would lower the
need for overdesign thereby saving material. Setting risk tolerances is a complicated
task that is highly context dependent and we are not advocating that this is the
correct strategy. However, in some scenarios, it may be insightful to get a better
understanding of how the level of reliability is decided upon.

In the case of integrated circuits, it appears that manufacturers are accepting
increasingly higher odds that there will be a chip-disabling defect and that the chip
will need to be discarded as this is the only way in which very small chips can be
made at all. The scenario is very different when talking about setting risk tolerances
for a concrete structure. Here, the result of failure might be catastrophic and should
not be taken lightly.

Conclusions

In thiswork,we connectmanufacturing variability to environmental impact and argue
that instead of leaving manufacturing variability as a concern at the very end of a
process’s development, it should be considered and investigated earlier. At the very
least, researchers should be aware that deterministic values will never be realized,
and that a more realistic representation is that of a distribution and an associated risk
level that decision-makers are willing to tolerate. As a result, effective performance
of a part, which is adjusted to account for the distribution’s variance and the risk
level, is more important than average performance.

These points add another consideration for potential light-weight materials and
dematerialization strategies; average performance is not sufficient and the manufac-
turing variability should also be considered. This work suggests opportunities for
dematerialization that the industrial ecology may not have recognized before; sig-
nificant material savings may be achieved by reducing variability in certain material
systems.
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Research at The REMADE Institute
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Abstract Manufacturing accounts for about 25% of the energy consumption in the
United States. To help reduce the energy consumption and emissions, the USDepart-
ment of Energy (DOE) has supported “The REMADE Institute”, a public–private
partnership launched in 2017. The objective of REMADE is to increase manufactur-
ing energy efficiency and reduce embodied energy in materials (metals, polymers,
electronic waste, and fibers). This talk provides an overview of REMADE’s five
nodes and the objective of its Manufacturing Materials Optimization (MMO) node.

Keywords Energy efficiency ·Manufacturing efficiency ·Materials
optimization ·Manufacturing optimization

Manufacturing accounts for about 25% of the energy consumption in the United
States. To help reduce the energy consumption and emissions, the US Department
of Energy (DOE) has supported “The REMADE Institute”, a $140 million pub-
lic–private partnership launched in 2017. The objective of REMADE is to increase
manufacturing energy efficiency and reduce embodied energy in materials (metals,
polymers, electronic waste, and fibers), with the following missions:

• Enable the early stage applied research and development of key industrial plat-
form technologies that could dramatically reduce the embodied energy and carbon
emissions associated with industrial-scale materials production and processing.

• Eliminate and/or mitigate technical and economic barriers that prevent greater
material recycling, recovery, remanufacturing, and reuse.
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This talk provides an overview of REMADE’s five nodes including:

• Systems Analysis and Integration;
• Design for Recovery, Reuse, Remanufacturing, and Recycling (Re-X);
• Manufacturing Materials Optimization;
• Remanufacturing and End-of-life Reuse; and
• Recycling and Recovery.

The objective of the Manufacturing Materials Optimization (MMO) node is to
develop technologies to reduce in-process losses, reuse scrap materials, and utilize
secondary feedstocks in manufacturing. Specifically, MMO research will optimize
the use ofmaterials inmanufacturing to controlmaterials properties, improve process
efficiency, and increase the use of more cost-effective alternative feedstocks. MMO
will also develop and implement tools, technologies, andmethods to facilitate precise
control of materials manufacturing in order to (1) process secondary feedstocks at
cost and energy parity with primary feedstocks; (2) improve manufacturing yields
for primary feedstocks; and (3) decrease the embodied energy.

There are several opportunities for reducing embodied energy in materials. These
include using lower embodied energy materials and secondary feedstocks, as well as
increasing the recycling rates for thesematerials.Opportunities in reducing embodied
energy exist in using functionally gradient materials, manufacture of net-shaped
parts, reduction of defects, and increasing yields during manufacturing. Currently,
casting yields are in the range of 30–60% and these need to be increased through use
of improved thermal physical property data and improved stimulation techniques. If
yield in steel castings can be improved from 50 to 60%, there would be significant
savings in energy.

In steels, the in-process losses due to melt oxidation need to be reduced. It is
necessary to develop in-process sensors for in situ analysis of melts and to take cor-
rective actions in real time available to reduce defective products. Development and
manufacture of ultrahigh performancematerials requiring lower factors of safety will
reduce the weight of material needed, hence reduce the embodied energy. Recycling
of steel is very extensive and it can be further increased by increasing the tolerance
of tramp elements like copper by reducing their detrimental effects. In the United
States, the total steel production is 120 MT whereas the shipment is only 100 MT
representing 16.6% or 20 MT yield loss. A reduction in yield loss by 10% will save
2 MT of steel or savings in corresponding energy and emissions. In steel foundry, 2
million tons of molten metal is used and produce 1 million tons of finished castings.
The melt loss is 10% or 0.2 million tons. If the melt loss is reduced to 6%, 4 million
tons of steel will not need to be produced implying saving of significant amount of
energy and emissions. More than 85 million tons of scrap is consumed annually with
a recycling rate of 92% in the US. However, there is a need for logistical and techno-
logical improvement in steel recycling, recovery, and processing of scrap, including
improvement in contaminant removal and recovery.

The aluminum industry is facing a similar situation in the use of secondary alloys.
Current aluminum casting industry uses limited amount of secondary alloys. This
is because that primary aluminum is generally viewed as higher quality, containing
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Fig. 1 Primary aluminum production and secondary aluminum recovery from new and old scrap
in North America, including metal recovered from net exported scrap [2]

fewer entrained oxides and having better-controlled chemical composition, than sec-
ondary aluminum [1]. Despite the recent increase of secondary aluminum production
in North America, the current use of secondary aluminum is still lower than primary
production, as shown in Fig. 1 [2].

One example project selected for negotiation by REMADE is “Increasing melt
efficiency and secondary alloy usage in aluminum die casting” being carried by The
Ohio State University (OSU), Alcoa USA Corporation (Alcoa) and North American
Die Casting Association (NADCA). In the die casting industry, molten aluminum
processing is crucial to energy efficiency and casting quality (chemistry and clean-
liness). There are many materials involved in aluminum melt processing, including
primary and secondary alloys, refractory, and flux materials. The fundamental ther-
modynamic and kinetic reactions among these materials in melt processing deter-
mine the energy efficiency and throughput (melt recovery) of die casting operations.
Such reactions are especially complex with secondary alloys which bring in more
impurities and inclusions in the process. Currently, most of the process control and
optimization in molten aluminum processing is conducted via traditional “trial-and-
error” and “design of experiment” methods, with limited use of analytical tools
available to the industry. Therefore, there is significant room for improvement in
terms of energy efficiency and melt recovery in aluminum die casting. The project
goals are: (1) develop fundamental thermodynamic and kinetic models for aluminum
melt processing involving secondary alloys, refractory and flux materials; (2) design
improved secondary alloys more tolerant of impurities (such as Fe and Zn); (3)
develop new/improved refractory and flux materials for higher melt recovery rates;
and (4) provide new/improved melt treatment techniques (such as fluxing and filtra-
tion) for better control of alloy chemistry and cleanliness.

The technical approach is to use fundamental thermodynamic and kinetic mod-
eling [3] to guide the composition control of secondary alloys and optimize melting
and melt treatments of such alloys for significantly improved melt efficiency and
increased use of secondary alloys in aluminum die casting. This approach is a holis-
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Alloy Modeling Refractory/Flux Modeling 

Lab Test Field Test 

Fig. 2 Technical approach of an example REMADE project “Increasing melt efficiency and sec-
ondary alloy usage in aluminum die casting”

tic modeling supported by experiments and validation at both lab-scale (about 30 lb.
melt) and pilot/production scales (500–3,000 lb. melt), with technical tasks outlined
in Fig. 2.

Another example project at REMADE is on new approaches for removing con-
taminants in secondary materials. Many metals require high levels of purity to meet
performance requirements. The presence of contaminants seriously can erode the
value of recycled metals. An initiative led by The Ohio State University, Alcoa and
CompuTherm intends to advance new methods for contaminant removal.
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Production from Sun, Air, and Water
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Abstract In the DüSol research project, the technology of sustainable fertilizer
production is developed and demonstrated on the basis of solar thermal redox cycle
processes. The focus is on the unexplored step of solar thermal air separation for
the production of nitrogen. For this reaction, corresponding materials are identified
by thermodynamic calculations and qualified and optimized on a laboratory scale.
In combination with material development, a prototype reactor is designed based on
computer-aided calculation tools. In a test campaign in the new high-performance
simulator for concentrated solar radiation SynLight at the Technology Center in
Jülich, this reactor is being tested and the solar thermal nitrogen production demon-
strated.These experimentalworks gohand in handwith the overall process simulation
and optimization, which lead to a comprehensive economic analysis.

Keywords Fertilizer production · Thermochemistry · Air separation · Solar
reactor · Concentrated sunlight

Introduction

There is an ever-growing demand for ammonia production that already reached glob-
ally 200 million tons per year by 2018 and is forecasted to increase to over 350 mil-
lion tons per year by 2050 [1]. The application segment is dominated by the fertilizer
industry, since the most important fertilizer and the world’s most widely produced
chemical is urea. Ammonia is synthesized via the Haber–Bosch process, for which
the required hydrogen and nitrogen are currently provided by using fossil fuels. The
process consumes about 2% of the world’s commercial energy, which corresponds
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to approx. 2 trillion kWh. This work proposes a novel approach to produce ammonia
from the raw materials water and air only by utilizing solar energy directly—with-
out the detour of electricity, which is inevitably associated with energy conversion
losses.

The proposed ammonia production route consists of two coupled solar-heated
thermochemical cycle processes, which aim to specifically remove oxygen from
gases. This applies both to gases that have atomically bound oxygen (water vapor),
as well as for oxygen-containing gas mixtures (air). The applied redox material
is oxidized in a two-stage process with the corresponding gas, and then thermally
reduced. The energy required for this is provided by concentrated solar radiation that
has the potential to play a major role in the future global energy mix.

In the first cycle, H2O is used for oxidation and hydrogen is produced. This
process has already been successfully tested by DLR on a pilot scale [2]. The second
innovative cycle uses air as the oxidant. The air is deprived of oxygen and thereby pure
nitrogen is produced. Both gases together, N2 and H2, are subsequently converted to
ammonia in the well-established Haber–Bosch process.

The focus of the current work is the unexplored solar thermal air separation for
the production of nitrogen for the Haber–Bosch process, which requires N2 with
oxygen contamination below 10 ppm. During thermochemical reduction–oxidation
(redox) cycles, the redox material (typically metal oxide) is thermally reduced at
high temperature

MOx
Qheat��hO−−−−−−→ MOx−1 +

1

2
O2 (1)

while heat is converted to chemical energy in an amount equal to the enthalpy of
the reduction reaction, and with the release of gaseous oxygen. During the reduction
step, this stored energy can then be converted back to heat by the reverse reaction to
drive the air separation step for N2 production. The absorbed O2 during the oxidation
step could later be released and utilized for fertilizer production, e.g., in the Ostwald
process for ammonium nitrate synthesis.

Perovskites are promising redox materials that are described with the general
formula AMO3-δ, where the A site typically features an alkali, alkaline earth or rare
earth metal cation, whereas the M site is occupied in most cases by transition metal
cations. The occurrence of an oxygen non-stoichiometry δ (δ � 0–0.5) in AMO3-δ

perovskites, as well as the close structural relationship between perovskites and their
defect-ordered reduced form A2M2O5 (brownmillerite) allow for fast redox kinetics.
Furthermore, the partial reduction that is described by Eq. 2 ensures the stability
of these materials since during the redox cycle, oxygen moves through the lattice
without a decomposition of the crystal structure.

AMO3
pO2,T←→AMO3−δ +

δ

2
O2 (2)
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Another advantage of perovskites is their tuneable composition, since the A and
M sites can be occupied by a number of ions. The possible formation of a given
composition is limited by the Goldschmidt tolerance factor [3]:

t � rA + rO√
2(rM + rO)

(3)

In most cases, the perovskite forms the desired ideal cubic lattice until 1 < t <
1.02. The tolerance factor can be controlled by selecting the required alkali metal
on the A site, while the B site can be occupied by a number of transition metals
with the possibility of adding other metals in small quantities. With this method, the
reduction enthalpy can be tuned in the range of �H0 � 100–500 kJ/mol−1.

The selection of the metal ions was based on the rule that the oxygen affinity
of the material should be low enough to allow thermal reduction in air at moderate
temperatures, but high enough to enable full reoxidation of the reduced form to its
initial state in air. A measure of the reducibility of oxide is its reduction enthalpy
(�Hred), a lower �Hred results in a lower reduction onset temperature.

In this work, the feasibility of using perovskites as redox materials for solar
thermochemical air separation is demonstrated. The choice of the applied redox
material SrFeO3-δ is based on our previous results [4]. Furthermore, the rawmaterials
used to make SrFeO3-δ, strontium carbonate and iron oxide are very inexpensive, due
to abundant natural resources at world market prices below $1 per kg, allowing for
economical use as a redox material. The concept is first validated in laboratory-scale
experiments performed in an IR furnace, followed by scaling up the process to a
20 kW solar reactor.

Experimental

Synthesis of SrFeO3-δ Particles

SrFeO3-δ was synthesized by a solid state reaction between the raw materials, stron-
tium carbonate, and iron oxide. The powders were mixed in a ball mill, then annealed
at 1100 °C for 20 h in an alumina crucible. The desired phase composition was ver-
ified via XRD. For the experiments, 4 mm spherical particles were prepared by
mixing-spheronization using microcrystalline cellulose as binder.

Laboratory-Scale Proof of Concept

50 g of the synthesized beads were packed in a fixed bed reactor with an inner
diameter of 20 mm that allowed for rapid heating and cooling via infrared radiation.
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The bed was kept horizontal and heated in gas flows of synthetic air and nitrogen
while the oxygen content of the outlet gas was monitored continuously. For the
reduction process, the sample was heated under a flow of nitrogen of approximately
500 sccm to 800 °C. Reoxidation was performed under either synthetic air or 1%
oxygen and 99% nitrogen flow at 350 °C.

Results

Laboratory-Scale Proof of Concept

The goal of the experiments was to prove that very low oxygen partial pressures
can be reached during the reoxidation step performed in synthetic air. After the high
temperature reduction step, when oxidation begins, the outlet oxygen concentration
drops to a value of approximately 3 × 10−6 bar for some time, giving an outflow
of purified nitrogen with low oxygen impurities, from the gas entering the system
with 20% oxygen. As the oxidation progresses, the oxygen vacancies in the material
become filled and it slowly loses capability to remove oxygen at low concentrations,
so that the outlet concentration increases over time. The approximate residence time
for the gas flow in the bed is calculated to be less than 5 s for the air flow through
the bed. This highlights the very high kinetic activity of the oxidation reaction under
plug flow conditions.

To investigate the cyclability of the material, five cycles were performed at identi-
cal thermal conditions of 800 °C reduction and 350 °C oxidation for air purification.
Additional five cycles were performed at identical conditions but with an inlet gas
of 1% oxygen in a 500 sccm nitrogen flow. This is of interest as the SrFeO3 cycle
alone would be a rather energy intensive route to producing nitrogen, but coupling
it with an already established technology for producing low purity nitrogen, such as
a pressure swing adsorption unit, could offer a very efficient route to removing the
remaining trace oxygen and producing high purity nitrogen. The production versus
purity relationships for each cycle is given in Fig. 1. The narrow grouping between
curves of different cycles shows the excellent repeatability of the process and lack
of degradation of the material, at least over the limited number of cycles performed.

When removing oxygen from air, the 48 grams ofmaterial produced 0.602–0.662 l
of gas with less than 10 ppm of oxygen impurities. When removing oxygen from a
semi-purified stream, the same amount of material produced 2.014–2.661 l of gas
with the same purity.
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Fig. 1 Production curves for
five identical purification
trials from both synthetic air
and from a mixture with 1%
O2

20 kW Solar Reactor Design

SrFeO3-δ is suitable for use in the form of particles, therefore a number of reactor
designs may be considered, such as a fixed bed reactor, rotary kiln, fluidized bed
reactor or moving bed reactor. During the first step of the selection process, the latter
two were rejected due to their relatively complex design and operation with concen-
trated sunlight, and only the fixed bed reactor and the rotary kiln were considered
during the continuing evaluation.

The use of a fixed bed reactor is a simple solution that is similar to the laboratory-
scale technology demonstration in the IR furnace, but it only allows batch mode
operation, and since the whole reactor has to be cooled for the oxidation reaction
step, the overall efficiency would be lower. A more promising option is to use a
rotary kiln that would allow the separation of the reduction and oxidation step to
reach higher energy efficiency. The reduction of the redox material would take place
at a higher temperature in the kiln heated by concentrated sunlight, then it would
be transferred to another reactor, where after cooling the air separation would take
place. The rapid kinetics of the redox reaction by using perovskites means that the
rotary kiln could be given a high mass flow and a high input power, improving the
reactor’s thermal efficiency. Solar rotary-driven kilns were already demonstrated to
work well in previous studies, also with continuous particle flow [5].

The proposed reactor scheme is shown in Fig. 2. The solar radiation enters through
a quartz window that is fixed to the stainless steel crucible with a flange that ensures
a gas-tight connection. The gas inlet and outlet pipes are welded to the back of
the crucible. The inlet pipe reaches inside the crucible close to the focal point of
the radiation, which allows the gas to preheat before entering the reactor area. In
addition, it serves to separate the inlet and outlet flows. The oxygen concentration of
the outlet flow is monitored by a zirconium oxide-based lambda-sensor.
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Fig. 2 Scheme of a solar rotary kiln for air separation

Process and CFD Simulation

Based on the thermochemical characterization of the redox material and the results
from the laboratory-scale experiments, a CFDmodel of the solar rotary kiln (Fig. 2) is
set up in order to investigate and understand the interaction of gaseous flow, chemistry
of the redox processes and heat and mass transfer. Furthermore, the CFD model
combines conventional CFD techniques with a discrete element modeling (DEM)
approach, modeling the bed consisting of individual numerical model particles to
account both for internal solid mixing of the bed as well as the fluid flow through
the porous bed structures. The redox chemistry is included as heterogeneous surface
reactions attached to the DEM particles. This model should also serve to optimize
both the design and the operation of the solar rotary kiln and provide information
about the reactor characteristics for a process model.

An overall process model is created to investigate the thermochemical feasibility
of the process in general, as well as the relatedmass and energy balances in particular.
It is based on process simulation software tools and components [6, 7] and the
corresponding thermochemical substance data by GTT-Technologies, and can be
used to investigate the effects of different operating conditions regarding the intended
process design, thus also contributing to a comprehensive economic analysis.

Summary

Solar thermochemical air separation is a promising approach to provide nitrogenwith
the required purity to feed the Haber–Bosch process. Our current work focused on
selecting a suitable redox material for the thermochemical cycle based on large-scale
experimental screening aided by thermodynamic calculations. The viability of using
the perovskite SrFeO3 was verified by laboratory-scale experiments, where 50 g of
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redox material particles produces ca. 600 ml purified nitrogen per cycle. Based on
these results, a 20 kW solar rotary kiln design was proposed for the scaled-up process
that was optimized by process simulation software tools.
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Sustainability as a Lens for Traditional
Material Science Curriculums

Gabrielle Gaustad

Abstract The theoretical and methodological foundations of the sciences and tech-
nologies are essential to the removal of barriers to achieving sustainable systems.
The teachings of these concepts still lie in traditional academic disciplines such as
engineering, science, and mathematics. This structure can often manifest significant
barriers to progress in tackling challenging sustainability issues due to an absence of a
multifaceted, interdisciplinary, systems approach. This workwill explore approaches
for using current sustainability issues and problems to introduce both systems think-
ing and traditional material science discipline specific learning objectives to the
classroom. Specific examples will be illustrated for a diverse set of courses and
curriculum. Results show such an approach can improve recruitment and retention
results in addition to improved teaching outcomes.

Keywords Pedagogy · Engineering · Education · ABET
The theoretical and methodological foundations of the sciences and engineering are
essential to the removal of barriers to achieving sustainable systems. The teachings
of these concepts still lie in traditional academic disciplines such as engineering,
science, and mathematics. This structure can often manifest significant barriers to
progress in tackling challenging sustainability issues due to the absence of a multi-
faceted, interdisciplinary, systems approach.

Material science has a particularly relevant set of foundational courses that lend
themselves to interesting sustainability integration. Material selection approaches
and software have begun to incorporate both economic and environmental “prop-
erties” in the decision analysis, highlighting the tradeoffs made in real applications
[1]. Thermodynamics and kinetics principles can be illustrated in interesting energy
conversion examples for next-generation renewable energy storage and production
technologies. Other important contributions exist in fundamentals of mining, pro-
cessing, alloying, phase equilibria, material flow analysis, etc. A variety of recent
research is available with additional innovative suggestions [4, 6, 8].
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Fig. 1 Schematic representation of T-shaped and Pi-shaped competencies

Integration of sustainability issues into material science curriculum promotes
nexus thinking. In many engineering curriculums, it can be challenging to promote
interdisciplinary thinking when the curricular approach is inherently siloed. This
can often lead to a reductionist spiral where “solutions” produce unintended con-
sequences or additional problems. The famous inventor Thomas Midgeley is often
used to illustrate such unintended consequences. While his introduction of MTBE
to replace lead in automotive fuels was revolutionary and life-saving as it dramati-
cally reduced emissions of lead to the air, the fuel additives he introduced have now
been linked to endocrine disruption and ecotoxicity issues [11]. Another frequent
example I give in class is the New York state rebate on new appliances. This rebate
program was introduced to incentivize New Yorkers to replace older, less energy
efficient appliances with newer ones in the hopes of reducing electricity consump-
tion in the state. While the program was popular, it had the unintended consequence
of a majority of participants buying a new refrigerator and keeping their old ones
which actually increased appliance electricity consumption overall. Nexus thinking
is a systems-based educational approach that ensures broader critical thinking skills;
it promotes thinking through unintended consequences [7, 10].

Integration of sustainability into traditional disciplinary curriculums also pro-
motes T-shaped or Pi-shaped student competencies (Fig. 1). Broad, transversal skills
are being emphasized more by employers; it is imperative that today’s student leave
with not just a disciplinary degree but communication, organization, analysis, and
critical thinking skillsets [2, 3]. These approaches also help to improve the translation
of theory to practice, another key gap cited by employers. Students often struggle
to take academic learning and use it directly for on the job skillsets; ABET has
emphasized this need in its accreditation processes [5, 9].

Work presented at REWAS 2019 will explore approaches for using current sus-
tainability issues and problems to introduce both systems thinking and traditional
material science discipline-specific learning objectives to the classroom. Specific
examples will be illustrated for a diverse set of courses and curriculum. Results show
such an approach can contribute to improved recruitment and retention number and
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preliminary results appear to also enhance student learning outcomes measured via
traditional assessment methods.

References

1. AshbyMF, ShercliffH,CebonD (2013)Materials: engineering, science, processing and design.
Butterworth-Heinemann

2. Connor A, Sosa R, Jackson AG, Marks S (2017) Problem solving at the edge of disciplines.
In: Handbook of research on creative problem-solving skill development in higher education.
IGI Global, pp 212–234

3. Faris J, Kolker E, Szalay A, Bradlow L, Deelman E, Feng W, Qiu J, Russell D, Stewart
E, Kolker E (2011) Communication and data-intensive science in the beginning of the 21st
century. OMICS J Integr Biol 15(4):213–215

4. Gipson KG, Prins RJ (2015) Materials and mechanics: a multidisciplinary course incorpo-
rating. In: Handbook of research on recent developments in materials science and corrosion
engineering education, vol 230

5. Glasgow RE, Emmons KM (2007) How can we increase translation of research into practice?
Types of evidence needed. Annu Rev Public Health 28:413–433

6. Gunister E, Ozturk F, Simmons RJ, Deveci T (2015) Innovative instructional strategies for
teaching materials science in engineering. In: Handbook of research on recent developments
in materials science and corrosion engineering education, vol 100

7. Hussey K, Pittock J, Dovers S (2015) Justifying, extending and applying “nexus” thinking in
the quest for sustainable development. In: Climate, energy and water

8. Mainali B, Petrolito J, Russell J, Ionescu D, Al Abadi H (2015) Integrating sustainable engi-
neering principles in material science engineering education. In: Handbook of research on
recent developments in materials science and corrosion engineering education, vol 273

9. Passow HJ (2012) Which ABET competencies do engineering graduates find most important
in their work? J Eng Educ 101(1):95–118

10. Stringer L, Quinn C, Berman R, Le H, Msuya F, Orchard S, Pezzuti J (2014) Combining nexus
and resilience thinking in a novel framework to enable more equitable and just outcomes

11. Von Krauss MK, Harremoës P (2001) 11. MTBE in petrol as a substitute for lead. In: Late
lessons from early warnings: the precautionary principle 1896–2000, vol 110



Corrosion Education for Materials Life
Extension: Pathway to Improvement
in Resource Productivity

Brajendra Mishra

Abstract Materials are nonrenewal resources that are created through an “unnat-
ural” process. In addition to resource recovery and recycling of valuable materials
to achieve sustainability, simple methods to extend the life of materials enhance the
resource productivity. The natural process of corrosion tries to reverse the process of
material extraction causing enormous loss of energy and impacts the environment.
Corrosion costs the U.S. over $300 billion per year and also produces significant
safety hazards. Corrosion control is, therefore, important to enhance the life of engi-
neering metals and materials, which is also the focus of many government regulatory
agencies such as the EPA, DOT, and OPS. Corrosion protection technology utilizes
metallurgy, material chemistry, and physics as well as electricity to prevent or con-
trol corrosion degradation and therefore, the education of corrosion science and
engineering is directly linked to improving material life. Education in corrosion con-
trol applies these sciences to control the chemical and mechanical aspects that are
involved in the deterioration of properties. This paper will address the educational
aspects of corrosion technology that allow resource productivity improvement of
materials.

Keywords Corrosion · Sustainability · Education

Definitions

Resource productivity is the quantity of good that is obtained through the expenditure
of unit resource and is expressed as monetary yield per unit resource. For example,
agricultural output may be defined as “crop per drop”.
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Resource intensity is a measure of the resources (water, energy and materials)
needed for the production, processing, and disposal of a unit of good.

Resource efficiency is maximizing the supply of materials to function effectively,
withminimumwasted natural resources. Alternatively, it may be understood as using
Earth’s limited resources in a sustainable manner while minimizing environmental
impact.

Corrosion can be considered a natural result of energy stored in the metal when it
was refined and fabricated. Thus, when a metal corrodes, it is essentially the wastage
of this stored energy. Corrosion is the natural process that reverses extraction and
production of particularly metallic materials.

Dominant effects of corrosion that limit resource productivity are (a) material loss
and replacement cost; (b) production loss: plant downtime; (c) pollution; (d) over
design; (e) protection (over) costs; and (f) inspection, repair, maintenance costs.

Although corrosion is a natural process, it is controllable to a large extent.Reported
data in 2015 demonstrates that for a GDP of 17.7 trillion, direct and indirect cost of
corrosion total 6.2% of GDP, or a total corrosion cost in US of approx. 1.1 trillion.
The cost on global scale exceeds 2.5 trillion. It is believed that approx. 35% can be
saved by adopting best practices.

Corrosion Education

Improvement in resource productivity can be achieved through a proper understand-
ing and knowledge of corrosion and needs to be included in sustainability curricula.
The main aspects of this education for scientists and practicing engineers can be
divided into three parts:

(a) Realizing: science, mechanisms
(b) Recognizing: identify and measure
(c) Responding: protection

Based on an NRC Report by Scully and Harris, the following figure describes
the level of corrosion education needed for persons engaged in the manufacturing
business.
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Summary

• Corrosion impacts materials sustainability extensively
• Cost of corrosion significantly impacts economies
• Protection against corrosion can improve resource productivity
• Knowledge of corrosion is essential for practicing engineers.



Material-Oriented Product Development
by QFD4Mat Material Selection Strategy
Approach

Fabrizio D’Errico

Abstract Beyond the already published SpringerBrief of the author on Material
Selection strategy titled “Material Selections by a Hybrid Multi-Criteria Approach”,
US Springer, 2015, the QFD4Matmethod is presented as it has been teaching to engi-
neering students as material selection strategy learning tool, as well as it has been
adopting in big automotive sector industry that employs training and knowledge
transfer. Structured on the classic quality function deployment approach, one key
of success of QFD4Mat method is its open-source customizable platform by which
any multidisciplinary teamwork with varying specialties and languages can actively
participate to specific product development decision-making process, together with
material specialists. The QFD4Mat method goes beyond usual Quality Function
Deployment (shortly, QFD) technique by creation of two useful graphic analysis
tools: (a) the material value curves for product and the Performance–Cost–Recep-
tiveness (PCR) bubble maps, namely, two immediate infographic snapshots of the
best product value material solution for the specific challenge.

Keywords Material selection strategy ·Manufacturing · New product
development · Product competitiveness · Innovation

Introduction

Material specialists love to claim thatmaterials largely contribute to product improve-
ment and development processes. They like to consider the choice of material as a
“quarterback” in several challenges, since such decisions could considerably impact
the entire product value chain. Selection of materials is strictly linked to product
manufacturing phases and its choice is a key issue in the process, which leads to a
rise in the complexity of a product value chain.
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After the product is on-the-shelf, namely, sold to customers or users (sometimes,
these can be different subjects), the usage stage starts out: some factors connected
withmaterials can substantially influence consumers’ evaluation on usability, quality,
and durability. Product development follows therefore a two-tier approach: one is
externally projected to recognize customer needs, the other is internally focused
mostly on the domain of engineering in that it aims to define such key features in a
product that can efficiently and powerfully translate customer needs into a success
story, possibly surpassing the customers’ expectations. It is not rare to find that the
choice ofmaterials constitutes the added value of a product. For example, to the touch
of hand, the aluminum used in smartphone cases is perceived as more appealing than
polymers. Superior rawmaterial and manufacturing costs for such choices have been
powerfully deployed by engineers. Aluminum, they bet, would offer more resistance
per gram, the cover case can be thinner, wider but lighter, thus suitable for a larger and
more colorful screen. Apple produces a smartphone 40% of whose weight is made of
metals (aluminum accounts for 18%, stainless steel for 16%) against a very low 1.8%
weight of plastics, carefully shaping publicity in terms of saying they have created an
environmentally friendly life cycle for electronic goods mass production. After the
usage phase, the choices made on the material to utilize decisions which were taken
in the design phase, and also determine end-of-life management since the product
can be disposed of, reused or, in the best cases recycled. During both the usage and
end-of-life phases, there are some negative externalities: the choice of higher carbon
footprint materials could impact economically on revenues if Governments choose
to reduce such externalities. As opposed to that, choice of recyclable materials would
be a strategic decision progressively to reduce the higher cost of new metal alloys
which are expensive today, but have high recycling potential. Recycling reduces the
impact of the cost of virgin materials.

On the above premises, it seems there are several ways to create value in same
product type. It could perform better and/or it could be easier to use; it could be fabri-
cated at more convenient costs, but it could be less durable. Thus, by introducing the
term strategy, the problem of material selection is necessarily enlarged to define not
just a method, but plans and actions that will on a long-term basis have a substantial
impact on the success of a product on the market, and consequently on the success
of firms against competitive forces [1].

The selection of materials for market strategy is therefore a complex and mul-
tifaceted challenge that requires teams with multidisciplinary skills, ranging from
people who remind engineers that something which is the best is not always some-
thing that can be sold if the customer does not perceive the difference to others who
insist that the cost of materials can be less impacting on the projected long-life prod-
uct costs if the cheaper solution in materials creates nonconformities that will need
to be managed and to people that can explain technology and added value techniques
in easy words.
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Fig. 1 A diagnostic framework depicting the value curve of service, the product, and the material.
The horizontal axis contains the main factors on which industry interest is more focused, while
the vertical axis qualitatively measures the offering level that buyers receive from all of these key
factors

To that scope, effective strategy analysis of product performance is usually
achieved by creating the product value curve which aims to identify how customers
might assess product features that would reply to customer needs [2]. In Fig. 1, it
is shown a simplified example of a value curve for a product. The curves inside
the diagram allow to correlate the product key features identified with qualitative
response attributed by customers. The black line in this example represents the voice
of targeted customers, namely, how sample population of target customers are ide-
ally more or less responsive to key features. The other colored lines represent the
qualitative response of customers to your and competitors’ product features, namely,
considering how these features have been technically embedded in product and how
they are appraised by customers.

The product value curve is therefore considered one basic component of product
market strategy [2]. Reaching a more efficient value curve means the product has
been developed with some features that are distinguishable and capable to impact on
customers’ preferences in better and efficient way than competing products. On the
other hand, if the introduction of some feature in a product makes product complexity
greatly increases aswell product cost, the product value curvewould allowdevelopers
to focus mainly on such features capable to propose value to customer. For example,
application of recycled or biodegradable material for the making of capsules for
domestic coffee machines has been increasing, and the analysis of product value
curve depicts customers’ environmental consciousness and need for an easier waste
management.

Nowadays, the attention is slowly shifting from production volumes, process
repeatability, standardization of operations, and modular components, to the concept
of personalized products, the “one of a kind” attitude.
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Beyond common generalities, such as innovating to grow, innovating to create
value or innovating to stay ahead of competitors, a robust strategy should answer the
following questions: How can we create value for potential customers? How can we
defend against rivals from low-cost production countries?

The ability of companies to adapt their products and processes to the specific
needs of customers to provide customized solutions is a major strength that allows
you to maintain market share in sectors with high added value and compete with
emerging countries through a diversified range of products and services that are
difficult to replicate. However, characteristics of single customers, their needs, and
preferences have to be acquired, processed, and shared with specialists from the
product development teams working in different business units. The key for product
development is therefore a multidisciplinary team that can take part to the process
of the product designing; the team is made of engineers as well as procurement
analysts or market analysts with a variety of personal background and different
point of views on the features of the product. The decision to face engineering
problems, such as modeling of the product, the production process, and the design
of the manufacturing system, in an organic and structured way, often requires the
definition of a collaborative and multidisciplinary network. In these cases, the main
challenge is the integration and harmonization of the multidisciplinary knowledge,
of the different working methods and of the mental approaches to problem-solving
present in company.

To overcome such heterogeneity of the information, a comfort and easy language
method and relative tool, QFD4Mat tool—acronym of Quality Function Deployment
for Materials—has been developed by author to manage and elaborate data in order
to identify management strategies for product improvement. The tool is available
on qfd4mat.com website as freeware student edition that has been developed on an
xls platform, slightly customizable as described in the Student Manual Guide, also
available at website link. A commercial edition is based on Java language, available
onweb-servermode, or in resident full-licensedmode, by uploading the software on a
company server. Advantages of commercial edition are unlimited number of material
key features and product voice of customer key features tomanage, access tomaterial
database, automatic and user-friendly guided step for filling in main data required for
drawing the infographicmaps andmaterial value curves, and customizable reporting.

Material Selection Strategy for Product Improvement:
An Overview

When we go to the bike shop and look around to buy our new bike, first we are
conscious about our budget. Our budget is obviously related to the price, but not
exclusively. We elaborate several aspects at the same time in order to judge whether
our main needs could be satisfied by the bikes we are “screening” in front of our eyes.
For example, whether they give us the right kind of feeling that they will be light

http://qfd4mat.com
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and robust enough for the main type of riding we do. Weight and frame rigidity is
often an issue for many bikers. A bike manufacturer knows that the targeted market
segments are sensitive to this aspect, but customers are sufficiently specialized to
understand that lightness must not exclude robustness and durability. All these exter-
nal requirements are input requirements collected from the market (often referred
to as the “Voice of Customer” or VOC) but they need to be translated into technical
functions. The translation process from the external or customer needs to the internal
or designer requirements is fundamental process for elaboration of matrix of correla-
tion between product features and material technical features, according to common
quality function deployment approach [3]. For example, while the customer thinks
about a lightweight bike, the engineer thinks of the density of construction material.
Furthermore, when a biker is willing to pay $700 for a lightweight bike but he wants
to put it under pressure by riding it off track, he will probably expect the bike to be
robust enough and not to break all of a sudden. The engineers therefore think about
the toughness, resistance, or resilience capability of the frame material. This process
is what we call in material selection strategy the translation of needs (or external)
requirements into technical (or internal) requirements. If the reader has gone beyond,
he or she will already have identified the following crucial key point: once engineers
have translated, the customer needs into measurable parameters, namely, once they
have defined themetrics, how can they set the optimal values to target? Actually, this
is the crucial question that most literature in the selection of materials try to answer
by introducing rigorous analytic methodologies [4]. Anyway, the introduction of
internal metrics and targets allows engineers to rank and screen various candidates
in order then to select the one that matches the targets and respects technical and non-
technical constraints. One of the major nontechnical constraints that bike engineers
fix is a target price that is not lower than marginal cost, as they are not indifferent
to the budget constraints of the buyer. Other constraints are directly expressed in the
technical language of engineers, for example, how they translate the safe behavior
required and expected of the bike frame when users ride down the hill. Engineers
fix a minimum value of toughness resistance for the materials to screen, since they
acknowledge that materials with lower values could possibly fail, leading to sudden
and dangerous breakages at high speed.

What happens in every material strategy we plan is that several requirements
that aim to answer customer needs will compete for fixed resources, such as the
cost budgeted, the manufacturing and assembly time, and weight reduction, which
contends against the strength of materials.

A material selection strategy is thus performed proceeding with three main con-
sequential tasks as follows:

(1) The translation of customer or user needs (i.e., external analysis) for the product,
influenced by material features into technical and nontechnical requirements
(i.e., internal analysis);
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(2) On the basis of a technical and nontechnical set of requirements, namely, the
material key features inventory, as developed in (1) the formulation of perfor-
mance metrics to measure how well a material matches a set of requirements;

(3) a search procedure, namely, a structured material selection method, in order to
(a) explore a solution space, (b) identify materials that meet the constraints, and
(c) rank them by their ability to meet the requirements.

A selection strategy works by defining how it is possible to convert a set of inputs,
which we call the requirements of the product, into a set of outputs. Thus, material
selection strategy deals with the selection of materials and processes to shape the
external requirements and transfer the correct perception to customers and users so
to succeed because their expectations have been satisfied (or, hopefully, more than
satisfied).

It is a typical multi-objective optimization problem to be solved, with varying
approaches that could be employed. Methods can be divided into nonderivative,
or implicit methods, and derivative, or explicit, methods. Derivative methods for
material selection describes (i.e., “make it explicit”) a material “optimization func-
tion”—e.g., the weight-saving function of a component that is bend loaded—in terms
of dependent material variables—e.g., density, elastic modulus, etc. Generalizing,
such methods consists in deriving a function in those variables that can represent the
objective function to maximize—or minimize—by acting on material variables and
with respect to constraints. Most known is the Ashby’s method [2] that derives for
specific component functions—e.g., strength-limited design at minimum mass—the
performance function dependent on group of material properties, namely, the mate-
rial performance indexes; familiar examples are the specific stiffness, E/ρ, and the
specific strength, σy/ρ (where σy is the yield strength or elastic limit, and ρ is the
density). Such a method implies to write the optimization function for the specific
case. It is actually recognized to be an inherently stable method, since it is insen-
sitive to alternatives: the derivation of performance equation of the problem makes
engineers keep distance from self-judgment on material properties.

Nonderivative methods, or implicit method, instead does not derive the objective
functions in order to calculate the optimum. They are also known as “black box
methods.” Most known is the weight-sum method. It consists in assigning weight
factors to each key feature that is thought to have direct or indirect impact on single or
multiple objectives. Objective is not described by any explicit functions throughout
key features (or variables), as it happens in explicit method; thus experts are asked to
evaluate (a) design, product, or material key features that can causally impact on per-
formance optimization, considering they can work contemporarily and concurrently,
and (b) level of importance of certain features among others.

Each explicit or implicit method contains some advantages and drawbacks, espe-
cially in the case of industrial product development process that is key for competing
on marketplace. However, if product development is recognized to be generally a
step-by-step structured process that concerns insights into roles played by product
functionality, product performance, easiness of assembly, maintenance and durabil-
ity, capability for recycling, and interaction of all these features with cost estimation
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andmanufacturability [5, 6], such a process typically requires both engineering, mar-
keting and procurement experts, financial officers and others that can build such a
cross-functional team capable to evaluate in deep several features that can impact on
the product at a whole. Invaluable is therefore possibility to merge such a variety of
personal background and different point of views for defining features of the product.

The Quality Function Deployment Framework Applied
to Material Selection Strategy

The method consists of identifying and gathering information into three categories,
namely, performance, cost, and receptiveness, in a nondimensional scale:

• The Voice of Customer (VOC) product features in common language of
user/customer that are recognized as important/impacting on customer choice and
needs; they will be classified into three categories;

• The material key features, namely, the technical translation of the VOC product
features into inner material properties;

An example of this phase is shown in Table 1 for a didactic case of a bike saddle
product [7].

Once the (outer) customer requirements and the (inner) engineering characteristics
have been outlines, relationships between customer requirements and engineering
characteristics are created throughout the relationship matrix, as shown in Fig. 2.

The last calculation step according to QFD approach consists in assignment of
scoring our product and those of our competitors (Fig. 3).

After completing the assessment box (see again Fig. 3), two infographic power-
ful tools are realized: (a) the material Value Curves (Fig. 4) and the Performance—
Cost–Receptiveness (or PCR) bubblemaps (Fig. 5). They are graphs that are immedi-
ate snapshots of results obtained byQFD4Mat analysis that translates the information
gathered by correlation matrix into an assessment box for various solutions.

The value curve tries to resolve the trade-off between differentiation and low cost
and to create a new value curve:

• Which key features that a particular sector takes for granted should be eliminated?
This question forces decision-makers to consider those features that reply to the
requirements which companies are competing for, but which actually have a low
or even no impact at all on product value;

• Which key features should be reduced well below the industry’s standard? Some
product features do not add value to the product, or they are overdesigned;

• Which key features should be raised well above the industry’s standard? Quality
appearance, image, and impact resistance by use of lightmetal alloys in electronics,
for example, laptop covers, are today made of machined aluminum instead of the
cheaper injection molding polymers, which give greater formability;
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• Which key features should be created, responding to unexplored product require-
ments for the sector, which the industry has never offered? This forces us to seek
out solutions that break out of the industry’s sector boundaries, to explore new
offer contexts.

The PCR bubbles maps diagram (see Fig. 5) is instead based on action made
to separate the side of demand that pertains to choices and preferences (needs) of
consumers from the side of supply, pertaining to how are evaluated solutions [7]. The
data by which bubbles are created are taken by the assessment box, the “foot” of the
matrix—see Fig. 3—namely, the results of the assessment of material key features
for each candidate material. Data are simply reorganized by grouping into the P, C,
or R category.

The bubblemap outlines on the same diagram for the supply-side and the demand-
side two circles with their centers of coordinates, respectively, P and C, andwith their
diameters R. The ideal situation is obviously when the PCR bubble, representing the
supply-side, completely matches the demand-side PCR bubble. When the VOC bub-
ble is partially covered by the bubble of thematerial key features, it means the product
value that the suppliers propose, partially satisfies the consumers’ expectations.

Fig. 2 Example of correlation matrix linking material key with product key features in QFD4Mat
analysis [7]
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Fig. 3 Example of calculation box for the assessment of key features and the relative weighted
score for competing products in a classroom case studied regardingwith new lightweight automotive
suspension arm. The screenshot is provided by the commercial edition of the tool

Fig. 4 The value curve visualizing the final results of QFD4Mat in the crankshaft industrial case
study [7]
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Fig. 5 Mapping of material
solutions by QFD4Mat
bubble map graphic output:
the customer-based analysis
for checking best-for product
value for customer solution

Embedding the LCA Analysis: The QFD4Mat Approach
for Growing Environmental Consciousness in Engineers

Frequently, material selection problems are of greater complexity, when several
aspects must be contemporarily taken into account for a successful marketplace
positioning of products. The challenge might sometimes be to create an enlarged
point of view, sometimes embedding further aspects product engineers do not famil-
iarize, as well. For example, which class of material is the best candidate to give the
most powerful and efficient contribution to weight saving in cars but in environmen-
tally friendly way? As usual, material specialists love to claim that materials largely
contribute to product improvement and development processes. We like to consider
the choice of material as a “quarterback” in several challenges, since such decisions
could considerably impact the entire product value chain.

Thus, today it is commonknowledge; the choice of lightermaterials to put onboard
a vehicle fueled by gasoline can contribute to reducing emissions, namely, the car-
bon footprint of the vehicle over its life. Otherwise, if we point out the linear func-
tion emissions over travel distance as it is depicted in Fig. 6, we can just consider
two scenarios: the baseline scenario, namely, the conventional heavy solution has
always a higher slope curve for the emissions vs travel in the usage phase of vehicle
than a light metal solution adopted. But with surprise, lighter components made of
energy-intensive materials, when they are not employed by recycling routes, such
as aluminum, magnesium, and titanium, show “dirtier” behavior; even though the
direct emissions from their usage are largely lower (i.e., gentle slope of emission vs
onboard travel curve) than that of heavier materials. This fact is due to all emissions
“stored” in manufacturing process: greenability of material must be accounted for
in the net balance between the cleaner and dirtier phase when, in order to make a
decision, we compare a lighter scenario with that of the baseline [7].

Such a practical example for automotive components shows clearly efforts young
engineers should put into concept design for assuring sustainable but competitive
products reach the marketplace. Selection of materials may give control of the quan-
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Fig. 6 Scheme for assessment of positive or negative global warming potential (GWP) of lighter
automotive component: seeking the GWP break-even point [7]

tity and types of materials to be used in the manufacturing phase. Main technical,
economic, and environmental issues, once evaluated and investigated, should be
adequately accounted for and finally “merged”.

Due to several features to be considered, furthermore each of them having its
own unit dimension (e.g., kg for mass part; euro per kilogram for raw material costs;
kg CO2 eq per kilogram for unitary pollutant equivalent emissions for raw material
used, etc.), an explicit method is quite unpracticable to select best candidate material
when all those features must be monitored. On the other hand, implicit methods,
such as the QFD, give possibility to treat the assessed key features of product in
nondimensional way, thus allowing users to easily merge results.

Specifically, the environmental aspect of product is typically included in a
QFD4Mat analysis in the receptiveness category, as today the environmental per-
formance of products is considered an added value by multinational enterprises, as
it would increase the attractiveness of products for several users.

By this way, the QFD4Mat acts as a common language among all the diversities
of a multidiscipline team that wants to take the product design as a whole. Using it
puts people from each company department on equal footing, all able to stimulate
the decision-making process, no one being sidetracked by partial views, just like a
roundtable, which, in a most effective metaphor, has no head, and at which everyone
who has decided to sit does so with equal status and power for discussion.

Conclusions

The master idea of this multidisciplinary approach came out by education program
included in academic course student held in past 10 years in on advanced metallurgy
and process topics. On the other hand, the QFD4Mat method has been employing
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in industry just being introduced by former student; invaluable is the fact young
engineers realize that no point of view ever hasminor importance inmultidisciplinary
teams, as technical aspect is just a single facet of the multi-sided problem. There can
only be an insufficient way of sharing disciplines, because, in such cases, there are
so many incomprehensible languages. As in a board game with common rules for
all the players, even when they have different strategies or scopes, the approach here
shortly described would aim to communicate possible common rules, so aiding the
single player, though he or she may have a genius for approaching a problem from
his/her point of view, to put his or her real talent to use for the team as a whole.
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Recycling Steel Manufacturing
Wastewater Treatment Solid Wastes
via In-process Separation with Dynamic
Separators

Naiyang Ma

Abstract In steel manufacturing, various solid wastes are generated in wastewater
treatment. Iron, carbon, and fluxes (CaO and MgO) are the main beneficial compo-
nents in these solid wastes for recycling in the ironmaking and steelmaking process.
However, the wastewater treatment solid wastes often also contain some undesirable
components. Separation of those unwanted components from the wastewater treat-
ment solid wastes is a prerequisite to recycle the solid wastes safely, economically,
and environmentally. In this contribution, producing cleanwastewater treatment solid
wastes via dynamic separation at ArcelorMittal is reviewed and discussed, and some
case studies are presented.

Keywords Steel manufacturing · Wastewater treatment · Solid wastes ·
Recycling · Separation · Dynamic separation

Introduction

In steel manufacturing, wastewater is constantly generated in many locations, such
as sinter plant wet scrubbers, blast furnace wet scrubbers, BOF spark boxes, BOF
wet scrubbers, casters, and hot rolling and cold rolling mills [1, 2]. The wastewater
is routinely treated for reuse of the water in the steel manufacturing process and
for blowdown of the water to the environment. The wastewater treatment generally
includes removal of suspended solids, control of heavy metals, control of oil and
grease, breakpoint chlorination, thermal treatment, sewage treatment, and biolog-
ical treatment [2]. In the various treatments, chemical compounds are added into
the wastewater to destroy undesirable components, to convert soluble components
into precipitated particles and to have minute particles coalesce into large particles.
Sedimentation, centrifugal separation, and filtration are commonly used for removal
of the suspended solid particles from the wastewater. Eventually, along with the
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regeneration of clean water, various solid wastes are simultaneously generated in the
wastewater treatment process.

The wastewater treatment solid wastes are generally rich in iron and/or carbon
and/or fluxes (CaO and MgO). Iron, carbon, and fluxes are beneficial components
needed by the ironmaking and steelmaking process. However, these solid wastes
also contain some undesirable components like zinc, alkalis, oil, sulfur, chlorine,
etc. [2–4]. If these undesirable components return to the ironmaking and steelmak-
ing process in some large quantities with the wastewater treatment solid wastes, they
may damage ironmaking and steelmaking equipment, destabilize ironmaking and
steelmaking operations, degrade steel qualities, and cause environmental violations
[2, 5]. Therefore, how to produce clean solid wastes with minimal undesirable com-
ponents is a great challenge for sustainable recycling of the wastewater treatment
solid wastes.

The undesirable components in the steel manufacturing wastewater treatment
solid wastes may come from several sources. Raw materials like iron ore, coke,
coal, fluxes, and steel scrap can bring zinc, lead, alkalis, sulfur, and chlorine into the
steel manufacturing process. Oil and grease are widely applied in steel production as
lubricant and coolant for vehicles, machines, bearings, hydraulic lifters, and rolling
rolls and they can find ways into wastewater. Alkalis, sulfur, and chlorine can also
come from chemical compounds added to the wastewater treatment process.

Separation plays a key role in producing recyclable steel manufacturing wastew-
ater treatment solid wastes. There are three general separation strategies [6–11].
One is to separate the undesirable components from raw materials and to prevent the
undesirable components from entering the steel manufacturing process. This strategy
will significantly increase raw material cost for further stricter raw material speci-
fications. In addition, this strategy is unable to prevent oil/grease and alkali-based,
sulfur-based, and chlorine-based wastewater treatment chemicals from entering the
wastewater. The second strategy is to treat the dirty end-of-pipe solid wastes which
are already formed and stabilized. Separation of the multiple undesirable compo-
nents from the end-of-pipe wastewater treatment sludge is generally not economical.
The third strategy is in-process separation to selectively collect solid particles in
the wastewater treatment process so that undesirable components can be separated
from the beneficial components. In-process separation has the advantages of lower
separation cost, lower energy consumption, and less environmental concerns than
the other two separation strategies.

One of the in-process separation scenarios is to selectively collect suspended
solid particles from the turbulent wastewater in the early stage of the wastewater
treatment process with dynamic separators. In the rest of this paper, production of
clean wastewater treatment solid wastes with dynamic separation will be reviewed
and discussed, and some case studies at ArcelorMittal will be presented.
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Overview of Separating Suspended Solids in the Existing
Wastewater Treatment Process

In the existing wastewater treatment process of steel manufacturing, the main objec-
tive is to produce clean water for recycling of the water in the steel manufacturing
process and for blowdown of the water to the environment. Sedimentation followed
by filtration is the most common practice for removal of the suspended solids and for
regeneration of clean water. The sedimentation consists of settling by gravity and is
carried out in various settling devices, such as scale pits, settling tanks, thickeners,
clarifiers, inclined plate separator, and so on.

The sedimentation can take place in a single settling device or a series of settling
devices. Scale pits and settling tanks are used for pretreatment of the wastewater
to remove coarse suspended solid particles. Thickeners, clarifiers, and inclined plate
separators are utilized for removal of fine suspended solid particles and for precipita-
tion, coagulation, and flocculation of soluble undesirable components. For producing
recyclable water in the steel manufacturing process, sedimentation alone is generally
sufficient. However, for blowdown of the water to the environment, further treatment
and removal of the very fine suspended solids by filtration are required to meet
environmental regulations.

Before the wastewater enters the settling devices, chemical compounds are some-
times added into the wastewater for destruction, precipitation, coagulation, and floc-
culation of undesirable components. Thewastewater in the settling devices is moving
very slowly and leaves sufficiently long retention time for the suspended solids to
settle. The settled solids are reclaimed from the top or pumped from the bottom of the
settling devices and delivered to dewatering facilities, where scale or grit or sludge
is generated. Unsettled suspended solids leave the settling devices with the overflow
water. They either return to the steel manufacturing process with recycled water
or are captured by filters and sent back to the settling devices by back-flush water.
Clearly, the existing practice of removing suspended solids from the wastewater does
not separate beneficial components from undesirable components.

In an ArcelorMittal USA blast furnace ironmaking plant, wastewater from the
wet scrubber is treated in thickeners first to remove most of the suspended solids.
Polymers are added into the thickeners to accelerate sedimentation of the suspended
solid particles. Part of the overflow wastewater is recycled to the scrubber and rest of
the wastewater is further treated in a clarifier to remove fine suspended solids. The
overflow water from the clarifier is recycled for granulation of blast furnace slag.
The slag granulation wastewater is treated in a settling pond. Part of the wastewater
is recycled back to the slag granulation process. Part of the wastewater for blow-
down undergoes various treatments for destruction, precipitation, coagulation, and
flocculation of undesirable components. Suspended solids in the blowdown water
are separated by settling in a clarifier and by being filtered in a sand filtration device
followed by an activated carbon filter. Blast furnace sludge from the thickeners and
the clarifier before the slag granulation is generated in the process, and the sludge
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is unrecyclable in general due to high levels of undesirable components, especially
zinc.

In an ArcelorMittal USA BOF steelmaking plant, suspended solids in BOF spark
box wastewater settle in settling tanks. Overflow of the spark box wastewater is
combined with BOFwet scrubber wastewater. The combined wastewater is treated in
thickeners first. Part of the overflow wastewater from the thickeners is recycled back
to the wet scrubbers, and rest of the overflow wastewater is filtered by multimedia
filters.BOFsludge is generated in the process, and the sludge cannot be recycled to the
sintering–ironmaking process due to high concentrations of undesirable components,
especially zinc.

In an ArcelorMittal USA hot strip mill, wastewater takes mill scale into scale
pits. Part of the wastewater in the pits is pumped back into the hot strip mill for
reuse. Rest of the wastewater is further treated in clarifiers, various reactors, and
multimedia filters. Issues with the current practice include high oil concentration in
the reclaimed pit mill scale and high generation rate of oily mill scale sludge from
the clarifiers.

In summary, in the existing wastewater treatment process of steel manufactur-
ing, gravity separation of the suspended solids from wastewater is the mainstream
separation method, and the existing process is not deemed to produce clean recy-
clable wastewater treatment solid wastes, instead the solid wastes become paradises
of various undesirable components. The pretreatment of the wastewater for removal
of scale and grit could produce recyclable solid wastes, but it has issues of high
undesirable components in the collected solid wastes, high moisture content in the
solids, and low efficiency of the scale pits and the settling tanks.

Dynamic Separation for Production of Clean Wastewater
Treatment Solid Wastes

There are two kinds of suspended solids in the settling devices. One is pre-existing
suspended solids in the incoming wastewater and the other is newly formed sus-
pended solids in the settling devices. The newly formed suspended solid particles
are products of precipitation reactions of soluble undesirable components with added
chemical compounds. These suspended solids of undesirable components cannot be
recycled into the ironmaking and steelmaking process. When the formation of unde-
sirable particles takes place in the settling devices, the undesirable components can
contaminate the pre-existing suspended solids by coating, bonding, and mixing.

The pre-existing suspended solid particles in the incoming wastewater can be
divided into three categories. The first category of the solid particles is mainly com-
posed of beneficial components, the second mainly undesirable components, and the
third beneficial components coated by or bonded with undesirable components. The
suspended solid particles of beneficial components are more recyclable if containing
less undesirable components. Therefore, clean recyclable wastewater treatment solid
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wastes can only be produced prior to the settling devices and before the addition of
various chemical compounds.

Separation of suspended solids by gravity in settling devices is regarded as static
separation which is characterized by slow motion of the wastewater, minimal dis-
turbing to the wastewater, and long retention time of the suspended solid particles in
the settling devices. The disadvantages of the static separation include contamination
of undesirable components to beneficial components, large space required, and great
hold-up of the wastewater. For removing soluble undesirable components, the static
settling devices might be necessary. However, for producing recyclable wastewater
treatment solid wastes, the static separation is far from satisfaction.

Different from static separation, dynamic separation will make use of strong
turbulence and fast motion of the wastewater to separate clean solid particles from
the wastewater and from the undesirable components. The dynamic separation is
characterized by fast motion and strong turbulence of the wastewater. Objective of
dynamic separation is to produce clean recyclable wastewater treatment solid wastes
in addition to making clean water.

There are a few reasons why dynamic separation can separate beneficial com-
ponents from undesirable components. First of all, in dynamic separation, large
particles and/or heavy particles will be separated, but small particles and/or light
particles will stay with the wastewater. It has been validated that concentrations of
undesirable components in solid wastes are reversely proportional to particle size
and density [12–15]. As a result, large and/or heavy particles will contain less unde-
sirable components than small and/or light particles. Hence, dynamic separation can
separate beneficial components from undesirable components.

Second, in strongly turbulent wastewater, liquid undesirable components, such
as oil and grease, will disperse into small droplets. Compared to large patches of
the liquid undesirable components formed in the static separation, the small droplets
have less possibility to contaminate the suspended solid particles due to the strong
drag forces on the solid particles and on the oil droplets [16–18].

Third, the strong turbulence will accelerate dissolution of soluble undesirable
components, such as alkali chlorides [19]. The dissolved undesirable components
will not be collected by dynamic separators and will stay in the wastewater to be
further treated.

As to dynamic separators, any separating devices can work as long as they can
separate suspended solid particles from the wastewater and from the undesirable
components in the wastewater by making use of strong turbulence and fast motion of
the wastewater. Such separators may include hydrocyclones, magnetic liquid traps,
deflective separators, andvarious swirl concentrators (also called as vortex separator).
These dynamic separators are already widely available on market. However, it has
not beenwell understood how to produce clean recyclable wastewater treatment solid
wastes with these dynamic separators.
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Dynamic Separation of Grit from BOF Spark Box
Wastewater with a Swirl Concentrator

One of ArcelorMittal USA BOF steelmaking plants is equipped with spark boxes in
its BOF off-gas cleaning system. A series of water spray nozzles are installed in the
spark boxes. While the BOF vessels are running, the spray nozzles inject atomized
water to cool the hot off-gas. Part of the water evaporates and becomes steam going
with the BOF off-gas. Rest of the water washes the off-gas and takes dust particles
to the wastewater treatment system.

A block diagram of the spark box wastewater treatment system is shown in Fig. 1.
Make-up water is pumped into the second mixing tank so that wastewater with
sufficient flowrate can be pumped and delivered into the settling trailer box without
causing clogging issues in the pipelines. The spark boxwastewater is top charged into
the trailer box. Grit particles settle onto the bottom of the trailer box, and overflow
wastewater takes unsettled solids and flows to the clarifier for further treatment with
other wastewater streams.

Problemswith the existing spark boxwastewater treatment shown in Fig. 1 include
highwater/grit ratio (about 9–1 byweight) in the trailer box, low separation efficiency
of the trailer box, and high zinc in the separated solids.

A swirl concentrator coupled with a screw classifier was selected for the study of
separation of grit from the spark box slurry. Integration of the swirl concentrator and
the classifier is schematically shown in Fig. 2. The swirl concentrator was connected
to the pipeline right before the trailer box shown in Fig. 1. The spark box wastewater
tangentially entered the concentrator. Suspended solids in the wastewater settled and
fell onto the bottom of the concentrator and cleaned water floated up and exited as
overflow. Underflowwater took the settled solids and tangentially flew into the screw
classifier chamber. The screw classifier moved the settled solids up, dewatered the
solids, and discharged the solids.

The studywas a full-scale industrial trial. The swirl concentrator received all spark
box wastewater which had been directed into the trailer box. The influent wastew-
ater and the effluent wastewater were sampled. Concentrations of total suspended

Spark Box Settling 
Trailer Box

First Mixing 
Tank

Second 
Mixing Tank Pumps

Pumps

Clarifier

Make-up Water

Grit

Wastewater from
Other Sources

Clean Water

Vacuum
Dewatering

Sludge

Fig. 1 Blockdiagramof spark boxwastewater treatment at anArcelorMittalUSABOFsteelmaking
plant. Solid arrowed lines represent water flows and dash arrowed lines denote flows of solids
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Spark Box Wastewater

Overflow
Swirl
Concentrator

Screw Classifier

Fig. 2 Integration of a swirl concentrator with a screw classifier

solids in the influent and the effluent samples were analyzed. The separated solids
and the solids recovered from the influent samples, and the effluent samples were
analyzed for size distributions and chemical compositions. The separation efficiency
was calculated by the following formula:

η � (Sin − Se)

Sin
× 100%, (1)

where N is the separation efficiency in %wt, and Sin and Se are the suspended solid
concentrations in the influent and effluent water samples in g/cc (gram of solids per
cubic centimeter of water sample).

The trial lasted for 4 days, and spark box wastewater generated in 22 heats was
treated with the swirl concentrator. On average, 587 kg grit was collected for every
heat of steel made. Average moisture level in the grit was about 17% by weight. The
separation efficiency was between 95 and 98%. Average zinc concentrations in the
samples of influent suspended solids, effluent suspended solids, and the separated grit
were 0.17%, 1.63%, and 0.08%, respectively. As a result, the dynamic separation of
the suspended solids from the BOF spark box wastewater with the swirl concentrator
resulted in rather dry recovered solids, high separation efficiency, and significant
reduction of zinc in the reclaimed solids.

Dynamic Separation of Mill Scale from Hot Rolling Mill
Wastewater with a Magnet

AnArcelorMittal USAhot stripmill had two scale pits receivingwastewater from the
hot rolling process. The #1 pit received wastewater from the reheat furnace discharge
ends, the first descaling table, and a few roughing mill stands. The #2 pit received
wastewater from last a few roughing mill stands, the second descaling table, and the
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Fig. 3 The #2 scale pit and the flumes connected to the pit at an ArcelorMittal USA hot strip mill

finishing mill stands. The wastewater from both pits was combined and pumped to
multimedia filtration tanks.

Mill scale settled in the scale pits was top reclaimed by a clamshell bucket at the
#1 pit and by chain scrapers at the #2 pit. The #2 pit had constantly generated oily
mill scale which could not be recycled at the sinter plant since the high concentration
of oil in themill scale could cause high volatile organic compounds (VOC) emissions
at the sinter plant. It had been a great challenge to reduce the oil concentration in the
mill scale.

The #2 pit is schematically shown in Fig. 3. The pit consisted of 5 cells. The first
cell had been out of service. The second and third cells received wastewater from
finishing flumes #1 and #2, respectively. The roughing flume wastewater split right
before the scale pit and flew into cells #4 and #5, respectively. The wastewater in the
flumes was moving at high speed in order to prevent any sedimentation and clogging
of mill scale particles in the flumes. There was one chain scraper for each active cell.
While the plant was running, the chain scrapers continuously removed mill scale
from the scale pit. Trailer boxes were positioned at the discharge ends of the chain
scrapers and the chain scrapers discharged mill scale into the trailer boxes.

A 1.1T permanent magnet was chosen for this study. The magnet was mounted
on a stainless steel pole and positioned in the flumes. The magnet attracted mill scale
particles. The mill scale was recovered and analyzed. In the same time, samples
from the trailer boxes were taken and analyzed. Figure 4 demonstrates the mill scale
attracted by the 1.1T magnet mounted on a stainless steel pole.

The trial lasted for 3 days. Average oil concentrations in the samples recovered by
the magnet and by the chain scrapers are presented in Table 1. It is clear that the mill
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1.1T magnet Stainless steel pole

Mill scale

Fig. 4 Mill scale recovered by the 1.1T magnet separator mounted on a stainless steel pole

Table 1 Average oil concentrations in mill scale samples, %wt in dry basis

Separation method Roughing Finishing #1 Finishing #2

Static separation 5.15 0.27 1.30

Dynamic separation 0.27 0.04 0.07

scale samples recovered by dynamic separation with the strong magnet contained
significantly less oil than the mill scale samples from the existing static separation
with settling in the pit and reclaiming by the chain scrapers.

Conclusions

In the existing wastewater treatment process of steel manufacturing, static sepa-
ration is the mainstream of separation of suspended solids from the wastewater.
Existing wastewater treatment is clean water oriented, but solid wastes are notorious
nuisances contaminated with various undesirable components. Dynamic separation,
making use of strong turbulence and fast motion of the wastewater, can produce sig-
nificantly cleaner wastewater treatment solid wastes. Effective locations of dynamic
separation are prior to static settling devices and before adding chemical compounds
for destruction, precipitation, coagulation, and flocculation of undesirable compo-
nents. In the trials of separating grit from BOF spark box wastewater with a swirl
concentrator and separating mill scale from hot strip mill wastewater with a strong
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magnet at ArcelorMittal, clean wastewater treatment solid wastes were produced
with significantly low zinc and oil contents, respectively. It thus has been validated
that dynamic separation can produce clean recyclable wastewater treatment solid
wastes in the wastewater treatment process of steel manufacturing.
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Tannic Acid—A Novel Intumescent
Agent for Epoxy Systems

Matthew Korey, Alexander Johnson, William Webb and John A. Howarter

Abstract Tannic acid (TA) is a bio-based high molecular weight organic (HMWO),
aromatic molecule. Although biologically sourced, TA currently pollutes industrial
wastewater streams, and there is an industrial desire to find applications to downcycle
this molecule. Epoxy thermosets have revolutionized many industries, but are too
flammable to be used inmany applicationswithout additives which augment its flame
retardancy (FR). Many flame retardants used in epoxy thermosets are synthesized
from petroleum-based monomers leading to significant environmental impacts at the
industrial scale. Various bio-based modifiers have been developed to improve the
FR of the epoxy resin; however, increasing FR of the system without trade-offs with
other properties has proven to be challenging. In this work, TAwas incorporated into
the thermoset. The molecule was found to increase the intumescence of the system
without significant changes to the Tg and strength paving the way for biological
intumescent agents to be used industrially.

Keywords Epoxy · Tannic acid · Thermoset chemistry and properties

Introduction

For the past several decades, halogenated flame retardants (HFRs) have been used
as additives in a variety of different polymer systems in order for these materials to
meet the stringent flame retardant (FR) standards required in the US and UK. HFRs
are prevalent throughout the world in a variety of materials including pentabro-
modiphenyl ether (PentaBDE) in furniture, hexabromocyclododecane (HBCD) in
building insulation, and 1,2,3-trichloro-4-(2,3,4-trichlorophenyl)benzene (Aracor)
and tetrabromobisphenol A (TBBPA) in the printed circuit boards of electronics.
However, more recent research has shown that bioaccumulation of HFRs in humans
can lead to lower birth weight and length of children5, impair neurological develop-
ment, and even cause cancer. Furthermore, the health impacts of halogenated flame
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retardants are felt more strongly in less-wealthy regions of the world where individ-
uals are found to have elevated concentrations of HFRs in breast milk and water.
Due to these concerns, there is currently a high demand in industry for alternative
chemicals to HFRs in a variety of applications such as automotive, electronics, and
construction.

Researchers have developed synthetic, non-brominated flame retardant alterna-
tive compounds like triphenyl phosphate (TPP) for electronics and tris(1-chloro-2-
propyl) phosphate for building insulation, but these compounds still bioaccumulate
and have high persistence and toxicity. There has also been a significant amount of
research on biologically based flame retardant additives, such as cellulose, deoxyri-
bonucleic acid, lignins, condensed tannins, and tannic acid but these compounds
are often limited in application by a solubility mismatch between compounds and
hydrophobic polymer systems, such as epoxy. There are several methods that have
been used to prevent this problem. Surfactant can be used to assist dispersion and
increase the overall dispersion of the additive, but excess surfactant can affect the
resulting thermomechanical properties—which are important for epoxy. Using sol-
vent has been found to greatly increase the dispersion of these additives in polymers
but will also lead to the environmental emission of volatile organic compounds.
Chemically modifying the additive to better match the system into which it is being
inserted can increase the interfacial compatibility of the additive and the polymer
matrix, but can potentially make the product more difficult to commercialize due to
the added chemical steps in manufacturing. Impregnation of the additive is another
method for increasing dispersion of these particles, but it requires a large-scale and
optimized lyophilization process to preserve shape integrity. Due to these concerns,
the commercializability of biologically sourced additives into polymer matrices is
dependent on the minimization of the complexity of the polymer dispersion process-
ing mechanism.

There is a need for a new, simpler processingmechanism for the dispersion of bio-
logically sourced HFR alternatives in epoxy. However, there is very limited research
on this topic for several bio-based chemicals above, especially tannic acid (TA). TA
is a natural polyphenolic compound found in nuts, galls, seeds, and tree bark. TA is a
hydrolyzable tannin that—when dispersed into polymermatrices—has been found to
enhance the thermal properties of plastics. When thermally activated in the presence
of a fire, TA was found to crosslink into the polymer network forming a char barrier
between the surface of the material and the propagating flame, therefore retarding
the spread of the fire. Because of this, TA has been explored as an FR additive in a
variety of polymermatrices including poly(lactic acid), nylon 6, formaldehyde-based
polymers (P), polyesters, and urethane foams. TA shows favorability for use as an
HFR alternative compound, but its limited dispersibility in epoxy is the main barrier
to its use in this application. Uniform dispersion of high amounts of TA in epoxy has
only recently been achieved due to the distinct compatibility differences between TA
and epoxy resin, but there is no research on the flame retardancy of tannic acid in
epoxy.

In this study, a novel dispersionmethod of tannic acid in epoxy resin is explored. It
is observed that increasing the temperature of theTA/epoxy resinmixture can increase
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overall compatibility allowing for significantly increased dispersion. Samples were
heated at 105 °C in N2 gas for 1 h and then heated at 150 °C in N2 for 2 h. Through
optical microscopy and visual inspection, it was observed that a significant increase
in dispersion was achieved in all samples up to 8 wt% TA, but all samples remained
a viscous liquid rather than a hard crosslinked thermoset at this loading level of TA.
Samples above 8 wt% TA became too viscous to mix during the first stage of the
heating procedure and were not explored for this study.

Sampleswere characterized using thermal and thermomechanical analyses, chem-
ical characterization, and flame testing using mass loss calorimetry and cone
calorimetry. Thermogravimetric analysis was run on the TA–DGEBA composites to
further understand this stark change in compatibility through heating. Thermograms
indicated significant increases in thermal stability as compared to the control samples
alone. The results from TGA showed that all samples containing TA and DGEBA
had elevated temperatures of thermal degradation (Td) as compared to either control.
No significant differences were found between the temperature of degradation in any
composite system, but the magnitude of the maximum value of the derivative weight
curve decreased as the concentration of TA in the composite system increased. A
second degradation was observed in all TADGEBA composites at 425 °C and the
magnitude of the maximum value of the derivative weight curve increased as the
concentration of TA in the composite increased. The seven thermal degradations of
the DGEBA control sample at 280 °C have been found by this group in previous
research to be associated with degradation of the epoxy rings within the molecule.
Similarly, the degradation of TA at 260 °C has been found by previous research to
be associated with the phenol groups on the molecule. No TA–DGEBA composite
samples had thermal degradation peaks at either of these values and the peak tem-
peratures of thermal degradation associated with these composites were significantly
different from the controls, although the curves were quite broad in nature.

Additionally, samples were characterized using differential scanning calorimetry
and Fourier transform infrared (FTIR) spectroscopy. After crosslinking, all sam-
ples showed a glass transition temperature at −20 °C regardless of TA loading into
solution. However, control and samples containing 1 wt% TA were shown on first
heat to have a melting temperature at 34 °C, and no significant changes in melting
temperature were observed, whereas samples containing 3.2 wt% or more TA were
found to have no melting peak. There were no observed crystallization peaks on the
cooling curve and no observed melting points on the second heating curve, although
the glass transition was observed in all samples regardless of TA loading. FTIR was
run on samples after heating to help understand the behavior observed in both TGA
and DSC for all TA–DGEBA systems. Absorbance values for the epoxy peak at
915 cm−1 were found to significantly decrease as the samples were heated and with
increased TA loading.

The initial explanation for this behavior is that the observed change in compati-
bility in the solutions was not a product of TA simply dissolving into the DGEBA
system but was instead a product of TA reacting with it (Scheme 1). The proposed
mechanism for this phenol group on the surface of the TA molecule reacts with
the epoxy group on the DGEBA causing the oxirane ring to open and results in a
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nonreversible chemical linkage between the two molecules. FTIR absorbance val-
ues corroborate this claim, as the increased presence of oxirane rings resulted in a
decreased absorbance as TA was loaded in the sample. Considering that TA has 25
potential reactive hydrophilic phenol groups on its surface, the reaction between TA
and DGEBA results in a more hydrophobic DGEBA-functionalized surface on TA
molecules which is far more compatible with the DGEBA matrix. The DGEBA-
functionalized TA molecules are then more likely to dissolve into the matrix and
become further functionalized. These results are consistent with previous literature.

The TA–DGEBA solutions show the initiation of Td within the range of both
TA and DGEBA control samples, but a peak that is quite broad indicating a broad
range of chemical surface functionalization and little uniformity between surface-
functionalizedTA systems in the resulting prepolymer system.Thermograms showed
decreased molecular mobility and a resulting delay in the initiation of Td due
to the presence of large DGEBA-functionalized TA molecules, and this initiation
was consistent between all TA–DGEBA solutions. As the magnitude of the ther-
mal degradation at 325–340 °C in all DGEBA–TA samples decreased as TA wt%
loading in the samples was increased, the magnitude of the thermal degradation
at 425 °C increased. Previous researchers have found that the thermal degradation
at 425 °C was due to chemical crosslinks in solutions containing high amounts of
TA. The thermograms for this work indicate that the ability for TA–DGEBA solu-
tions to crosslink increased as TA loading was increased. These results indicate
that at low loading levels, DGEBA reacts with TA to functionalize its surface, but
the odds of DGEBA-functionalized TA molecules finding additional phenol groups
in solution are rare—due to the extreme excess of epoxy groups in the solution.
However, at loading levels at or above 1% TA, the molecules in the solution are
present enough to find each other and react forming a crosslinked network. DSC
results corroborate this claim, as surface-modified TA molecules act as nucleation
sites in the solution resulting in higher crystallinity and a larger magnitude to the
crystallization peak in the first heat. This crosslinked network is more thermally
stable than the DGEBA-functionalized TA molecules in solution and degrades at
higher temperature—425 °C. However, due to the broad nature of the degradation
peak at 425 °C, there is a distribution of crosslink densities throughout the system,
with some crosslinks being less dense and degrading below 400 °C, while others are
more dense and degrade near 450 °C.

After hardening the TA–DGEBA prepolymers using GP2074, the epoxy samples
were characterized to determine theirmechanical properties.At lowTA loading levels
(≤1 wt% TA), an observable decrease in ultimate strength, stiffness, and fracture
toughness were seen. However, at higher TA loading levels (≥3 wt% TA), samples
were not found to be significantly different from the control sample. The preliminary
explanation for this behavior is that surface-functionalized DGEBA–TA molecules
in small concentrations decreased the overall crosslinking density of the sample
resulting in a less strong, stiff, and tough thermoset. These results are consistent with
the results obtained from DMA for the prepolymer systems.

To understand this behavior, epoxy samples were analyzed using mass loss
calorimetry (MLC) and limited oxygen index (LOI) analysis. Results indicate that at
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low TA loading levels in DGEBA that have been hardened with GP2074, there was
no significant change in the peak heat release rate. Surprisingly, in samples contain-
ing TA in 3.2 wt% or higher, the peak heat release rate actually increased and did not
correlate with greater TA loading. The time to ignition did not significantly change
from sample to sample, and in some cases, decreased with TA loading. It is important
to note that air flow in the hood was observed parallel to the surface of the sample
while collecting this data andmay have had an impact on the heat release rate data for
all samples. The mass loss rate behavior was the same regardless of TA loading. Past
a 1% TA loading level, the peak of the mass loss rate curve increased significantly as
compared to the control but not relative to the amount of TA present in the sample.
These results indicate that TAwhich is surface functionalized with DGEBA is unable
to function as a flame retardant once hardened with GP2074. The total mass loss was
consistent between all samples; the TA did not increase the amount of the sample
remaining after MLC analysis. Samples containing TA showed slightly decreased
percent mass loss during the duration of the test which indicated that in the fire itself,
TA can form small amounts of char, but the percent mass loss was most decreased
in the highly TA-loaded samples.

Although the quantifiable data obtained byMLC shows increases in the peak heat
release rate and mass loss rate of highly loaded TA samples, visually, the samples
ignited quite differently.With increasedTA loading, the fire propagated slowly across
the surface. The samples that had decreased mass loss and delayed fire propagation
across the surface were also the samples that showed phase separation and clumping
when analyzed with optical microscopy. The initial explanation is that unmodified
TA was available in the system to delay the propagation of the fire. It is also of
note to mention that samples containing TA did not show significantly increased
char formation by mass but did show an increase in intumescent behavior. Limited
oxygen index was also performed on GP2074-hardened samples of TADGEBA, and
all samples with TA loading in any amount did not appear to have significantly
increased or decreased limited oxygen index (data is available in the Supplementary
Materials and Data section). This result indicates that the presence of TA does not
noticeably increase or decrease the ignitability of the samples, which matches the
data for the time to ignition measured by MLC and cone calorimetry.

These results indicated that the ability for TA to retard the spread of fire is directly
proportional to the presence of the phenol groups on the surface of the molecule.
Removing the flame retardant –OH groups from the surface of the molecule did not
allow for the TA molecules to retard the spread of the fire significantly, something
not seen before in literature for this molecule. These results also indicated that it was
not the phenol groups that affect the molecule’s ability to increase a polymer’s intu-
mescent behavior, but instead it is the internal structure of the molecule that results in
intumescent behavior. Using this knowledge, a more flame retardant and intumescent
TA-based additive for epoxy systems can be developed. This result is consistent with
what was expected after analyzing the unhardened TA–DGEBA composites where
two temperatures of thermal degradation were observed. In samples containing TA,
there are regions of high crosslink density and low crosslink density, so regions of
low crosslink density will degrade first, pushing up on the resultant char causing
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an increased expansion of the apparent volume of char. Cone calorimetry was also
performed and preliminary results corroborated these conclusions (data is available
in the Supplementary Materials and Data section).

This work shows that in order to increase the compatibility of TA in DGEBA,
the system must be heated. However, upon heating the TA and DGEBA, a surface
functionalization of the molecule takes place in which the galloyl groups are reacted
and disappear, as evidenced by chemical characterization. Once this takes place,
the molecule no longer retains its flame retardant ability in the resulting thermoset,
although it does serve as an intumescent agent resulting in a significant increase in the
volume of the resulting char. Although the apparent volume of the char does increase
with TA loading, themass of the resulting char does not significantly change between
samples. These results indicate that the phenol groups on the surface of the molecule
are directly responsible for its ability to serve as a flame retardant in this application,
and the inner structure of TA is responsible for its intumescent behavior. Further, it
was discovered that TA loading impacted its resulting behavior in the prepolymer
system. Samples with less than 3 wt% TAwere found to surface functionalize the TA
molecule without crosslinking, whereas samples with 3 wt% TA or more crosslinked
resulting in increased thermal stability within the system and increased apparent
crosslinking density. The results from this work answer many questions previously
unanswered by the scientific literature, and it is believed that this work can be used
by future researchers to determine the most effective way to incorporate TA into an
epoxy network.



Effect of CO Partial Pressure
on Extraction of Alumina from Coal Fly
Ash During Carbothermal Reduction
Process

Yang Xue, Wenzhou Yu, Zhixiong You and Xuewei Lv

Abstract Comprehensive utilization of coal fly ash is a promising industry with
great environmental protection and resource recycling. Alumina extraction from
coal fly ash usually produces a large amount of silicon-containing waste, which
would have adverse effects on the environment. In order to reduce the production of
silicon-containing slag, a new process of carbothermal reduction is proposed. Owing
to the generation of CO in solid phase reaction, it is necessary to study the effect of
CO partial pressure on the reaction. By changing argon gas flow rates, the effect of
CO partial pressure on carbothermal reduction process is analyzed. Moreover, the
experiments in vacuum furnace have been studied. The results show that the mullite
phase in coal fly ash can be more easily decomposed with low CO partial pressure
at the same reduction temperature. This paper provides a new sight for the industrial
application of alumina extraction from coal fly ash.

Keywords Coal fly ash · Carbothermal reduction · Alumina · Ferrosilicon
alloys · CO partial pressure

Introduction

Coal fly ash (CFA) is an industrial solid waste which is derived from coal combustion
in thermal power plants [1, 2]. The alumina content of CFA, produced by the coal-
fired power plants in the southern Inner Mongolia of China, is about 40–50% [3, 4].
Therefore, CFA is a kind of potential rawmaterial for extracting aluminum industrial.
Profitable utilization of CFA in alumina extraction has attracted extensive attention
recently.
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Techniques of the aluminum extraction from coal fly ash can be classified into
acidic [5, 6] and alkali [7–10] method. The acidic method requires acid-resistant
processing equipment, which makes it costly. The alkali method mainly comprises
limestone sinter process and lime-soda sinter process. Usually, a large amount of
silicon slag is produced simultaneously by those treatment processes.

Recently, a new approach for alumina recovery and ferrosilicon alloys preparation
fromCFAusing Fe2O3 as an activator and charcoal as a reducing agent was proposed.
The approach involves the following procedures. First, we need to calcine themixture
of CFA, charcoal, and Fe2O3 to produce aluminum and ferrosilicon alloys. Second,
the calcined samples need to be grinded into fine powder. After that, aluminum and
ferrosilicon alloys were separated by magnetic separation [11]. Owing to the high
separation efficiency of alumina and ferrosilicon alloys, this approach could be used
for both large-scale utilizations of CFA and production of ferrosilicon alloys.

Mullite is a main phase in CFA, and aluminum in CFA is mainly found in mullite
phase. With addition of Fe2O3, mullite reduction by carbon is presented by the
following reaction:

Al6Si2O13 + 3Fe2O3 + 13C � 3Al2O3 + 2Fe3Si + 13CO

The overall reduction reaction includes the following steps: (1) carbon-oxygen
chemical reaction, and (2) CO mass transfer from the reaction interface to the gas
phase. The resistance due to CO mass transfer in gas phase can hinder the reduction
kinetics. Therefore, it is necessary to study the effects of CO partial pressure on the
reduction of mullite phase.

Experimental

Materials

CFA was obtained from a coal-fired power plant located in Inner Mongolia, China;
its sizes were smaller than 0.15 mm. The chemical compositions analyzed by
X-ray fluorescence spectrometry (XRF, Shimadzu XRF-1800) are as follows: 35.37
mass% Al2O3, 49.83 mass% SiO2, 2.45 mass% Fe2O3, 6.20 mass% CaO, and 0.66
mass% MgO. The mineralogical compositions of the samples were determined by
X-Ray Powder Diffraction (XRD) analysis using a Rigaku D/max 2500 PC X-ray
diffractometer with Cu Kα radiation (λ � 0.154 nm, 40 kV, 150 mA) at a scan rate
of 0.3°/s. Their XRD patterns are presented in Fig. 1. The main phases in the sample
are mullite (Al6Si2O13) and quartz (SiO2).

Analytically pure reagent of iron oxide powder was used in experiments. Its com-
positionwasmore than 99.99mass%Fe2O3.Moreover, charcoal used in experiments
was purchased from market, and its sizes were smaller than 0.5 mm. Its composition
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Fig. 1 XRD pattern of coal
fly ash raw material used in
this study

was 1.57 mass% ash content, 4.45 mass% volatile content, 6.14 mass% moisture
content, and 87.84 mass% solid carbon content.

Methods

Samples were prepared from CFA, charcoal, and Fe2O3 with 5:2:3 mass ratios. Then
they were pressed into pellets and were dried at 120 °C for 12 h before use. After
that, pellets were roasted in a MoSi2-heating furnace for 2 h at 1523 K. A flow of
argon was maintained through the furnace to prevent oxidation of the samples. The
flow rates of argon were 200, 400, and 600 mL/min.

Moreover, pellets were roasted in a graphite-heating vacuum furnace for 2 h at
temperatures of 1223, 1323, and 1423 K. The gas pressure in furnace was about
0.001 atm.

Thermodynamic Analysis

The main objective of the thermodynamic analysis was to predict the effect of the
reduction temperature and partial pressure of CO on the chemical composition of the
reduction products. The standard free energy of the reactions was calculated using
the reaction module of FactSage 6.2 software.
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Results and Discussion

By comparing the reactionGibbs free energy of various partial pressures of CO, it can
be obtained that the temperature of �Gθ at 0 dropped when the CO partial pressure
reduced, as summarized inFig. 2. The values of�Gθ for the PCO/Pθ of 1 and 0.001 atm
become as the temperatures are higher than 1176K and 872K, respectively, implying
that the reduction temperature can be reduced by 304 K.

Figure 3 shows the XRD patterns of the reduced samples with different flow
rates of argon at 1523 K. Under the atmosphere of CO and Ar, increasing the Ar
flow rate can reduce the CO partial pressure in the furnace. When the flow rate of
argon was 200 mL/min, the reaction product was mainly composed of Fe3Si, mullite
(Al6Si2O13) and CaAl2Si2O8, indicating that the mullite in CFA did not decompose.
However, diffraction peaks of silica disappeared, indicating that silica was reduced.
With the addition of Fe2O3, SiO2 reduction by carbon is presented by the following
reactions:

2SiO2 + 3Fe2O3 + 13C � 2Fe3Si + 13CO

When the Ar flow rate was 400 mL/min, the diffraction peaks of Al2O3 appeared,
indicating that the mullite in CFA began to decompose. When the Ar flow rate
increased to 600 mL/min, the diffraction peaks of SiC appeared and those of Fe3Si
strengthened. Moreover, the diffraction peaks of Al6Si2O13 disappeared. These
changes indicate that low CO partial pressure could promote the reduction of mullite
phase. It was because low CO partial pressure was beneficial to the escape of CO,
which favored this reaction. The SEM image of the reduced sample is shown in
Fig. 4. The grain size of ferrosilicon alloys is about 35 μm.

Figure 5 shows the effect of the CO partial pressure on the possible reactions
during the reduction process, which exhibits that, for the same reaction, the reaction

Fig. 2 Effect of the CO
partial pressure on the
standard free energy
variation for the reaction
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Fig. 3 XRD patterns of the
reduced samples with
different flow rates of argon
at 1523 K

Fig. 4 SEM image of the
reduced sample



94 Y. Xue et al.

Fig. 5 Effect of the CO
partial pressure on the
possible reactions during the
reduction process

Fig. 6 XRD patterns of
reduced samples in the
vacuum furnace at various
temperatures

temperature can be reduced by decreasing the partial pressure of carbon monoxide.
Besides, Si content in ferrosilicon alloys advanced as the reduction temperature
increased under the same CO partial pressure. Figure 6 shows the XRD patterns of
reduced samples in the vacuum furnace at various temperatures. The gas pressure in
the vacuum furnace was about 0.001 atm. The relationship between gas pressure in
the vacuum furnace and CO pressure is

PV F � PCO

where PVF is the gas pressure in the vacuum furnace and PCO is the CO pressure.
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When the reduction temperature was 1223 K, the reaction product was mainly
composed of Fe9Si, mullite, and Al2O3, indicating that a small part of mullite was
reduced. At temperature of 1323 K, the diffraction peaks of Fe3Si replaced those of
Fe9Si.When the temperature increased to 1423 K, the diffraction peaks of Al6Si2O13

weakened while those of Al2O3 strengthened, and those of SiC appeared. Moreover,
the diffraction peaks of Fe5Si3 replaced those of Fe3Si. These changes indicate that
Si content in ferrosilicon alloys advanced as the reduction temperature increased,
which coincided with the theory. The reason for the existence of mullite at 1423 K
was that the reaction time was only 2 h.

Conclusions

(1) In the MoSi2 heating furnace, increasing the Ar flow rate can reduce the CO
partial pressure in the furnace, which was beneficial to the reactions.

(2) The reaction temperature in vacuum furnace with gas pressure of 0.001 atm
is about 100 K lower than that in MoSi2-heating furnace with Ar flow rate of
600 mL/min.

(3) Increasing the reduction temperature is beneficial to the increase of silicon
content in ferrosilicon alloys.
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Removal of Sulfur from Copper Smelting
Slag by CO2

Wang Yun, Zhu Rong, Hu Shaoyan, Wang Hongyang and Guo Yaguang

Abstract In the process of extracting iron from copper slag, the iron obtained by
reduction is difficult to use because of the high content of copper and sulfur. In
this paper, the thermodynamics of CO2 desulphurization of slag is simulated using
FactSage 7.1. In tube furnace, the desulfurization of copper slag was investigated by
changing the temperature and flow rate of CO2. Thermodynamic simulation using
FactSage 7.1 shows that increasing temperature and flow rate of CO2 can promote
the removal of sulfur, and the desulfurization rate can reach up to 54.97%. The
experiment shows that the removal trend of sulfur in the slag is the same as that
of the thermodynamic calculation, and the maximum removal rate is 56.64%. The
utilization rate of CO2 increased with the increase of temperature, but decreased
with the increase of CO2 flow rate. Compared with air, CO2 is not easy to cause slag
peroxidation.

Keywords Copper slag · Residue sulfur · Desulfurization rate · Utilization rate of
CO2

Introduction

Copper slag contains a large number of iron elements [1–3]. By deep reduction and
adding tempering agent, not only valuable iron can be extracted from the slag, but
also gangue can be fully utilized in the production of mineral wool, glass-ceramics,
stone, and so on [4–6]. However, copper slag contains a lot of Cu, S, and other
elements; the molten iron obtained is of poor quality, difficult to desulfurize, and
difficult to be used in large quantities as raw materials for steelmaking [7–10].
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The removal of sulfur from copper slag can produce copper slag with low sulfur
content. The use of air, oxygen, and other oxidants because of the strong oxida-
tion can achieve the rapid removal of sulfur from slag [11, 12]. Despite the good
desulfurization effect, it will also lead to the problem of slag overoxidation [13].
However, the removal effect of copper slag by weaker oxidant has not been studied,
and the study of thermodynamic equilibrium critical oxygen partial pressure of melt
desulfurization has not been reported.

Comparedwith air and oxygen, CO2 has aweak oxidizing property at high temper-
ature [14, 15], and it also has oxidizing property to sulfur in slag, which can remove
sulfur from slag. However, there is a lack of research report on desulfurization of
CO2.

In this study, the molten copper slag was desulphurized using CO2 with weaker
oxidizing property. The desulphurizing effect of CO2 on slag and the oxidizing
property of slagwere studied. The thermodynamic equilibriumprocess of copper slag
oxidation was simulated using FactSage 7.1 thermodynamic software. The effects of
temperature and flow rate of CO2 on the residual sulfur content in slag, the oxidation
of slag, the desulphurization rate, and the utilization rate of CO2 were explored.

Experimental Device and Method

Materials

As shown in Table 1, the copper slag is the slag from bottom-blown oxygen-enriched
bath. The slag without diluted is cooled slowly in the slag yard and then taken out
for the experiment. Part of copper slag was crushed below 100 mesh for experiment
and chemical analysis. The slag was sent to chemical analysis center of University of
Science and Technology Beijing for component analysis. Fe2O3 cannot be detected
directly, but it can be calculated from total Fe and FeO in slag.

Experimental Process and Results

The experiments were conducted in an airtight tubular furnace (with a maximum
internal furnace temperature of 1600 °C) using argon as a protective gas at a rate of
100mL/min.The samplewas contained in an alumina crucible (ϕ40mm × 120mm),

Table 1 Chemical analysis of copper slag (wt%)

TFe Cu S Al2O3 SiO2 FeO Fe2O3 Fe3O4

46.41 4.28 2.97 2.85 19.50 46.80 14.30 20.74
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held in an alumina safety crucible (ϕ60mm × 150mm) to protect the furnace tube
from inner crucible failure. The furnace temperature was increased to target temper-
ature in 150 min, and then the temperature remains 30 min.

Basic conditions: 100 g copper slag was put into tube furnace, then 100 mL/min
Ar protective gas into the furnace, heating up to 1350 °C in 150min, and then holding
for 30 min. The top blowing flow rate of CO2 is 200 mL/min. After top blowing of
30 min, the sample was quenched in water.

The quenched sampleswere sent to chemical analysis to detect S, FeO, and Fe2O3.
The main factors to be investigated are temperature, CO2 flow, and time, as shown in
Table 2. Inspection indexes are residual S,

(
Fe3+/Fe2+

)
, desulphurization rate, and

utilization rate of CO2.
The input data to FactSage 7.1 for calculation were 46.80 g FeO, 14.30 g Fe2O3,

19.50 g SiO2, 2.85 g Al2O3, 4.28 g Cu, and 2.97 g S. The gas pressure in Equilib
module was 1.0 atm. The conditions and output data are shown in Table 3.

Experimental Results and Discussion

Residual Sulfur Content in Slag

As shown in Fig. 1, the sulfur content in slag decreases significantly with the increase
of temperature and CO2 flow rate, which is consistent with the FactSage 7.1 sim-
ulation results. FactSage 7.1 calculation is the final reaction equilibrium of sulfur
removal, but the experimental results show that the sulfur removal is lower than
FactSage 7.1 calculation. This phenomenon may be caused by the erosion of cru-

Table 2 Experimental conditions and data

No. Temperature
(°C)

Flow rate of
CO2 (mL
min−1)

Mass of
final slag
(g)

Composition of slag
(wt%)

FeO Fe2O3 S

1 1300 200 97.9 50.2 10.34 1.73

2 1325 200 97.8 51.55 9.13 1.66

3 1350 200 97.7 52.85 7.95 1.6

4 1375 200 97.6 53.66 7.19 1.55

5 1400 200 97.6 53.87 6.99 1.5

6 1350 0 98.0 51.26 9.14 1.99

7 1350 100 97.8 52.59 8.02 1.77

8 1350 200 97.7 52.84 7.95 1.61

9 1350 400 97.6 52.86 8.23 1.32
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Table 3 The conditions and output data from FactSage 7.1

No. Temperature
(°C)

Volume of
CO2 (L)

Mass of gas
(g)

Sulfur in
gas (g)

Composition of
slag (wt%)

FeO Fe2O3

1 1300 6.00 13.96 1.27 50.2 10.34

2 1325 6.00 14.01 1.31 51.55 9.13

3 1350 6.00 14.06 1.36 52.85 7.95

4 1375 6.00 14.11 1.41 53.66 7.19

5 1400 6.00 14.15 1.45 53.87 6.99

6 1350 0 1.96 0.99 51.26 9.14

7 1350 3.00 8.07 1.20 52.59 8.02

8 1350 6.00 14.05 1.36 52.84 7.95

9 1350 12.00 20.00 1.63 52.86 8.23
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Fig. 1 Relationship between residual sulfur content in slag and a temperature and b flow rate of
CO2

cible in slag, which dilutes the elements in the slag and reduces the sulfur content in
the slag.

Thermodynamic analysis of slag desulfurization shows that self-desulfurization
occurs during slag heating, and the sulfide in slag reacts mainly with Fe2O3.

6Fe3+ + S2− + 2O2− � 6Fe2+ + SO2 (1)

When CO2 is injected into the bath, CO2 will react with sulfide in the slag to produce
CO and SO2.
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S2− + 3CO2 � O2− + 3CO + SO2 (2)

Equation (2) reaches equilibrium

�G � A1T + B1 + RTln[
pSO2
p�

· ( pCO
pCO2

)3 · aO2 -
γS2− · wS

] � 0 (3)

where T is the temperature, K; A1 and B1 are the constants, and �G0 � A1T + B1

is the standard Gibbs free energy of Eq. (2); R is the constant of 8.314 J mol−1 K−1;
pSO2, pCO, and pCO2 are the partial pressures of SO2, CO, and CO2, respectively, atm;
p� is the standard atmospheric pressure, 1.0 atm; aO2- is the activity of O2- in molten
slag; γS2- is the activity coefficient of S2- in molten slag; and wS is the mass fraction
of sulfur in slag (sulfur in slag almost all exists in the form of S2-), wt%.

The activity of oxygen ions in slag can be shown as follows:

2Fe2+ + CO2 � 2Fe3+ + CO + O2− (4)

�G � A2T + B2 + RTln[aO2− · pCO
pCO2

· (γFe3+

γFe2+
· wFe3+

wFe2+
)2] � 0 (5)

where A2 and B2 are the constants, and �G0 � A2T + B2 is the standard Gibbs
free energy of Eq. (4); γFe3+ and γFe2+ are the activity coefficients of Fe3+ and Fe2+,
respectively; and wFe3+ and wFe2+ are the mass fractions of Fe3+ and Fe2+ in slag,
respectively, wt%.

According to Eqs. (3) and (5),

ln(wS2−) � AT + B

RT
+ ln(

pSO2
p�

) + 2ln
pCO
pCO2

− 2ln
wFe3+

wFe2+
− 2ln

γFe3 +

γFe2 +
− ln(γS2−)

(6)

where A and B are the constants, and A � A1 − A2, B � B1 − B2.
According to Eq. (6), sulfur content in slag is affected by temperature, pSO2,

pCO/pCO2, and wFe3+/wFe2+. The sulfur content in slag can be reduced by increasing
temperature, which is consistent with the curve of Fig. 1a.

Slag Oxidation (Fe3+/Fe2+)

The oxidation of slag can be measured by the ratio of
wFe3+/wFe2+

(
Fe3+/Fe2+ � wFe3+/wFe2+

)
. The larger the ratio of Fe3+ to Fe2+,

the stronger the oxidation of slag, that is, the higher the content of Fe2O3 in slag.
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Fig. 2 Relationship between Fe3+/Fe2+ in slag and a temperature and b flow rate of CO2

Figure 2a shows that the oxidation of slag decreases with increasing tempera-
ture, which is consistent with the results of the calculation using FactSage 7.1. The
change of Fe3+/Fe2+ with temperature is more significant at 1300–1350 °C, but the
decrease is not significant when the temperature is 1375–1400 °C. However, the cal-
culation results using FactSage 7.1 show a linear relationship between temperature
and Fe3+/Fe2+.

As shown in Fig. 2b, with the increasing CO2 flow rate, the Fe3+/Fe2+ in the slag
decreases first and then increases slightly. When CO2 is not blown, the slag is not
agitated and the reaction is slow and the initial Fe2O3 content in the slag is higher.
However, when CO2 is blown into slag, the Fe2O3 will be consumed greatly. When
theCO2 continues to increase, the oxidative effect of CO2 on slagwill appear, making
the slag oxidizability increase again, but the increase is small, which is consistent
with the results of calculation using FactSage 7.1. Compared with air and oxygen,
CO2 is not easy to cause slag overoxidation, which can keep slag oxidation in a stable
range.

Desulfurization Rate of Slag

In order to study the effect of CO2 on the desulphurization of slag, the desulphuriza-
tion rate of slag is defined as η.

η � (1 − m · wS

m0 · w0S
) × 100% (Experimental) (7)

η � mS

m0S
× 100% (FactSage 7.1) (8)
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Fig. 3 Relationship between desulphurization rate and a temperature and b flow rate of CO2

where m is the mass of slag after experiments, g; wS is the sulfur content in slag after
experiments, wt%; m0 is the mass of initial slag, g; w0S is the sulfur content in initial
slag, wt%; mS is the mass of sulfur in gas obtained from FactSage 7.1, g; and m0S is
the mass of sulfur input to FactSage 7.1, g.

With the increase of temperature, the desulfurization rate increases gradually.
When the temperature rises from 1300 to 1400 °C, the desulfurization rate increases
from 43.00 to 50.73%, while the desulfurization rate calculated using FactSage 7.1
rises from 42.69 to 48.72%. The increase curve of desulfurization rate obtained
from calculation is almost straight line, but the increase of desulfurization rate in
experiment is not. The slope of curve decreases when the temperature is higher, that
is, the increase of desulfurization rate becomes slower.

With the increase of CO2 flow rate, the desulfurization rate increased significantly.
The desulfurization rate increased from 34.35 to 56.64%with the CO2 flow rate from
0 to 400 mL/min in experiments, and the desulfurization rate increased from 33.32
to 54.97% according to FactSage 7.1 calculation. The experimental results are in
good agreement with the calculation results in Fig. 3b, which is quite different from
Fig. 3a.

Utilization Rate of CO2

According to Eq. (2), 3 mol CO2 can remove 1 mol sulfur in slag. However, not all
the CO2 blown in slag can take part in the reaction. In order to study the ratio of CO2

participating in desulfurization reaction to the total amount of CO2 blown in slag,
the utilization ratio of CO2 was defined as ϕ

ϕ � (m0 · w0S − m · wS)/32 × 3 × Vm,0

Q · t/1000 × 100% (Experimental)
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Fig. 4 Relationship between utilization rate of CO2 and a temperature and b flow rate of CO2

ϕ � mS/32 × 3 × Vm,0

VCO2
× 100% (FactSage 7.1)

where Vm,0 is the constant, 22.4 L/mol; Q is the flow rate of CO2, mL/min; t is the
blowing time, 30min; andVm,0 is the volume of CO2 input to FactSage 7.1 at 1.0 atm.

With the increase of temperature, the utilization ratio of CO2 increases gradually,
which is consistent with the trend of FactSage 7.1 calculation. When the temperature
rises from 1300 to 1400°C, the utilization rate of CO2 rises from 44.70 to 52.73%,
while the utilization rate of CO2 calculated using FactSage 7.1 rises from 44.37 to
50.64%.

With the increase of CO2 flow rate, CO2 utilization rate decreases significantly
in Fig. 4a. The experimental results almost coincide with the curve calculated using
FactSage 7.1. The CO2 flow rate rises from 100 mL/min to 400 mL/min, the CO2

utilization rate decreases from 86.77 to 29.44%, and the corresponding calculated
CO2 utilization rate decreases from 83.96 to 28.57%. Compared with air, CO2 has
a weak ability to remove sulfur [13], but it also can avoid slag overoxidation, that
is, excessive CO2 blown will not cause a large number of slag to be oxidized, CO2

can be used as the end-point gas of oxidative desulfurization, which has a certain
oxidizing effect while playing the role of gas stirring, and it is not easy to cause slag
overoxidation when excessive blowing.

Conclusion

(1) Blow of CO2 can promote the removal of sulfur from copper slag, mainly
because (1) CO2 has a weak oxidizability, which can oxidize sulfide in slag
into SO2; (2) enhanced gas stirring accelerates the self-desulfurization process
of slag at high temperature.
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(2) The increase of temperature can promote the removal of sulfur from slag. The
experimental results show that the effect is consistent with the theoretical anal-
ysis and FactSage 7.1 calculation. However, under the experimental conditions,
the effect of temperature on residual sulfur content and desulfurization rate in
slag is not as significant as the effect of CO2 flow rate.

(3) The oxidation of slag decreases with the increase of temperature, i.e., Fe3+/Fe2+

decreases; while Fe3+/Fe2+ in slag decreases first and then increases slightlywith
the increase of CO2 flow rate. Compared with air, CO2 has a weaker oxidation,
and the utilization rate will decrease significantly with the increase of gas flow
rate, causing that CO2 is not easy to cause slag peroxidation.
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Sustainable Use of Precious and Rare
Metals Through Biotechnological
Recycling

Norizoh Saitoh, Toshiyuki Nomura and Yasuhiro Konishi

Abstract We proposed using new biotechnologies to recycle platinum groupmetals
(PGMs) and gold from the end of life wastes, which will lead to the sustainable use
of precious and rare metals. When targeting leachate of spent automotive catalysts,
the metal ion-reducing bacterium Shewanella algaewas found to reduce and deposit
aqueous PGMs ions (Pd(II), Pt(IV) and Rh(III)) as metallic particles within the
bacterial cells at room temperature and pH 6 within 60 min, using formate as the
electron donor. We also found that the baker’s yeast Saccharomyces cerevisiae can
be applied as a biomaterial for adsorbing Au(III) ions from aqueous acidic solutions.
When processing leachate of spent electronic components, S. cerevisiae cells were
able to rapidly and selectively collect Au(III) ions from strongly acidic solutions.
Unlike conventional hydrometallurgical methods, our proposed microbial methods
enable the attractive and eco-friendly recovery of PGMs and gold from secondary
sources.

Keywords Recycling · Platinum group metals · Gold · Biotechnology ·
Biomineralization · Biosorption

Introduction

End of life wastes, such as electronic goods and catalytic converters in cars, are
important sources of precious and raremetals (PRMs), such as platinumgroupmetals
(PGMs) and gold. Conventional thermal and chemical recycling techniques remain
the best methods for recycling PRMs, so these domestic resources of PRMs have yet
to be fully utilized. Therefore, more research and development is needed to recycle
PRMs from secondary sources.

We believe that biological technologies now provide an attractive and eco-friendly
alternative strategy. We have recently developed new recovery technologies that are
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designed to reduce and deposit aqueous ions ofAu(III) and PGMs (Pt(IV), Pd(II), and
Rh(III)) as metallic nanoparticles, a process known as “biomineralization” [1–9].We
have also proposed the separation of rare metal In(III) ions from very dilute solutions
and its concentration within bacterial cells, a process known as “biosorption” [10,
11]. This paper describes our research results from using new biotechnologies to
recover PGMs and gold from leachates of spent automotive catalysts and electronic
waste (Central Processing Units, CPU). We also propose recycling flows of PGMs
and gold from secondary sources using new biotechnologies, which will lead to the
sustainable use of PRMs.

Microbial Recovery of Platinum Group Metals from Aqua
Regia Leachate of Automotive Catalysts

Experimental Procedures

We used the metal ion-reducing bacterium S. algae (ATCC 51181) to recover solu-
ble PGMs. S. algaewas grown anaerobically in ATCCmedium 2 containing sodium
lactate and iron (III) citrate at 25 °C and pH 7.0 [1–4]. After 24 h of batch inocula-
tion, S. algae cells were harvested by centrifugation, resuspended in KH2PO4/NaOH
buffer (pH 7.0), and pelleted again by centrifugation. The washed S. algae cells were
subsequently resuspended in KH2PO4/NaOH buffer (pH 7.0). The cell suspension
was bubbled with N2 for 10 min and immediately used for microbial recovery of
PGMs.

Ceramic car catalyst substrate blocks were crushed and ground up, so that the
materials had a particle size range of less than 30 µm. The metal contents in the
particulate materials were 0.24 wt% PGMs (platinum, palladium, and rhodium),
20.9 wt% aluminum, 12.1 wt% silicon, 4.7 wt% magnesium, 4.8 wt% rare earths
(cerium and lanthanum), and 1.9 wt% iron, respectively. An aqueous 50% aqua
regia solution was used to extract the PGMs from the ground catalytic materials into
aqueous solution. At 60 °C and atmospheric pressure, above 95% of the PGMs in
the sample were leached out into the solution within 24 h. However, aluminum and
other heavy metals also leached out.

It was necessary to adjust the aqua regia leachate of catalyst substrate to an optimal
pH range for S. algae activity between pH 6.0 and 7.0. To do so, sodium phosphate
was added into the acidic aqua regia leachate, to prevent coprecipitation of the PGMs
ions during the pHadjustment. Phosphatewas a useful precipitation agent for aqueous
heavy metal ions, like aluminum, ferric iron, cerium, and lanthanum. This treatment
completely removed the heavy metal ions as insoluble phosphates under acidic pH
conditions. By adding phosphate and sodium hydroxide, we were successfully able
to adjust the pH of the aqua regia leachate to pH 6.

A typical recovery experiment was carried out at 25 °C using a single continuous-
flow stirred tank reactor (CSTR), in which the aqua regia leachate, sodium for-
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mate, and S. algae cells were continuously added to and removed from the reactor
under anaerobic conditions. The feed PGMs concentration was 1.4 mol/m3, with
200mol/m3 sodium lactate as the electron donor. The cell concentration in the reactor
was 5.0× 1015 cells/m3, and the solution was buffered at pH 6 with KH2PO4/NaOH.
The mean residence time (reactor volume/effluent suspension flow rate) varied from
0.3 to 10 min. After the continuous PGMs recovery run was started at a fixed mean
residence time, an aliquot of aqueous solution was periodically withdrawn from the
reactor. The concentration of PGMs in the liquid samples was determined by ICP
spectroscopy, and the number of S. algae cells in the solution was counted in a
Petroff-Hausser counting chamber with an optical microscope.

Microbial Reduction and Deposition of PGMs Using the Metal
Ion-Reducing Bacterium S. algae

A batch recovery run was initiated by inoculating S. algae cells into the aqua regia
leachate of catalyst substrate at 25 °C and pH 6. When S. algae cells were combined
with formate as an electron donor under anaerobic conditions, the aqueous PGMs
concentration rapidly decreased from its initial value of 1.4 mol/m3 to almost zero
within 30 min. In this case, the appearance of the bacterial cell suspension visibly
changed from yellow to black due to the formation of PGMs nanoparticles. However,
without formate, a slight decrease in aqueous PGMs concentration was likely due to
the adsorption of PGMs ions by S. algae cells. In this case, the color of the suspension
did not change. Furthermore, no change in the PGMs concentration was observed
in the absence of S. algae cells, indicating that formate did not chemically reduce
the aqueous PGMs ions. Therefore, we concluded that the marked decrease in the
PGMs concentration reflected the reduction of PGMs ions to metallic nanoparticles
by S. algae cells.

To process larger amounts of the catalyst leaching solution, we carried out micro-
bial recovery using a stirred tank reactor under continuous operation (Fig. 1). The
catalyst leaching solution and S. algae suspension were continuously supplied to the
reactor, and the resulting products were discharged continuously. At PGMs solution
feed concentration of 1.4 mol/m3, 95% recovery of the PGMs (platinum, palladium,
and rhodium) was achieved under steady-state operation, even when the mean resi-
dence time was decreased to 5 min. Under these operating conditions, we were able
to achieve a maximum recovery rate of 3.5 kg/h/m3. Our microbial procedure has
the capacity for rapid and highly efficient recovery of PGMs at room temperature.

Figure 2 shows a flow diagram of our method for concentrating PGMs in the bac-
terial cells. When wet, metal-containing bacterial cells were dried at 50 °C for 20 h,
and the PGMs content of the dried cells was 20%. This represented an approximately
100-fold increase in PGMs concentration compared with that of the catalyst precur-
sor materials, which was 0.24%. Furthermore, we were able to produce a mixture of
PGMs by firing the dried cells in an electric furnace.
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Microbial Recovery of Gold from Aqua Regia Leachate
of CPU

Experimental Procedures

We used the baker’s yeast S. cerevisiae as an inexpensive biomaterial for adsorb-
ing soluble Au(III) from aqueous acidic solutions. S. cerevisiae (NBRC 2044) was
obtained from the Biological Resource Center, NITE (National Institute of Technol-
ogy and Evaluation) and grown anaerobically in glucose-yeast-peptone medium at
33 °C and pH 7.0. After 24 h of batch inoculation, S. cerevisiae cells were harvested
by centrifugation, resuspended inKH2PO4/NaOHbuffer (pH 7.0), and pelleted again
by centrifugation. This washing was repeated twice.

We obtained central processing units (CPU) that are sourced fromwaste electrical
and electronic equipment (WEEE), and then the CPUwere cut and crushed into small
sizes of 2–4 mm. The aqua regia leachate containing Au(III) ions was prepared by
dissolving a known weight of CPU in a 50% aqua regia which was diluted with
deionized water in the ratio 1:1. Above 99% of gold in the CPU was leached out in
2 h at 70 °C and atmospheric pressure, and the aqua regia leachate also contained
copper, nickel, and iron. The aqua regia leachate of CPU was adjusted to an optimal
pH 1.0 for S. cerevisiae activity by adding 10.0 kmol/m3 NaOH solution. The aqua
regia leachate with pH 1.0 had the following metal concentration (in mol/m3): Au,
1.88; Cu, 7.40; Ni, 33.8; and Fe, 53.4.

For a typical adsorption experiment at 33 °C, 5 cm3 of S. cerevisiae cell suspension
was mixed with 10 cm3 of the aqua regia leachate with pH 1.0 under air atmosphere.
The S. cerevisiae cells used in the adsorption runs were grown in glucose-yeast-
peptone medium at pH 7.0 and were not preadapted to strongly acidic solution at pH
1.0. The concentrations of S. cerevisiae cells ranged between 0.5 × 1014 and 5.0 ×
1014 cells/m3. An aliquot of this mixture was periodically withdrawn and analyzed
for gold. The concentration of gold in the liquid samples was determined by ICP
spectroscopy.

Microbial Adsorption of Soluble Gold Using the Baker’s Yeast
S. cerevisiae

It was evident that resting cells of S. cerevisiae are applicable to the recovery of
Au(III) ions from the aqua regia leachate with pH 1.2 at 33 °C, even when the
leachate with pH 1.2 has a higher salt concentration due to pH adjustment of aqua
regia solution. The marked decrease in aqueous Au(III) concentration presumably
reflects the adsorption of the Au(III) ions by the S. cerevisiae cells, and the microbial
recovery rate of Au(III) ions was markedly enhanced as the cell concentration was
increased from 0.5 × 1014 to 5.0 × 1014 cells/m3. It is likely that S. cerevisiae has a
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Fig. 3 Selective recovery of
Au(III) ions in an aqua regia
leachate of CPU with pH 1.2
at 33 °C and 5.0 × 1014

cells/m3 S. cerevisiae cells.
(●) gold; (◯) copper; (▽)
nickel; (◇) iron

cell surface consisting of biologicalmaterials containing functional groups,which are
responsible for the adsorption of aqueousAu(III) ions at pH1.2. Since the quantitative
relation between cell number and dry weight of S. cerevisiae cells was measured to
be 3.1× 1010 cells/g-dry cells, the amount of Au(III) recovered by S. cerevisiae cells
was determined as 16.0–23.6 mg-Au/g-dry cells. The Au(III) uptake ability of S.
cerevisiae was comparable with that of a core–shell-type anion exchange resin for
aqua regia leachate of electronic parts, 19.0–19.7 mg-Au(III)/g-dry cells [12].

Figure 3 indicates that 98% recovery of 1.25 mol/m3 Au(III) ions at pH 1.2 was
achieved at 5.0 × 1014 cells/m3 within 10 min. Importantly, the S. cerevisiae cells
did not react with other metal ions, such as Cu(II), Ni(II), and Fe(III). Since the point
of zero charge (PZC) is approximately pH 4.0 for S. cerevisiae cells [13], the cell
surface of S. cerevisiae carries positive charges at pH 1.2. The main chemical species
of gold in aqua regia leachates is AuCl4−, which enhances the electrostatic force of
attraction to the yeast surface. As a result, microbial adsorption occurs more readily
when the pH is around 1. However, the main chemical species of Cu(II), Ni(II), and
Fe(III) in acidic solutions becomes positive charges. This is one possible reason for
the selective adsorption of Au(III) ions in the aqua regia leachate. The microbial
ability to selectively and rapidly recover only gold under strongly acidic conditions
demonstrates the potential for commercialization of this microbial recovery process,
comprising a new system for microbial recycling of gold from WEEE.

Sustainable Use of Platinum Group Metals and Gold
Through Biotechnological Recycling

Figure 4 shows flow diagrams comparing the conventional chemical process and the
new bioprocess for the recycling of precious metals. In contrast to the conventional
process, the new bioprocess is integrated, unifying a multi-step method into a single-
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Fig. 4 Sustainable use of platinum group metals (PGMs) and gold through biotechnological
recycling

step procedure that separates and concentrates preciousmetals from a dilute solution,
enabling the formation of metal nanoparticles. However, the addition of an electron
donor and pH adjustment is required for the bioprocess to operate.

Our proposed biotechnologies are good examples of using room temperature
microbial reactions for low-energy and low-cost recycling processes, resulting in
decreased CO2 emissions. Our highly efficient process fits into a small unit and
could be introduced at local collection points for end of life wastes and operate as a
regionally distributed technology for recycling PRMs.

Conclusions

Wesuccessfully developed newbiotechnologies to extract platinumgroupmetals and
gold from post-consumer products. Unlike conventional hydrometallurgical meth-
ods, our proposed microbial methods enable the attractive and eco-friendly recovery
of PGMs and gold from secondary sources.
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Control of Leachate Contamination
from Mine Wastes Through
an Appropriate Operating Practice

Kenneth Sichone

Abstract Minewastes pose a significant environmental risk. Natural waters in areas
that have a long history of mining tend to be polluted by release of metals resulting
in environmental issues such as acid mine drainage. Interventions to mitigate such
risks can be part of the operating practice and need not be assigned to the post-
mining era. In this study, the leachability potential of slag at a smelter slag dump
of a former mine site was assessed using the modified Ontario leachate extraction
procedure (MOLEP) and other regulatory leachate quality criteria. Results showed
that the release of contaminants (Cu, Co, Pb, Zn, As, Fe and Cd) can be maintained
within industry-regulated standard limits mainly by adopting a smelter operating
practice that produces a slag composition with adequate self-neutralising capacity.

Keywords Leachate · Discard slag · MOLEP · Acid mine drainage (AMD) ·
Self-neutralising

Introduction

Almost every mining activity introduces some potential environmental risk that
requires careful consideration and management. The unintended risk arising from
mining and processing of minerals usually receives attention only after the mine has
ceased their operation. The high environmental and economic costs of hazardous
waste management require mining companies to research into pre-emptive measures
to mitigate the problem during the life of the mine or mineral processing operation.
It is often more cost-effective to control the amount of pollution generated in the
first place than attempting to find engineering fixes that deal with it after it has been
created [4]. Mineral processing plants have an important role of waste reduction and
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mitigating pollution risk by adopting operating practices that take into account the
life cycle of generated hazardous wastes. The problem of hazardous mine wastes
relates to their potentiality of contaminating surface and groundwater with heavy
metals that tend to be mobilised by vectors such as rainwater or wind. For example,
smelting operations generate slags as waste products. The slags are usually stored on
the surface where they become susceptible to atmospheric exposure and subsequent
weathering of inherent minerals. Sulphide minerals get oxidised by chemical and
microbial processes to sulphuric acid and heavy metal ions that are deported into
surface and groundwaters where they cause environmental issues such as acid mine
drainage (AMD) or acid rock drainage (ARD). The chemical Eq. (1) is a typical
AMD reaction.

4FeS2(s) + 15O2(g) + 14H2O(l) � 4Fe(OH)3(s) + 8SO 2−
4 (aq) + 16H+

(aq) (1)

This paper shows one of the options a copper or base metal smelter can use to
mitigate heavy metal loads and leachate contamination from mine wastes through
an appropriate fluxing or operating practice in the primary smelting furnace.

Copper Smelting Process Description

The major elements in copper-bearing materials which come to a copper smelter
are iron, sulphur and copper associated with which are some quantities of refractory
oxides such as SiO2, Al2O3, CaO, MgO, etc. Copper smelting is usually carried out
in two stages, the primary smelting stage and the secondary smelting or converting
stage (Fig. 1). In the primary stage, concentrates are mixed with fluxes and heated
to remove impurities (mainly oxides of Fe, Si, Al, Ca and Mg). Fluxes such as
CaO are added for the purpose of reducing the melting temperature of impurity
oxides. Upon melting, impurities get oxidised and collect in a slag layer that floats
above the copper-rich phase. The copper-rich phase referred to as matte, also collects
significant quantities of other contained valuable metals such as cobalt. The matte is
processed into metallic copper in the secondary smelting stage (Fig. 1). Wastes from
the second stage are recycled to the primary smelting stage. In the primary smelting
stage, the separation of slag from matte, which is mainly by gravity, is not perfect,
and hence some metal sulphide valuables report to the slag. The primary stage slag
is usually discarded on sites referred to as slag dumps. The slag at the dumps is
susceptible to leaching. Once the slag comes into contact with rain whose pH is
acidic, it can mobilise heavy metals and result in increasing heavy metal loads and
leachate contamination of surface and subsurface water systems of the environment.
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Fig. 1 Simplified block diagram of a typical smelting process for sulphidic copper ores

Experimental Methods and Materials

Sampling

In order to achieve a uniform coverage of the slag dump, the stratified random sam-
pling pattern, which entailed division of the dump into five cells of equal size and
siting at least five sampling points chosen at random within each cell, was adopted.
Each sample, about 2.5 kg was taken from a depth of 200 mm.

Leachability Test Procedure

Slag leachability test procedurewasbasedon themodifiedOntario leachate extraction
procedure (MOLEP) [3]. The slag sample was crushed to less than 9.5 mm and a
50 g portion was placed in a cylindrical bottle with a 60/40 weight percent mixture
of sulphuric acid and nitric acid in a ratio of liquid (mls): solids (g) of 20:1 at
pH 4.5. The bottle was tumbled for 24 h with its contents using a rotary shaker
before removing the solids by filtration. The filtrate was analysed for Cu, Co, Pb,
Zn, SO4

2−, Fe, As, Cd and its pH was measured. The concentrations of dissolved
metals were compared against the various leachate quality criteria regulated limits
shown in Table 1. Leachate extraction results falling below the leachate quality
criteriawere deemednon-hazardous andwere not subject to hazardouswaste disposal
requirements.
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Table 1 Various leachate quality criteria

Description Contaminants regulated limits (mg/L)

Leachate quality criteria Cu Co Pb Zn As Fe Cd

U.S. EPA* – – 5.0 – 5.0 – 1.0

Ontario/Manitoba – – 5.0 – 5.0 – 0.5

British Columbia 100 – 5.0 500 5.0 – 0.5

Alberta 100 100 5.0 500 5.0 1000 1.0

TDGR* – – 5.0 – 5.0 – 0.5

Actual slag leachate—avg. 1.22 0.59 <0.01 0.03 1.77 0.73 <0.01

*United States Environmental Protection Agency (U.S. EPA); Transportation of Dangerous Goods
Regulations (TDGR)

Slag Chemical Analyses

The composition of each test slag sample is given in Table 2. Except for one slag,
Sample 19, that appeared to have excessive matte carry-over, as inferred from its
high copper and sulphur contents 12.51 and 3.80, respectively, all the slags were
within the normal range of the smelter operating practice limits. The fluctuation in
lime CaO content is probably due to variation in charge blends smelted with some
being high in iron content and self-fluxing, and hence requiring less or no lime flux
addition.

Theory

The problem of acid mine drainage is a well-known phenomenon that occurs when
sulphides of variousmetals such as arsenic, lead, iron, copper and zinc are oxidised by
either atmospheric oxygen or dissolved oxygen. The resulting products such as sul-
phuric acid and metal ions enter the percolating groundwater and flow from the mine
waste. The reduction of heavy metal loads in contaminated water by precipitation at
various pH levels is well established. In their studies, Balintova and Petrilakova [1]
demonstrated the effectiveness of precipitation in decreasing contents of Fe, Cu, Zn,
Al andMn in acid mine drainage from an abandoned Smolnik mine site. From Fig. 2,
it is evident that at low pH, most metals tend to be soluble, hence, increasing metal
loads of leachates and at higher pH values the metal ion concentration decreases as
the insoluble hydroxides are formed. The presence of CaO in smelter slags facili-
tates formation of metal hydroxides and may, therefore, be beneficial in the control
of AMD and leachate contamination from mine wastes.
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Table 2 Chemical composition of test slags

Slag sample Composition (wt%)

Cu Co Pb Zn MgO CaO S

01 1.62 0.89 0.03 0.05 1.70 7.30 0.80

02 1.09 0.64 0.01 0.03 1.60 12.40 0.80

03 0.88 0.58 0.01 0.03 1.60 12.90 0.80

04 0.67 0.68 <0.01 0.03 1.60 12.40 0.60

05 0.97 0.84 0.02 0.03 1.60 6.00 0.70

06 1.19 0.42 <0.01 0.04 1.70 7.20 0.90

07 1.40 0.84 0.03 0.06 1.70 6.60 0.70

08 1.03 0.76 0.01 0.04 1.70 7.80 0.60

09 0.50 0.99 0.02 0.03 1.60 8.60 0.90

10 0.39 0.59 0.02 0.04 1.60 5.80 0.80

11 1.31 0.96 0.03 0.04 1.70 9.10 1.10

12 0.95 0.90 0.02 0.04 1.70 7.50 0.90

13 1.24 0.60 0.01 0.04 1.60 12.60 0.80

14 2.35 0.65 0.02 0.04 1.60 9.10 1.00

15 2.04 0.87 0.04 0.03 1.60 8.60 1.20

16 0.42 0.85 0.03 0.03 1.60 10.5 0.70

17 1.85 0.53 0.02 0.04 1.70 7.70 0.70

18 1.95 0.53 0.02 0.04 1.60 8.20 0.90

19 12.51 0.56 0.01 0.03 1.70 10.30 3.80

20 1.06 0.70 0.01 0.03 1.60 11.70 0.90

21 0.70 0.65 <0.01 0.03 1.60 10.80 1.00

22 2.03 0.83 0.02 0.03 1.60 8.90 0.80

23 1.02 0.90 0.01 0.03 1.60 10.50 0.70

24 1.26 0.58 0.01 0.03 1.60 11.70 0.70

25 0.64 0.61 0.01 0.03 1.60 11.10 0.60

26 0.63 0.76 0.01 0.03 1.60 10.30 0.60

Discussion

The Alberta leachate quality criteria cover all the seven contaminants investigated
and have been found useful in assessing leachate extraction results, especially in
respect of copper and cobalt, which are not included in other criteria. Leachate
extraction results were below the regulated limits; therefore, the slags are not subject
to hazardous waste disposal by the standards stipulated in various leachate criteria.
This is in agreement with results from another study which concluded that the copper
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Fig. 2 Solubilities of metal
hydroxides as a function of
pH [2]

smelter slags are inert [5]. The presence of basic oxides in slags canmitigate leachate
contamination. In Table 3, the self-neutralising effect of smelter slag in this study is
evident from the increase in pH from an initial value of 4.5 to a maximum of 8.0 and
average of 7.0.

The neutralising capacity of the slag results mainly from the basic nature of the
slag and has been known to help reduce metal loadings of slag leachate.

Conclusion

Themetal loads of leachates from all slags were below the regulatory leachate quality
criteria. Therefore, the slags were deemed not to be hazardous waste. The presence of
CaO in smelter discard slags enhances the neutralising effect of the slag, consequently
reducing metal loads of leachates from mine wastes. Utilising CaO-containing slags
in copper smelting practice is a viable option to reducing leachate contamination
emanating from smelter slag dumps.

FeO–CaO–SiO2 or CaO-containing slags have an additional benefit to smelting
operations such as increasing the matte/slag separating efficiency due to lower vis-
cosities and densities compared to FeO–Fe2O3–SiO2 slags [6].

Most smelting furnaces generate flue dust that is usually captured in an adjoin-
ing dust-handling system. The dust-handling system is periodically cleaned to avoid
clogging and pressurising the furnace. In some operations, the dust-handling sys-
tem cleaning cycle coincides with the slag-skimming period. Cleaning of the dust-
handling system or ashing of boilers during skimming operations as practiced in
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Table 3 Leachate extraction results

Slag sample Contaminant concentrations (mg/L) pH

Cu Co Pb Zn As Fe Cd

R1PO1 1.51 0.26 <0.01 0.06 0.89 0.57 <0.01 6.9

R1P02 1.06 0.18 <0.01 0.03 0.61 0.29 <0.01 6.6

R1P03 0.60 0.51 <0.01 0.02 0.89 0.75 <0.01 7.5

R1P04 1.33 0.99 <0.01 0.03 0.59 0.57 <0.01 7.8

R1P05 1.63 1.01 <0.01 0.03 2.77 1.08 <0.01 7.1

R2P01 0.92 0.22 <0.01 0.04 3.01 0.58 <0.01 7.4

R2P02 1.65 0.41 <0.01 0.04 3.00 0.57 <0.01 7.2

R2P03 1.80 1.94 <0.01 0.05 1.98 1.16 <0.01 7.4

R2P04 1.06 0.26 <0.01 0.02 2.28 1.65 <0.01 7.5

R2P05 1.28 0.35 <0.01 0.02 2.24 0.57 <0.01 7.3

R3P01 1.73 0.61 <0.01 0.02 1.97 0.58 <0.01 7.5

R3P02 2.13 0.65 <0.01 0.04 0.59 0.76 <0.01 7.2

R3P03 1.72 0.44 <0.01 0.03 4.01 0.76 <0.01 7.7

R3P04 2.28 0.87 <0.01 0.03 1.94 0.39 <0.01 7.8

R3P05 1.29 1.82 <0.01 0.03 0.61 0.58 <0.01 7.5

R4P01 2.80 0.58 <0.01 0.01 1.78 0.67 <0.01 7.8

R4P02 1.19 0.71 <0.01 0.05 1.35 1.19 <0.01 7.9

R4P03 0.48 0.28 <0.01 0.02 1.95 0.48 <0.01 7.7

R4P04 1.15 0.35 <0.01 0.03 1.96 1.15 <0.01 7.8

R4P05 0.97 1.19 <0.01 0.03 1.74 0.97 <0.01 7.9

R4L611 0.75 0.32 <0.01 0.02 2.65 0.75 <0.01 7.5

R5P01 0.77 0.72 <0.01 0.01 1.97 0.77 <0.01 8.0

R5P02 0.68 0.27 <0.01 0.02 2.15 0.68 <0.01 7.8

R5P03 0.57 0.32 <0.01 0.02 1.94 0.57 <0.01 7.8

R5P04 0.75 0.41 <0.01 0.03 2.70 0.75 <0.01 7.4

R5P05 0.77 0.33 <0.01 0.02 2.27 0.77 <0.01 7.8

Average 1.22 0.59 <0.01 0.03 1.85 0.73 <0.01 7.0

Alberta
leachate
quality
criteria

100 100 5.0 500 5.0 1000 1.0 –
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some smelters should be discouraged. Smelter streams or effluents containing water-
soluble compounds such as flue dust should not be mixed with slag. Therefore,
cleaning of the dust-handling system or ashing of boilers should be carried out sepa-
rately from skimming operations in order to avoid sending water-soluble compounds
containing flue dusts to the slag dump. Boiler ashes contain significant amounts of
water- and acid-soluble compounds, which might exaggerate contaminant loads of
run-off water.
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Degradation of Ore Collector
with Photooxidation UV/H2O2
and Photo-Fenton

Isabela F. B. Alves, Marcela P. Baltazar, Jorge A. S. Tenório
and Denise C. Romano

Abstract Several types of surfactants have been used in mineral process flotation.
Studies appoint an environmental danger potential for some surfactants due to its
persistent pollutant characteristic. Oxidation techniques, such as photo-Fenton, are
better for surfactants degradation than conventional treatments. The aim of this work
is to study the influence of reagent concentrations in the photo-Fenton reaction to
degrade a surfactant used onmineral flotation. Experimentswere conducted in 3LUV
reactor with approximately 260 ppm surfactant solution, 10, 15, 22, 33, and 45 mM
H2O2 and 1.4, 1.9, 2.2, 28, 80.13, 83, and 84.4 Fe2+/H2O2 molar rate. From this result,
different pH ranges are available showing the 2.5–3 obtained best result. Samples
were taken every 20 min in total of 2 h. The degradation was measured through
analysis of total organic carbon. Preliminary results indicated that 1.4 molar rate is
more efficient showing 70%of degradationwhen compared to another concentration.

Keyword Flotation · Surfactant · Photo-Fenton

Introduction

Flotation processes are widely used in iron mining to remove impurities or concen-
trate ores. In reverse iron flotation, silica and quartz are the principal impurities of
interest to remove. Impurities can be aggregated through substances with collect-
ing and depressant substances, which are cationic surfactants such ether amines and
starch [1].

Cationic surfactant to flotation has so far been based on unsubstituted alkyl amines
and quaternary ammonium compounds. Ether amines are a type of cationic surfactant
where the dissociation in the aqueous medium depends on pH. When the pH of the
solution is above 8, amines surfactants surfer protonation like demonstrated in Eq. 1,
R is the alkyl chain attached [1]. Biodegradation of these substances can leave 1
month when in small concentrations and has high toxicity to the aquatic species

I. F. B. Alves (B) · M. P. Baltazar · J. A. S. Tenório · D. C. Romano
São Paulo, Brazil
e-mail: isabela_falconi@usp.br

© The Minerals, Metals & Materials Society 2019
G. Gaustad et al. (eds.), REWAS 2019, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-10386-6_15

125

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10386-6_15&domain=pdf
mailto:isabela_falconi@usp.br
https://doi.org/10.1007/978-3-030-10386-6_15


126 I. F. B. Alves et al.

(with LC50 � 3.58 ppm for B. rerio species) [2, 3]. LC50 is a lethal concentration
when 50% of the exposed population dies.

RNH2 + H2O → RNH+
3 + OH−. (1)

Final products in the iron mining are sinter, pellet feeds, pebble or lump ore with
high concentration of iron and low silica concentration (less than 2%).

Before flotation, reagents remain together and are referred to tailing sludges of
the process. Cationic collectors are strongly bonded to suspended solids or activated
sludge by electrostatic attraction. Under aerobic conditions, a largest part of cationic
surfactants is readily biodegradable and mineralized. However, the same does not
occur in anaerobic conditions with the presence of these substances in non-aerated
sludge. In cold habitats, the biodegradation of surfactant occurs at very slow rates
occurring bioaccumulation [2, 4]. The bioaccumulation it’s due to complexes form
between amine surfactants and metals, increasing the toxicity and implying that fish
may accumulate these more readily [2].

Oxidation is alternative to degrade and mineralize pollutants like ether amines
and other surfactants. Your benefits consist in loss or no generation of sludge, in
addition, with easily available reagents. Use of UV radiation can grow pollutants in
excited energy state transforming them in oxidation product. Combination between
UV and H2O2 is of much use to degradation of organic matrices, because it can
produce hydroxyl radicals [5].

Another oxidative process utilized is photo-Fenton (Eq. 2 when k1 is velocity
kinetic constant) that reduces much organic forms in water, carbon dioxide, and salts
or other gases. A process known as mineralization is realized from oxidation with
hydroxyl radicals generated with the oxide reduction of ferrous salt and hydrogen
peroxide [6, 7]. Hydroxyl radical reacts with organic molecules generating oxidation
products until there is complete mineralization [8].

Fe2+ + H2O2 → Fe3+ + OH . + OH− k1 � 76 M−1 s−1, (2)

OH . + RH → R. + H2O. (3)

Hydroxyl is a powerful oxidant (+2.8 V of standard potential reduction) being no
more reactive only than fluorine (+3.06 V) and appropriated to degrade organic and
recalcitrant substances. Fe3+ ions will continue to react with hydrogen peroxide in a
slow reaction (Eq. 4) and result in hydroperoxyl radical less reactive than hydroxyl
radical [9].

Fe3+ + H2O2 → Fe2+ + HO .
2 + H+ Ea � 126 kJ mol−1 k2 � 0.001 − 0.01 M−1 s−1. (4)

UV radiations catalyze the Fenton reaction through one effect known as ligand-to-
metal charge transfer(LMCT). This effect reduces Fe3+ to Fe2+ giving continuity to
the reaction Fenton (Eq. 2) increasing the hydroxyl produced and consequently the
degradation, and this is represented in Eqs. 5 and 6 [6, 10].
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Fe3+ + H2O → Fe(OH)2+ + H+, (5)

Fe(OH)2+ + hv → Fe2+ + OH .. (6)

Reaction support by UV radiation is known as photo-Fenton. Important variable in
these processes is pH operation. The dependence of iron state in solution is increasing
or decreasing the efficiency of hydroxyl radicals, and better operation for this occurs
in 2.5–3 range. But the dissociation of collecting surfactants depends on the pH of as
mentioned above. This work studied the ether monoamine collector used in reverse
flotation of iron ore, degradation utilizing UV/H2O2, and homogenous photo-Fenton
system and influence of reagents concentration and pH.

Materials and Methods

Photoreactor Utilized

Experiments are conducted on airlift photoreactor with lights coupled around vessel,
6 lamps UVB low-pressure mercury with 7.2 W OSHIO®, 306 nm and 6 lamps
is UVC 7 W with 254 nm, OSRAM®, totaling about 12 lamps around the acrylic
(polymethyl methacrylate) vessel. Aeration system coupled is adjusted in 5 vvm for
to guarantee homogenous agitation in solution.

Solutions with 250 ppm ether monoamine mixtures (Flotigam EDA-C, Clariant)
were used for conducting the degradation assays.

Photo-Fenton Assays

Peroxide hydrogen (35%), ferrous sulfate heptahydrate (FeSO4·7H2O), and oxalic
acid (C2H2O4·2H2O) were used for degradation. First, the better hydrogen peroxide
concentration is done varying the concentration in the ranges of 10, 15, 22, 33, and
45mM (160, 270, 390, 590, and 810 ppm, respectively). Then, photo-Fenton reaction
in different molar rates between ferrous sulfate and hydrogen peroxide is done in
1.4, 1.9, 2.2, 28, 80.13, 83.7, and 84.4. Such values were chosen through studies
conducted for degradation of drugs and surfactants [11, 12]. These experiments are
conditioned in pH 2.5–3 with solutions NaOH 2 M and H2SO4 0.1 M. Additional
trials were done to evaluate the pH influence in ether amine degradation, and they are
varied in the followingbands: 1.5–2, 3–3.5, 4–4.5, 5–5.5, and7.5–8.Eachdegradation
experiment was carried out in 2 h.
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Amounts Prepared

Aliquots were withdrawn each 20 minutes and adding a solution of sodium sulfate
in excess (Na2SO4, 1 M) for interrupting the hydroxyl radical reactions [12]. Then,
precipitates are separatedwith 0.4μmmembrane filters and the supernatant is diluted
three times for analyses in total organic carbon (TOC).

TOC Shimadzu equipment is used for quantification of organic and inorganic
carbon concentrations. Degradation was measured as in Eq. 6, through decreas-
ing organic carbon concentration dissolved in solution. Complete mineralization of
organic substances reduces molecule mainly in CO2 [5]. Thus, TOC values should
decrease over time in exposure to photooxidative processes.

(%)degradation � 100 − [T OC]t
[T OC]0

× 100 (6)

The total carbon (TC) concentration is adjusted in calibration curve in 100 and
10 ppm carbon utilizing potassium hydrogen phthalate. And, for inorganic carbon
(IC) concentration calibration curves in 100 and 10 ppm are adjusted using sodium
hydrogen carbonate and sodium carbonate. Quantification of total organic carbon is
result of the difference between TC and IC concentrations.

Results and Discussion

Degradation in Presence of UV and Increasing H2O2

Solution used for assays has ether monoamine collector, hydrogen peroxide, and
deionized water. In turn, these degradation calculations are based on organic carbons
dissolved in solution. Table 1 shows carbon concentrations in deionizedwater utilized
and ether monoamine solution prepared.

Deionized water has a low organic carbon concentration (0.495 ppm) in compar-
ison with the ether monoamine solution (257.32 ppm). After water analysis realiza-
tion, “zero shift” function was set to leave water interferences when TOC has low
concentrations.

Table 1 Organic, inorganic,
and total carbon
concentrations

Solution TOC
(ppm)

TC (ppm) IC (ppm)

Ether monoamine
solution

257.9 275.32 17.67

Deionized water 0.483 0.495 0.011
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Fig. 1 Degradation percentage for different H2O2 concentrations in 2 h test

Assays to evaluate better concentration of hydrogen peroxide for degradation of
the ether monoamines are realized in different concentrations. Figure 1 demonstrates
the results in 2 h.

In Fig. 1, it is possible to note that the better degradation result was obtained
in 120 min with 15 mM and 10% of degradation. Ether monoamine is a possible
persistent substance in aqueous medium. Hydrogen peroxide under UV radiation
follows Eq. 6, in specific 254 nm wavelength of your molar absorption coefficient is
approximately 19.6 L mol−1 cm−1 and 0.5 quantum yield (ϕ) to the number reactant
molecules. In 300 nm, this value is approximately 0.9 Lmol−1 cm−1 and 0.3 quantum
yield. While in 200–204 nm, this value is approximately 179.2 L mol−1 cm−1. Molar
absorption is an important propriety in photooxidation, because these correspond
to photoproduct molecules formed per unit time divided by the number of photons
absorbed during this period [5, 12]. When solution substrate has a molar absorption
value close to hydrogen peroxide, there may be competition for photons emitted
by UV radiation [13]. Therefore, perhaps the degradation obtained from the ether
monoamines did not reach significant values. Mercury lamps used in photoreactor
emit radiation in 254 and 306 nm.

In 10 mM, it has horse degradation value and for 15 mM it is better. For higher
concentration values (22, 33 and 45 mM), degradation has less degradation result
in 15 mM. Thus, collector degradation does not accompany the growth hydrogen
peroxide. When hydrogen peroxide is present in excess it can behave as a scavenger
of hydroxyl radicals, because its concentration is larger than hydroxyl radical in
solution [13]. This fact is in common related to works using sonolysis Fenton, with
it is appointed the excess of hydrogen which has a negative effect [14]. But, in other
way it has been related that growing in hydrogen peroxide is behavior degradation
growing, this fact is depending on the substrate to be degraded [15].
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Fig. 2 Variation in degradation value in 10, 15, and 22 mM hydrogen peroxide
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Fig. 3 Variation in degradation value in 33 and 45 mM hydrogen peroxide

Results for degradation in 10, 15, and 22 mM of hydrogen peroxide in function
of TOC and time are shown in Fig. 2. For 33 and 45 mM the results are shown in
Fig. 3.

Behavior for degradation (hence, TOC increases and decreases) oscillate over time
with curves presenting nonlinear comportments for all peroxide concentrations. 15%
of degradation in 110min was reached for the concentration of 15mM,while a better
result appears for 22 mM concentration in 70 min with 7% degradation. For 33 and
45 mM hydrogen peroxide concentration, the highest value is reached in 120 min.

The organic substances need degradate in intermediate reactions before to achieve
complete mineralization in CO2, water and inert mineral salts. These intermediate
reaction form intermediate substances, the acetone (C3H6O) for example before
completed mineralization pass through 50 reactions [5]. Equations 7 and 8 describe
that the CO2 dissolved in solution can form carbonic acid and react again to another
intermediate or ether monoamine (R) leaving to be inorganic carbon and returning
in organic form [16].
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CO2(aq) + H2O → H2CO3, (7)

H2CO3 + R → HCO3 − R + H+. (8)

Oppenländer [17] affirms that reaction 6 (Eq. 6) occurs in very small amounts in acid
solutions forming 0.1% carbonic acid. But the aeration adjusted at 5 vvm in assays
can interfere these processes increasing carbonic acid formation being oscillating
the TOC in system.

Photo-Fenton Degradation with Increasing Molar Ratio
(Fe2+/H2O2)

Results for each concentration used in photo-Fenton system are shown in Table 2.
Degradation values vary with molar rate (H2O2/Fe2+) and do not follow a linear

behavior, in the same way as for the UV/H2O2 system. High degradation value was
obtained at 1.4 molar rate with removal of 70% in 60 min. In UV/H2O2 system
with 15 mM concentration it has the better result, but in photo-Fenton system this
occurs in 10 mM. Increasing in molar rate does not exactly increase degradation,
the higher value in molar rate (84.4) degradation presents low (16.15%). But, in
closest value of 83.7 degradation increased for 46% and for 80.13 rate removal gone
2.1%. Another peak is present in 2.2 molar rate showing that the relation between
degradation and molar rate has various peaks for maximize collector mineralization.
Proximity in molar rates and larger variation in degradation demonstrate a great
influence in reagents concentration in photo-Fenton reaction. When this value is
closest to estequiometry 1:1, a large growth in degradation was obtained, except for
1.9 molar rate.

In 70% degradation, 1.4 molar rate in 60 min is achieved, a time lowest of the
other results because the majority TOC removed is obtained in 120 min (exception

Table 2 Results for the
homogeneous system in
different molar rates in 2.5–3
pH range

Molar rate
H2O2/Fe2+

H2O2 (mM) Better result

Time (min) Degradação
(%)

1.4 10 60 70

1.9 45 120 7.3

2.2 15 50 43.5

28 45 120 8.27

80.13 22 120 2.1

83.7 10 120 46

84.4 45 75 16.5
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Fig. 4 Degradation with 1.4 molar rate (Fe2+/H2O2)

for 2.2 and 84.4 molar rates). Results for degradation over time in 1.4 molar rate are
represented in Fig. 4.

In these, studied residual H2O2 concentration is not measured. But, considering
is possible that hydrogen peroxide concentration is decreasing significantly before
60 min, Fe3+ regeneration in Fe2+ will be interrupted because the photo-Fenton
reaction is ceased. Thus, the oxidants present degrade the organic matrix through the
UV and Fe2+ radiation remaining [18].

Standard reduction potential of Fe2+ is −0.44 V and H2O2 has +2.77 V. Thus,
photo-Fenton reaction (Eq. 2) is catalyzed with the light effect and the presence
of Fe2+ acting as another reducer of hydrogen peroxide. In this way, the formation
of hydroxyl radical is more possible in the presence of these two reducers (UV
radiation and Fe2+). But, photo-Fenton (Eq. 2) has a rate constant (k1 � 76 M–1 s−1)
and quantum yield (0.14 in 313 nm) much lower than reaction represented in Eq. 9
between hydroxyl radical and hydrogen peroxide [7, 17, 19].

H2O2 + OH . → HO .
2 + H2 k3 � 2.7 × 107M−1 s−1. (9)

Considering Eq. 9, the excess of hydrogen peroxide for photo-Fenton system is
not good to degradation global efficiency, because the reagent acts how hydroxyl
radical scavenger. In these conditions, Fe2+ concentration will be much less than
Fe3+ generating reaction represented in Eq. 9 and growing hydroperoxyl radical
concentration (with less oxidant power than hydroxyl radical) [17, 20].

Iron speciation is an important factor for process. In this study, it uses ferrous
sulfate (II) with acid oxalic. Acid oxalic should be forming oxalate iron complex
that reacts more rapidly with hydrogen peroxide accelerating degradation process
(Eqs. 10 and 11). This complex assists LMCT phenomenon that reduces Fe3+ to Fe2+

[7]. The presence of oxalate increases radiation absorption to the visible domain that
is 500 nm, with presenting a high quantum yield,�2+

Fe � 0.86. The influence of better
absorption is not unique. Oxalate helps in continuous generation of Fe2+, enabling a
cyclical system in conjunct with the UV radiation. But this is only possible when the
substrate is easily oxidizable.Otherwise, itwill be competingwith hydrogen peroxide
for Fe2+ or it will be dimerized by converting again to the original compound [5, 6].
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Table 3 Results
photo-Fenton system in
different pHs

pH Time (min) Degradação (%)

1.5–2 110 46

2.5–3 60 70

3–3.5 120 3

4–4.5 60 35

5–5.5 75 26

7.5–8 110 30

Kim and Vogelpohl [21] achieved same results utilizing two types of iron speciation.
In one experiment, they used oxalate and ferric sulfate and in other just ferrous
sulfate (besides UVA and H2O2). Differences in results were less iron concentration
and minor velocity utilized when ferric sulfate (III) and oxalate are used [18].

FeI I I (C2O4)
3−
3 + hv → Fe2+ + CO2 + 2.5C2O

2−
4 , (10)

Fe2+ + H2O2 + 3C2O
2−
4 → FeI I I (C2O4)

3−
3 + HO− + HO ·. (11)

In another way, product of radiation FeIII(C2O4)
3−
3 is a C2O4

2− ionwith dissociates in
aqueous medium forming carbonic dioxide in solution, increasing CO2 availability
which is demonstrated in Eq. 10 [5]. When carbon dioxide disponibility is in larger
quantity, acid carbonic concentration is growing too which has been described in
Eqs. 7 and 8.

From the better degradation result in Table 2 (70% degradation and 1.4 molar
rate), pH was varied to evaluate TOC comportment. Results are shown in Table 3.

In different ranges for pH, the better result is obtained in 2.5–3. For the greatest
acid condition (pH between 1.5–2). To neutral conditions (pH � 5–5.5 and 7.5–8) a
26–30% of TOC removal is achieved. Worst value for removal appears in the range
maintained between 3–3.5 with just 3%.

Figure 5 shows degradation variation in 2 h reactions in function of pH. In 2.5–3
pH range value, degradation is much higher than in another range. Just one peak with
27% degradation appears in 4–4.5 pH, after this discrete growing is presented. The
minor value is obtained in 3–3.5 range (2% degradation), but was studied with much
significant value in this pH. The study with landfill leachate degradation obtained
75% in the same conditions [18].

Photo-Fenton reaction works with ferrous ions and a small pH range. Studies say
the better range to photo-Fenton comprehend is 2.5–3 because of the iron comport-
ment. For solution with pH above 3, ferrous ions precipitate decreasing UV radiance
interaction with substrate and hydrogen peroxide molecule. When pH under 2.5
exists a lot of H+ ions are in solution with aging hydroxyl scavenger [1, 6].

Fatty amines, like as ether monoamines, has a propriety to be dissociated from 8
pH [1]. But, for this pH hydrogen peroxide behaves like a reducer and not as oxidant
decreasing hydroxyl radical production and global efficiency processes [13].
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Fig. 5 Degradation as a pH function fixed in final of 2 h reaction

Conclusion

Ether monoamine mixture is a persistent substance, requiring a stoichiometry rate
between Fe2+ and H2O2 adjusted in pH 1.4 and pH 2.5 to obtain 70% degradation
in 60 min. In point of this, ferrous presence is a significant importance for degra-
dation since in presence of just hydrogen peroxide and UV radiation better result
for degradation achieved is 10% in 2 h using 15 mM. A growing concentration for
hydrogen peroxide does not significant a growing in degradation, and the same a
growing concentration for photo-Fenton reagents too. Variation in pH demonstrates
better result in 2.5–3 range and this variation is not favorable to improve efficiency
processes. A recommendation for future studies is the evaluation of hydrogen perox-
ide reminiscent, which verifies kinetic production of hydrogen peroxide efficiency,
and also verify temperature and aeration influences. For reactor configuration, it is
recommended to evaluate the efficiency whenmercury lamp adjusted in 200–204 nm
is used.
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Influence of Metallic Impurities
on Solvent Extraction of Cobalt
and Nickel from a Laterite Waste Liquor

Paula Aliprandini, Mónica M. Jiménez Correa, Jorge A. Soares Tenório
and Denise Crocce Romano Espinosa

Abstract Limonite is the surface zone of lateritic ore and it was considered an ore
waste. However, because of the demand, limonite is now considered an important
resource of nickel and cobalt. The presence of impurities in the ore such as mag-
nesium, manganese, and chromium makes it difficult for the recovery of nickel and
cobalt. The separation of nickel and cobalt can be done by solvent extraction tech-
nique using Cyanex 272 as the extractant. In order to study the extraction of cobalt
and nickel from a solution containing chromium, magnesium, and manganese, the
pH range between 3.5 and 5.5 was investigated. However, precipitation of chromium,
magnesium, manganese, and nickel was observed at pH 5.5. By increasing the pH
value, the extraction of cobalt,magnesium,manganese, and chromiumwas increased.
Nickel was not extracted during the study. It was not possible to obtain a solution
containing only nickel or cobalt without the presence of the other metals in solution.

Keywords Limonite ore · Cyanex 272 · Purification · Impurities

Introduction

Nickel laterite ore is considered an important resource of nickel. The ore is divided
into three different zones [1]. Each zone has a specific composition. Limonite is the
surface zone [2]. Until recently, limonite was considered as a waste zone from the
ore. However, because of the demand for specific metals, previously waste ores are
now considered.

In this zone, nickel is the main value metal and its concentration is between 1.0
and 1.8% [3]. The major use of nickel is the stainless steels, electronics equipment,
and batteries [2, 4, 5]. In addition to nickel, the metal of commercial interest is
cobalt. The concentration of cobalt is between 0.05 and 0.3% in the limonite ore
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Fig. 1 Commercial
extractant Cyanex 272 (bis
(2, 4, 4-trimethylpentyl)
phosphinic acid)

[2, 3, 6, 7]. Cobalt is used in superalloys. Therefore, recovery of both metals is of
great commercial interest [7].

However, because of their chemical characteristics, it is difficult to separate cobalt
from nickel. In addition, the presence of impurities affects the recovery of metals of
interest as nickel and cobalt [6, 8].

Solvent extraction is an industrial technique used to separate nickel and cobalt.
The solvent extraction technique uses two immiscible solutions: an aqueous phase
and an organic phase [2, 9, 10]. When the solutions are in contact, and under specific
conditions, the metal ions can be transferred between the phases [2].

Cyanex 272 is the extractant used to separate nickel and cobalt. The active com-
ponent is bis-(2, 4, 4-trimethylpentyl) phosphinic acid (Fig. 1) [11].

During the extraction process, the extractant interacts with metals to form a
hydrophobic complex. Specific parameter, such as pH value, can make the extractant
selective for one metal relative to another.

The presence of other metal in solution can affect the extraction process of cobalt
and nickel.

A solution containing nickel and cobalt, in addition to other metals considered
impurities, was used in this study. Chromium, magnesium, and manganese are typi-
cally metals present in leaching solution from limonite ore. During the process, it is
expected to obtain pure solutions of each interest metal.

Methodology

Asynthetic solutionwas in contactwith an organic solution. Themetal concentrations
used are shown in Table 1.All themetalswere used as sulfate salts of analytical grade.

The solution composition was based on a previous study. The composition of the
solution is the remainder after the removal ofmost impurities such as iron, aluminum,
and zinc [12].

Cyanex 272 was used as extractant and kerosene as diluent. The organic solution
was prepared by dissolving 20% v/v of Cyanex 272 in kerosene.

The effect of equilibrium pH was carried out by varying the pH of solution in a
range from 3.5 to 5.5, with an increase of 0.5 by adding sodium hydroxide (NaOH).

Table 1 Metal
concentrations in synthetic
leach solution

Metals Co Cr Ni Mg Mn

Concentration (g/L) 0.05 0.16 2.52 6.35 0.36
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Fig. 2 Extraction of different metals on range pH values in solvent extraction using Cyanex 272
[11]

The pH range was based on the extraction behavior of metals during extraction with
Cyanex 272 (Fig. 2). From the diagram, the extraction ofmetal ions from the synthetic
solution begins at pH values greater than 3.

First, 40mLof the aqueous solutionwas adjusted to target pHand a similar volume
of organic solution was added to the aqueous solution. The system was stirred for
20 min while the pH was maintained constant by adding NaOH. The experiments
were performed at room temperature.

Energy-dispersive X-ray spectroscopy (EDX) was used to determine the metals
concentration remaining in the aqueous solution after the solvent extraction process.

Results

The study of solvent extraction of cobalt, chromium, magnesium, and manganese
was carried out between pH 3.5 and 5.5. However, the precipitation of chromium
began at pH 5.5. Figure 3 shows the microscopy of precipitate obtained after drying
in oven. The precipitate was analyzed using a scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS).

The presence of chromium, magnesium, manganese, and nickel was identified.
Therefore, the extraction tests were performed up to pH 5.0. Figure 4 shows the
extraction percentage for each metal when pH values are changed between 3.5 and
5.0 using Cyanex 272.
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Fig. 3 SEM-EDS of precipitate formed at pH 5.5 by addition of NaOH

Fig. 4 Extraction percentage of metals during the solvent extraction using Cyanex 272

The nickel was not extracted at any pH value. On the other hand, cobalt extraction
was 8% at pH 3.5 and 91% at pH 5. This shows the efficiency of the extractant to
separate the nickel from cobalt.

The percentage of chromium extracted was from 9 to 53% between pH 3.5 and 5.
For the same pH range, manganese andmagnesiumwere extracted in the percentages
35–97% and 1–20%, respectively.

As can be seen in Fig. 2, the selectivity pH of the extractant for cobalt, manganese,
and magnesium is very close. This makes the separation difficult. According to
Agatzini Leonardou et al. [13], the extraction of all these metals occurs together
and allows only nickel in solution. However, the same author indicates pH 5.5 as
being ideal for extracting cobalt and magnesium from nickel. Because of presence of
chromium, this pHvalue could not be achieved. For the proposedworking conditions,
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it was not possible to separate nickel from other metals. Even, it was not possible to
separate cobalt.

Therefore, the differences in extraction between the metals made it difficult to
obtain pure solutions of nickel or cobalt. Therefore, other work steps will be required
to obtain solutions containing only the metals of interest.

Conclusion

• The presence of chromium in solution affected the pH value. The extraction pH
value was limited to 5.0. At pH values greater than 5, the precipitation started with
chromium, magnesium, manganese, and nickel.

• The extraction of cobalt, magnesium, manganese, and chromium increased with
increasing pH value.

• The higher extraction percentage for cobalt was 91%; for chromium was 53%; for
magnesium was 20%; and for manganese was 97% at pH 5.0.

• Nickel was not extracted in the studied pH range.
• It was not possible to separate nickel from other metals on the chosen work
conditions.

• It was not possible to separate cobalt from other metals.
• The near pH value for extraction of metals makes the selective extraction process
difficult.

• Additional work will be needed to evaluate the separation between cobalt and
nickel.

Acknowledgements Financial support for this study was supplied from the Coordination for the
Improvement of Higher Education Personnel (CAPES), the Counsel of Technological and Scientific
Development (CNPq), and the São Paulo Research Foundation (FAPESP—grant 2012/51871-9).
The authors thank Ana Carolina Fadel Dalsin for her help on the project.

References

1. Kesler SE, Simon AC (2015) Mineral resources, economics and the environment. 2nd edn.
Cambridge University Press

2. Gupta CK (2003) Chemical metallurgy principles and practice. Wiley-VCH Verlag GmbH &
Co., KgaA

3. Neudorf D (2006) Method for nickel and cobalt recovery from laterite ores by reaction with
concentrated acid and water leaching. US2006/0002835

4. Guo X, Li D, Park KH, Tian Q, Wu Z (2009) Leaching behavior of metals from a limonitic
nickel laterite using a sulfation-roasting-leaching process. Hydrometallurgy 99:144–150

5. Mudd GM (2010) Global trends and environmental issues in nickel mining: sulfides versus
laterites. Ore Geol Rev 38(1–2):9–26

6. Chang Y, Zhai X, Li B, Fu Y (2010) Removal of iron from acidic leach liquor of lateritic nickel
ore by goethite precipitate. Hydrometallurgy 101(1–2):84–87



142 P. Aliprandini et al.

7. Kyle J (2010) Nickel laterite processing technologies—where to next? In: ALTA 2010
nickel/cobalt/copper conference, pp 1–36

8. McDonald RG, Whittington BI (2008) Atmospheric acid leaching of nickel laterites review.
Part I Surphuric Acid Technol Hydrometal 91(1–4):35–55

9. Free M (2013) Hydrometallurgy: fundamentals and applications. Wiley
10. Kislik VS (2012) Solvent extraction: classical and novel approaches. Elsevier
11. CYTEC (2008) CYANEX 272 extractant. Construction materials: 16. https://www.cytec.com/

sites/default/files/datasheets/CYANEX%20272%20Brochure.pdf. Accessed 21 Feb 2016
12. Aliprandini P (2017) O uso da extração por solventes para tratamento de licor de lixiviação de

minério limonítico de níquel (master’s thesis). University of São Paulo, São Paulo, Brazil
13. Agatzini-Leonardou S, Tsakiridis PE, Oustadakis P, Karidakis T, Katsiapi A (2009) Hydromet-

allurgical process for the separation and recovery of nickel from sulphate heap leach liquor of
nickeliferrous laterite ores. Miner Eng 22(14):1181–1192

https://www.cytec.com/sites/default/files/datasheets/CYANEX%20272%20Brochure.pdf


Iron Recovery from Nickel Slag
by Aluminum Dross: Viscosity Evolution
in Different Periods

Guangzong Zhang, Nan Wang, Min Chen, Ying Wang and Hui Li

Abstract Nickel slag can be recycled as one of the excellent secondary sources
due to valuable iron resource. Slag viscosity during iron recovery from nickel slag
by aluminum dross was studied from 1773 to 1873 K, and the viscosity evolution
in different periods was systemically discussed. Experimental results showed that
slag viscosity increased suddenly after “FeO”/(“FeO” + Al2O3) ratio lower than
0.53, signifying the transition of dominant role from “FeO” to Al2O3. Structure
investigation by Raman spectra showed the center of curves transferred to higher
shift, which indicated the formation ofmanymore complicated structural units during
the reduction process. Furthermore, the increasing units ratio (Q2 + Q3)/(Q0 + Q1) in
[SiO4]-tetrahedra showed a good agreement with the variation of apparent activation
energy.

Keywords Nickel slag · Aluminum dross · Viscosity · Slag structure

Introduction

Nickel slag is the by-product fromnickel industries containing valuable iron resource.
The content of iron in nickel slag can typically reach up to 50 wt%. Since 2008,
China has been the largest producer and consumer of nickel in the world on account
of the large reserves of nickel sulfide [1]. It is estimated that about 160 tons of
granulated nickel slag will be discharged per year and more than 33 million tons of
the nickel slag have been accumulated up to now. Generally, so many nickel slags
are stockpiled in heaps and only part of them are utilized in road construction or
cement manufacture. The negligence of utilization undoubtedly leads to the wastes
of resources, and therefore a scientific disposal methodology is really essential to
recycle the nickel slag as an excellent secondary source.

Aluminothermic reduction attracts the authors’ attention due to its exothermic
characteristic and in the present work aluminum dross is selected as the reductant. As
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it is known, aluminum dross is also the metallurgical solid waste from the aluminum
industries, and the content of Al in the dross is typically as high as 35wt%. Recycling
nickel slag by aluminum dross can realize the full use of the metallurgical solid
wastes as well as guarantee the fluidity of slag during reduction process. However,
the thermal physical properties of slag during reduction process such as the viscosity,
surface tension, and so on are not clear.

Viscosity as one of the most important properties of slag has a significant effect
on the reduction proceeding. As stated by Guo et al., slag viscosity directly results
in the change of kinetic condition of reduction. In past years, many researches have
been conducted to investigate the viscosity as a function of slag components and slag
temperature [2–5].

The current slag is CaO–SiO2–“FeO”–Al2O3–MgO system. Based on the studies
by Park et al. and other researchers, slag basicity, slag components such as “FeO”,
Al2O3, and SiO2 are all the factors that are affecting viscosity. Nevertheless, the
previous studies mainly focus on the viscosity variation under a fixed “FeO” content
or Al2O3 content, and few works have been carried out during reduction process.
Especially for the current slag, “FeO” content decreases and Al2O3 content increases
with the addition of aluminum dross [6, 7].

The objective of this work is to systematically study the viscosity evolution during
iron-exacting process from nickel slag by aluminum dross. It is speculated that the
dominant role has changed from “FeO” to Al2O3, and therefore the viscous behavior
of slag under different reduction periods, i.e., the early and the later periods, are
further investigated. In addition, slag structure by Raman spectroscopy is analyzed
to reveal the mechanism of viscosity evolution in the microscopic view.

Experimental

Slag Preparation

Based on the material balance, chemical compositions of the investigated slags were
calculated and listed in Table 1. Slags A to G were represented as the compositions
during reduction process, and slags S1–S4 were carried out to make the comparison
with slag A and D, respectively. To obtain a higher activity of “FeO”, the basicity of
the initial slag was adjusted to be 1.0 upon the thermodynamic calculation.

Reagent-grade chemicals CaCO3, FeC2O4, SiO2,MgO, andAl2O3 with the purity
more than 99.9% were adopted to prepare the investigated slags, where CaCO3

and FeC2O4 were the suppliers of CaO and “FeO”, respectively. CaCO3 powder
was calcined at 900 °C for 24 h before mixing the chemicals together. During the
heating process, 180 g of the mixture of FeC2O4 and other components (CaO, SiO2,
MgO, and Al2O3) were charged into a molybdenum crucible and placed in the high-
temperature zone in a tubular electric furnace. It should be noted that the crucible
was held at 873 K for 2 h to decarburize FeC2O4 absolutely. When slag temperature
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Table 1 Experimental conditions of the investigated slags

Slag
no.

Temperature
(K)

w
(SiO2)
(wt%)

w (Al2O3)
(wt%)

w
(CaO)
(wt%)

w
(MgO)
(wt%)

w (FeO)
(wt%)

“FeO”/(“FeO”
+ Al2O3)

A 1773
1823
1873

26.39 7.34 25.72 7.39 33.17 0.82

B 27.04 14.61 25.71 7.92 24.72 0.63

C 27.37 18.20 25.71 8.18 20.54 0.53

D 27.70 21.77 25.71 8.44 16.36 0.43

E 28.02 25.32 25.71 8.70 12.23 0.33

F 28.35 28.85 25.71 8.96 8.13 0.22

G 28.98 35.81 25.72 9.49 0.00 0.00

S1 32.78 7.34 31.95 7.39 20.54 0.74

S2 20.88 18.20 20.35 7.39 33.17 0.65

S3 31.98 21.77 29.68 8.44 8.13 0.27

S4 24.04 28.85 22.31 8.44 16.36 0.36

reached up to 1873 K, the crucible should be maintained for about 1.5 h to make the
slag homogeneous. In the whole slag preparation procedure, ultrahigh-purity argon
(99.9999%) with the flow rate of 0.5 L min−1 was guaranteed to avoid the oxidation
of slag components and the crucible. After then, the crucible was taken out rapidly
and quenched in the liquid nitrogen (with the cooling rate more than 500 K s−1). The
quenched slags were then examined byX-ray diffraction (XRD,D8Advance, Bruker
AXS Gmbh, Germany) and X-ray fluorescence (XRF, ZSX100e, Rigaku, Japan).

No apparent characteristic peaks were observed according to the XRD results,
which indicated that the slags were all amorphous. In addition, the composition
variation between the initial and final slags was negligible, signifying the samples
obtained this way could be used for viscosity measurement.

Viscosity Measurement

Rotating cylindrical method was adopted in viscosity measurement. The details of
experimental setupwith a rotating viscometer (RTW-10,China)were shown in Fig. 1.
The temperature of the sample was continuously detected using a PtRh30–PtRh6
thermocouple. To keep the valence of Fe2+, a piece of electrolytic iron plate (about
2.5 g) was placed on the bottom of the crucible. For each measurement experiment,
150 g of the pre-melted slag was charged into the Mo crucible. To ensure the melt
homogenous, the crucible was maintained for more than 30 min when the temper-
ature reached 1873 K. After then, the spindle with rotating speed of 200 rpm was
immersed into the molten slag and the viscosity measurement was carried out under
slag temperature of 1873K, 1823K, and 1773K, respectively. The equilibration time
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Fig. 1 Schematic diagram of experimental setup

was approximately 30 min for each temperature. Similarly, ultrahigh-purity argon
was also used as the protective gas to prevent the oxidation of the crucible, spindle,
and the flux. The average viscosity values were determined through three repeated
viscosity experiments for each slag component.

After finishing the measurement, slags were reheated to 1873 K and then rapidly
taken out and quenched in liquid nitrogen. Due to the negligible proportion of Fe3+

in slags, it was assumed that iron ions were fully divalent in all the samples. XRF
results also showed the content of MoO3 should be ignored, indicating that the slag
samples obtained this way can be used for structure measurement. More details for
the viscosity measurement could be found in our previous works [8, 9].

Raman Spectroscopy

Structural units of the quenched slags were quantitatively analyzed by Raman spec-
troscopy (Renishaw inVia, Renishaw, England). The diode laser at 532 nm was used
as the laser source and the measured shift range was from 2000 to 100 cm−1. The
slag structure measured at room temperature was assumed the same as that at 1873 K
based on the study by Mysen and Richet [10].
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Fig. 2 Viscosity variation
under different
“FeO”/(“FeO” + Al2O3)
ratios at 1773–1873 K

Results and Discussion

Viscosity Variation

As shown in Table 1, “FeO” content decreases from 33.17 wt% to zero combined
with the increasing Al2O3 content from 7.34 to 35.81 wt%, and the “FeO”/(“FeO” +
Al2O3) ratio changes from 0.82 to 0.00with the reduction process. Figure 2 shows the
viscosity variation under different “FeO”/(“FeO” + Al2O3) ratios at 1773–1873 K. It
could be found that viscosity decreases with the increasing temperature as well as the
increasing “FeO”/(“FeO” + Al2O3) ratio. Under the fixed “FeO”/(“FeO” + Al2O3)
ratio of 0.22, for instance, viscosities are 0.538 Pa s and 0.273 Pa s at 1773 K and
1873 K, respectively. Whereas, the dependence of slag viscosity on “FeO”/(“FeO”
+ Al2O3) ratio reflects an increasing viscosity with the reduction process. In the
early period of reduction (the “FeO”/(“FeO” + Al2O3) ratio is higher than 0.53), slag
viscosity changes slowly, followed by a sudden increase then. In view of the fact that
the ternary slag basicity (R � (CaO + MgO)/SiO2) could be ignored, the significant
evolution of viscosity is speculated to be caused by the dominant role of “FeO” and
Al2O3. To take a knowledge of the viscosity evolution in different periods, slags A–D
and S1–S4 are further studied.

Viscosities of slags A–D and S1–S4 are shown in Fig. 3. Comparing slags A, S1,
andS2, it could be found that the effects of “FeO”andAl2O3 onviscosity are different.
In the early reduction process, the viscosity under a constant slag temperature changes
more significantly with the decreasing “FeO” content. For example, the viscosity of
slag with 33.17 wt pct “FeO” and 7.34 wt pct Al2O3 is 0.097 Pa s at 1773 K, and it
increases to 0.14 Pa s as “FeO” decreases, which is much higher than the value of
0.116 Pa s led by the increment of Al2O3. Therefore, “FeO” plays the dominant role.
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Fig. 3 Viscosity evolution
in different reduction periods

Nevertheless, when the “FeO”/(“FeO” + Al2O3) ratio is lower than 0.53, the
influences of these two components on viscosity tend to be contrary. As slags D, S3,
and S4 are shown, viscosity changes more evidently in the later period, which should
be attributed to the coupling effect of “FeO” and Al2O3. What is more, the increment
of Al2O3 from 21.77 to 28.85 wt% results in a higher value when compared with the
decrement of “FeO”. The evident increase in viscosity precisely demonstrates the
dominant role of Al2O3. In terms of the fact that slag viscosity is correlated with its
structure, hence the structures for these slags are further studied.

Structure Investigation

Figure 4 represents the Raman spectra of the quenched slags. Based on the related
works [10–13], different Raman bands are related to the different structural units,
which are listed in Table 2. The main bands between 850 and 1160 cm−1 can be
separated into four regions, i.e., 850–880 cm−1, 900–930 cm−1, 950–980 cm−1, and
1040–1060 cm−1, reflecting the stretching vibrations of silicate structural units Q0,
Q1, Q2, and Q3, respectively. The superscripts 0, 1, 2, and 3 are the numbers of
the bridging oxygen per [SiO4]-tetrahedra. In Fig. 4, the structural units have been
marked at the relevant positions. From the tendency of curves, the center of Raman
spectra has been transferred to higher shift. In addition, with the increasing viscosity,
the bands change to be more announced, indicating that many more complicated
structures have been generated.

In order to analyze the structure evolution more quantitatively, Raman spectra of
slags A–D and S1–S4 are deconvolved using Gaussian-deconvolution function in
software Origin 8.0, and Fig. 5 presents the results. In the present work, the relative
area fraction of individual unit is used for quantitative estimation, which is obtained
by dividing the integrated area of all the structural units.
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Fig. 4 Raman spectra of the quenched slags

Table 2 Assignments of characteristic bands in Raman spectra

Spectra-centered shift (cm−1) Structural units (Q notation) Unit types

850–880 SiO4−
4 (Q0) Monomers

900–930 Si2O
6−
7 (Q1) Dimers

950–980 SiO2−
3 (Q2) Chains or rings

1040–1060 Si2O
2−
5 (Q3) Sheets

Fig. 5 Deconvolved results of Raman spectra
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In the early period, the relative area fraction of structural units (Q0 +Q1) decreases
from 87 to 80%, combined with the increase in the area fraction of structural units
(Q2 + Q3). Moreover, the differences of structure evolution for slags A, S1, and S2
suggest a stronger influence of the decreasing “FeO” content, which is consistent
with the viscosity change. While an evident change could be observed between
slags C and D, reflecting the transition of dominant role from “FeO” to Al2O3. The
development of relative area fraction of structural units for slags D, S3, and S4 also
confirms this point of view.

The evolution of (Q2 + Q3)/(Q0 + Q1) ratio is also shown in Fig. 5 to exhibit
the structure evolution more visually. Compared with the ratio range from 0.14 to
0.25 in early period, a higher ratio of 1.5 for slag S4 is obtained under the dominant
role of Al2O3. Generally, the degree of polymerization (DOP) of the silicate melt is
characterized by the average number of non-bridging oxygen (n(NBO/T)), and it is
evaluated according to Eq. (1).

n(NBO/T) �
∑

(4 − i) · Xi , (1)

where i is the number of bridging oxygen of each structural unit and X i is the relative
area fraction of individual unit.

As slags A and S1 presented in Fig. 5, n(NBO/T) decreases from 3.23 to 2.95
with the “FeO” content ranging from 33.17 to 20.54 wt%. The influence of “FeO”
on structure evolution should be attributed to the decreasing number of free Fe2+ and
O2− irons, which induces the generation of complex structural units [14]. However,
after “FeO”/(“FeO” + Al2O3) ratio lower than 0.53, further increasing Al2O3 content
will lead to a lower n(NBO/T). It could be observed, n(NBO/T) of slag S4 is 2.29,
lower than the value of 2.45 for slag S3. The influence of Al2O3 on the structure
evolution could be owed to its network-forming role. Due to the incorporation of Al
into silicate network, the DOP of slag will increase as a consequence [15].

Apparent Activation Energies of the Investigated Slags

Apparent activation energy of slag is treated as the resistance of the liquid to shearing.
As shown in Eq. (2), it can be obtained from the relationship between viscosity and
slag temperature.

ln η � ln A+
Ev

R
· 1

T
, (2)

where η is the slag viscosity (Pa s), A is the pre-exponential factor, Ev is the apparent
activation energy (kJ mol−1), R is the gas constant (8.314 J mol−1 K−1), and T is the
slag temperature (K).
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Fig. 6 Relationship between
viscosity and reciprocal
temperature

Figure 6 shows the dependence of viscosity on reciprocal temperature, also, the
results of apparent activation energy are exhibited in the figure. Either in the early
or the later period of reduction, the change of apparent activation energy shows the
same tendency with those of viscosity and structure evolution. In the early period,
the decreasing “FeO” content leads to an increase of Ev from 102.36 to 122.91 k J
mol−1. While, after the transition from “FeO” dominant to Al2O3 dominant, an
evident change in apparent activation energy happens, which is confirmed by the
values of 155.61 and 187.46 k J mol−1 for slags S3 and S4, respectively. Therefore,
it can be concluded that the variation of apparent activation energy shows a good
agreement with the evolution of viscosity and structure.

Conclusions

Viscous behavior of slags during iron recovery from nickel slag by aluminum dross
has been studied from 1773 to 1873 K. Additionally, the evolution of viscosity
and structure in early and later periods of reduction process has been discussed,
respectively. The following conclusions can be drawn based on the experimental
results.

(1) The influences of “FeO” and Al2O3 on viscosity evolution are different. In the
early period, “FeO” plays the major impact. While after the “FeO”/(“FeO” +
Al2O3) ratio lower than 0.53, slag viscosity depends on the dominant role of
Al2O3.

(2) Structure investigation indicates the bands of Raman spectra not only transfer
to higher shift, but also change to be more announced, indicating many more
complicated structures have been generated. What is more, the relative area
fractions of structural units (Q0 + Q1) and (Q2 + Q3) develop slowly first,
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followed by an evident evolution in the later period. Development of n(NBO/T)
for slags S1–S4 confirms the transition of dominant role from “FeO” to Al2O3.

(3) Variation of apparent activation energy keeps in a good accordance with the
viscosity and structure evolution. In the early period, the decreasing “FeO”
content leads to an increase ofEv from102.36 to 122.91 k Jmol−1. Nevertheless,
the dominant role of Al2O3 results in an evident change.
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Isolation of Cyanide-Degrading Bacteria
from Cassava-Processing Effluent

Amzy Tania Vallenas-Arévalo, Carlos Gonzalo Alvarez Rosario,
Marcela dos Passos Galluzi Baltazar, Denise Crocce Romano Espinosa
and Jorge Alberto Soares Tenório

Abstract Cyanidation is a widely used process for gold leaching where cyanide-
containing solutions are used to extract metals from ores. However, cyanidation
produces toxic wastes that must be treated prior to discharge to the environment. In
this context, cyanide biodegradation has appeared as an environmental friendly and
alternative technology. In this study, cyanide-degrading bacteria was isolated from
cassava-processing effluents containing 300 ppm of free cyanide using a selective
media with cyanide and glycerol. From the effluent, four isolated strains and one
consortium were obtained and were tested to degrade cyanide in alkaline medium
containing 150mgL−1 free cyanide and 0.5 g L−1 scratch for 72 h in orbital agitation.
Two strains and the consortium showed the biggest difference from negative control
degrading 27–30% of free cyanide in solution proving their potential use in cyanide
treatment. Finally, microscopy analysis showed rod-shaped cells in selected samples
and classified isolated strains as gram negative and the consortium as gram positive.

Keywords Cyanide · Biodegradation · Bacteria · Cassava processing · Isolation

Introduction

Cyanide salts are used in the leaching of gold and silver from ores. During this pro-
cess, cyanide complexes [Ag(CN)2]− and [Au(CN)2]− are formed extracting these
precious metals from ores and making them soluble in water in alkaline conditions
[1]. Cyanidation of gold works according to the Elsner’s equation which is given
below:

4Au + 8NaCN + O2 + 2H2O → 4Na
[
Au(CN)2

]
+ 4NaOH.
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Fig. 1 Free cyanide formation from linamarin, a cyanogen glycoside present in cassava

The solution containing the soluble gold–cyanide complexes is called “pregnant
solution” and the solids are discarded to a tailing pond. Gold cyanidation wastes
usually contain free cyanide (CN− and HCN), which is the most toxic form of
cyanide and cyanide complexes. Cyanide-containing wastes can also be produced
in other industrial processes such as plastic manufacturing, pesticides production,
electroplating, and cassava-processing industries [2].

In cassava-processing industries, cyanide is present in effluents due to its lib-
eration from cassava pulp. Cyanogenic glycoside present in cassava, linamarin, is
hydrolyzed by the linamarase enzyme (Fig. 1). These components are both present
in cassava cells, but are located in different parts of the cell, so they are together
only after the pulp-grating process. The reaction produces α-hydroxynitriles and lib-
erates glucose; then the hydroxynitrile lyase enzyme catalyzes the transformation
of α-hydroxynitriles in HCN and acetone in a process called “cyanogenesis” [3].
Because of this, cassava-processing industries produce effluents that represent a risk
to the environment if not treated properly.

There is a variety of methodologies for cyanide degradation including chemical,
physical, and natural processes [4]. In industries, cyanide can be treated using oxi-
dation technologies that are often expensive and complex to operate or can produce
toxic by-products [5]. In this context, biotreating cyanide-containing effluents using
native bacteria could represent several economical and technical advantages.

Cyanide can be treated by bacteria in a viable process of cyanide-containing efflu-
ents [5]. Commonly, Pseudomonas sp. and Bacillus sp. are used to treat cyanide-
containing effluents [6, 7] but other bacteria, fungus, and algae have also been
reported [8]. Therefore, the purpose of this study is to isolate from a cassava-
processing industry effluent, cyanide-degrading bacteria with potential use in the
biotreatment of cyanide-containing effluents.

Methodology

A cassava-processing effluent sample was collected from a factory located in Santa
Maria da Serra, São Paulo, Brazil. Effluent was characterized for pH and free-cyanide
concentration. Samples were taken, transported, and manipulated according to the
Standard Methods for the Examination of Water and Wastewater [9].
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Selective Enrichment and Strain Isolation

A selective media for cyanide-degrading bacteria selection was prepared. This media
was modified from [10] and contained NH4Cl 1 g L−1, KH2PO4 0.5 g L−1, K2HPO4

1.5 g L−1,MgSO4 0.2 g L−1, NaCl 0.5 g L−1, scratch 0.5 g L−1 andwas supplemented
in 1% (v/v) with a cyanide concentrated solution (37.7mgNaCNmL−1 75%purity in
0.25% (w/v) NaOH) to obtain a final pH of 8 and a final concentration of 150 mg L−1

of free cyanide. Selectivemediawas sterilized byfiltration using a 0.22μmpore filter.
Solid selective media was prepared by adding 18 g L−1 of agar sterilized separately
by autoclaving at 121 °C for 30 min.

An aliquot of 100 μL of effluent was inoculated in selective media plates and
incubated at 30 °C and checked daily for colony formation during 5 days. Then, each
colony with different morphologies was isolated and inoculated in a new plate by
streaking technique twice to assure a single species was isolated.

Cyanide-Degrading Screening

After isolated strains were obtained from cassava-processing effluent, they were
tested individually for their ability to degrade free cyanide. In order to achieve this,
each strain was cultivated in LB solid medium plates (15 g L−1 peptone, 10 g L−1

NaCl, 5 g L−1 yeast, and 15 g L−1 agar) and incubated in stove at 30 °C overnight.
Then, a colony of each strain was transferred to a 50 mL falcon tube containing
15 mL of LB liquid medium (15 g L−1 peptone, 10 g L−1 NaCl, and 5 g L−1 yeast)
and incubated at 30 °C 185 RPM until optical density at λ � 600 nm (OD600) was
0.8. Each tube was then centrifuged at 8000 RPM for 5 min and washed twice using a
saline solution (NaCl 0.9%). Then, tubes were centrifuged once more and pellet was
resuspended in solution containing 0.9% NaCl and 0.1% scratch and supplemented
with NaCN to a final concentration of 150 mg L−1 CN−. Tubes were incubated in
orbital agitation at 30 °C 185RPM for 72 h. A negative control containing no bacteria
was carried out under the same incubation conditions. All assays were executed in
triplicates.

After incubation period, free cyanide in solution was measured using a polaro-
graphic technique with a voltammetric analyzer (VA) Computrace Control 797,
Metrohm. In this technique, an electrolyte solution with 0.2 M boric acid (H3BO3)
and a 0.17 M potassium hydroxide (KOH) solution were used. Cyanide degradation
was calculated in % according to Eq. 1. Isolates with more degradation potential
were selected for further characterization.

%[CN]d � [CN]i − [CN] f
[CN]i

× 100%, (1)

where
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Fig. 2 Gram stain technique

%[CN] Percentage of free-cyanide degraded.
[CN]i Initial concentration of free cyanide in solution (mg L−1).
[CN]f Final concentration of free cyanide in solution (mg L−1).

Gram Stain

Selected strains were characterized by the gram stain technique, which is based on
the ability of the cells in retaining the crystal violet dye due to the presence of certain
structures in the cell wall of the microorganism.

First, reagents were prepared. For gram crystal violet solution, 1 mL of crystal
violet stock solution (20 g of crystal violet dissolved in 100mLof ethanol) wasmixed
with 40 mL of oxalate stock solution (1 g of ammonium oxalate in 100 mL of water)
and 10 mL of water. For gram iodine solution, 1 g of iodine, 2 g of potassium iodide,
and 3 g of sodium bicarbonate are dissolved in 300 mL of water. For decolorizer
solution, equal volumes of 95% ethanol and acetone are mixed. Finally, for gram
safranin solution, 1 mL of safranin stock solution (2.5 g of safranin in 100 mL of
95% ethanol) is mixed with 5 mL of water.

Selected strains were cultivated in LB plates (15 g L−1 peptone, 5 g L−1 yeast,
10 g L−1 NaCl, and 15 g L−1 agar) and incubated in stove at 30 °C overnight. A
20μL of sterile ultra-pure water was added on a clean microscope slide and a colony
was transferred from the plate using an inoculation loop, spread and left to air dry in
a sterile environment.

The gram stain technique consists of five steps illustrated in Fig. 2. First, two
drops of gram crystal violet solution were added to the fixed culture. After 1 min,
the slide was gently rinsed using ultra-pure water. Then, two drops of gram iodine
solution, or enough to cover the culture, was poured. After 1 min, the slide was rinsed
with ultra-pure water carefully to not wash off the culture from the slide. Then, a
few drops of the decolorizer solution were added and the slide was rinsed with ultra-
pure water after 5 s. Finally, culture was counterstained with three drops of safranin
solution and washed off using ultra-pure water after 30 s. The microscope slide was
let to air dry and then analyzed by optical microscopy (Leica DM2700M).
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Results and Discussion

A sample of a pressing-process effluent from a cassava-processing industry was
collected in SantaMaria da Serra, São Paulo, Brazil. Effluent contained 304.8mgL−1

of free cyanide and a pH value of 5 which confirms the spontaneous formation of
free cyanide during cassava processing previously reported [3].

Strain Isolation

The plates containing the selective medium were incubated at 30 °C for 5 days.
Cyanide-resistant colonies with different morphologies were selected and isolated to
pure culture by the streaking technique. This procedure was repeated twice in fresh
LB plates to obtain single-microorganism cultures. From the cassava-processing
effluent, eight individual strains and one consortium (containing a mixture of all the
individual strains) were isolated and categorized as cyanide resistant. Strains were
designated asM1,M2,M3,M4,M5,M6,M7,M8, and C1, respectively, for the eight
individual strains and the consortium.All the isolated strains and the consortiumwere
cultivated in LB liquid medium and mixed with glycerol to store at−80 °C for future
assays.

Cyanide-Degrading Screening

Cyanide is toxic for most living organisms since it inhibits the cytochrome c oxi-
dase, a key enzyme in the electron transport chain (ETC), during cellular respiration
[11]. However, somemicroorganisms have developed alternative pathways to survive
cyanide toxicity and others have developed metabolic pathways that use cyanide as a
nitrogen source, degrading cyanide into less toxic compounds [8]. Cyanide-resistant
microorganisms are thus not necessarily cyanide-degrading organisms too. There-
fore, a screening assay for general degradation was performed with all isolates to
assess their potential ability to degrade cyanide.

In order to achieve this, cyanide and scratch were added as the sole nitrogen and
carbon source, respectively. Scratch was selected as a suitable carbon source since
it is a main component in cassava pulp and cassava-processing effluents will surely
have it in its composition. Because of final pH in assay solution was eight, cyanide
is highly probable to volatilize or oxide when in contact with the oxygen of the air.
This is why it is important to evaluate the microorganisms performance comparing
it to a negative control.

Free-cyanide degradation in each sample is shown in Fig. 3. It also shows the
cyanide reduction by natural degradation in the negative control. Every sample
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Fig. 3 Free-cyanide degradation of native strains isolated from cassava-processing industry efflu-
ent. Percentage degraded after 72 h of incubation at 30 °C 185RPM. Error bars show difference
between triplicates

showed a bigger degradation rate than the negative control, which indicates that
all the studied strains consume cyanide in their metabolism in some level.

The consortium C1 was the sample that had the biggest degradation rate reduc-
ing cyanide by 30%. Within the individual isolates, strains M4 and M8 showed the
biggest degradation rates, reducing cyanide by 26% and 27.5%, respectively. Nega-
tive control showed a free-cyanide reduction of less than 10%, which is acceptable
considering the final pH of the assay solution. After cyanide-degrading screening,
isolates M4 and M8, and consortium C1 were chosen for further analyses and char-
acterization.

In consortia, several species work in synergy, co-metabolism, and mutualism to
adapt or survive together. Usually, the by-products of one strain’s metabolism are
used in another strain’s metabolism. Because of this, it is expected for the consortium
to show a greater degradation rate than individual strains. However, using consortia
in effluent treatment can bring other challenges like maintaining the same microbi-
ological quality of the inoculum during assays. As these populations are constantly
changing, they tend to produce results that are more variable.

Gram Stain and Optical Microscopy Characterization

Gram stain and optical microscopy characterization is the first step to identify a
microbial strain. In this study, the two individual strainswithmore degradation poten-
tial were analyzed by optical microscopy after gram stain. The difference between
gram-positive and gram-negative bacteria is the composition of the cellular wall.
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Fig. 4 M4 strain grown in LB medium plate, incubated at 30 °C for 24 h. Gram stain

Gram positive possess a thick cell wall compared to gram-negative bacteria that
have a thinner cellular wall and at the same time possess an additional outer mem-
brane, which gives cells different characteristics when responding to stress, heat, or
antibiotics [12].

Table 1 shows the results for strain characterization through gram stain and optical
microscopy.M4 andM8 strainswere classified as gram-negative organisms,whileC1
consortium presented most cells with a gram-positive morphology. All strains have
a rod-shaped morphology. Figures 4, 5, and 6 show the optical microscopy images
of the studied strains. M4 and M8 strains presented cells with a length between 1
and 3 μm and presented cylindrical form. Furthermore, consortium C1 presented
rod-shaped cells with lengths between 1.5 and 5 μm (Fig. 6).

Rod-shaped bacteria has been previously reported as cyanide-degrading organ-
isms, including gram-positive species belonging to the bacillus and corynobacterium
genres [10, 13–15], and gram-negative species belonging to the pseudomonas [7,
16–18], klebsiella [19, 20], and enterobacter [21] genres. A molecular identifica-
tion assay will be needed to identify specifically the studied strains in order to work
toward a better understanding of cyanide-degrading mechanisms in bacteria and its
application to effluent treatment.

Table 1 Strain
characterization

Strain Gram stain Cell morphology

M4 – Rod shaped

M8 – Rod shaped

C1 + Rod shaped
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Fig. 5 M8 strain grown in LB medium plate, incubated at 30 °C for 24 h. Gram stain

Fig. 6 C1 consortium grown in LB medium plate, incubated at 30 °C for 24 h. Gram stain

Conclusions

Cyanide is a highly toxic compound and effluents containing cyanide must be
treated prior to discharge to the environment. Cassava-processing industries produce
cyanide-containing effluents due to the cyanogen glycosides present in cassava pulp.
From the eight individual strains isolated from a cassava-processing effluent con-
taining 305 mg L−1 of free cyanide, strains M4 and M8 showed the greater potential
for cyanide biotreating and were selected for further characterization. Furthermore,
the isolated consortium achieved the greatest degradation rate, most probably due
to synergetic metabolism between species. This study showed the importance and
the potential for cyanide biotreating using native bacteria isolated from cyanide-
containing environments. Native isolated strains were able to reduce cyanide con-
centration between 10 and 27.5% after 72 h incubation indicating their potential use
in cyanide treatment.
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Introducing the Extraordinary Leuven
Cement: Raw Materials, Process,
Performance, and First Real-Life
Applications

Yiannis Pontikes

Abstract The development of alternative cementitious binders has been primarily
fueled by the need to reduce the environmental footprint ofOrdinary PortlandCement
(OPC). It would be reasonable to expect though that these newbinders to come should
be on one hand better in terms of environmental footprint, and on the other hand, at
least comparable in terms of performance and availability to society. The latter, in
engineering terms, translates into a production process that is relatively easy to erect,
technically and financially, and robust during operation. Moreover, the binder itself
should be composed of abundant elements so as to empower construction and growth
for all. The most abundant elements in earth’s crust are oxygen, silicon, aluminum,
iron, calcium, and sodium. Assuming a high-temperature process is employed, then
the parent minerals where these elements are present are of little interest: they will all
melt, and by adjusting the chemistry and the cooling conditions, the solidified product
will be the glass precursor to be used as the main component in the cementitious
binder thereafter.

In the work herein, we present our approach to meet all the above. We try to trans-
late intentions (i.e., develop a binder of low environmental footprint and abundant to
all) into actions (i.e., develop and test the process and the materials), respecting the
obvious boundaries of the system (i.e., thermodynamics).

The work is structured around the production process of this new binder. It starts
with an overview of the different steps (i.e., unit operations) and continues with
in-depth presentation of raw materials, firing conditions, milling, additives, (…),
concluding to the two lines of binders that have been developed over the past years,
one with OPC (blended) and the other one without. In addition to OPC, these formu-
lations can also integrate other materials, namely, ground granulated blast furnace
slag, fly ash, calcined clays, and more, thus, resemble to a great extent the family
of blended cements in the market today. The data communicated refer to work con-
ducted at both laboratory and pilot-plant scale, and extend from the atomic structure
of these new binders to mortar formulations and ultrahigh strength concrete.
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The name of this new binder is Extraordinary Leuven Cement. It is abbreviated
as ELCE, suggesting that “elce”, an obsolete form of “else”, i.e., something different
is a possibility even for one of the most massively used materials today.

Keywords Cement · Binder · Sustainable



Ferroalloy Production from Spent
Petroleum Catalysts by Reductive
Smelting and Selective Oxidation
Processes

Jong-Jin Pak, Do-Hyeong Kim, Min-Kyu Paek and Yong-Dae Kim

Abstract Solid spent catalysts from the hydroprocessing units of petroleum refin-
ing industries contain valuable metals of V, Ni, and Mo in appreciable concentration
togetherwith a significant amount of sulfur in an alumina supportingmaterial.A recy-
cling process for this resource has been developed and commercialized by reductive
smelting and selective oxidation processes to recover these metals in the form of
ferroalloys. The carbon saturated Fe–V–Ni–Mo melt recovered from the reductive
smelting was oxidized to separate vanadium into a slag which can be processed for
Fe–V alloy production. Then Fe–V and Fe–Ni–Mo alloys were successfully manu-
factured with high recovery ratios of over 90% and 95%, respectively.

Keywords Spent catalyst · Reductive smelting · Ferroalloy · Vanadium · Nickel ·
Molybdenum

Introduction

The spent catalysts discarded from the petroleum refinery operations contain valuable
metals such as vanadium, nickel, and molybdenum in the form of oxides and sulfides
up to 30 mass% in total. These metals are highly valuable and are used as alloying
elements extensively in the steel industry. These metals are usually manufactured
from the ores and minerals containing them. Spent catalysts could be used as a cheap
source for these valuable metals [1]. However, the spent catalysts also contain a very
high sulfur content of more than 10 mass% derived from the hydrodesulfurization
processes of heavy oils.
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Fig. 1 Process route for recycling spent catalysts

Several industrial-scale wet processes such as chlorination, acid leaching, alkali
leaching, roasting with soda salts, etc., have been developed for the recovery of
Mo, Ni, and V from the spent catalysts [1]. However, the roasting process for sul-
fur removal from the catalysts and the leaching processes produce unattractive by-
products such as toxic gases, liquid streams containing strong acids, bases, chlorine,
etc., which require a high level of environmental precautions and costs.

Recently, the reductive smelting process of this resource using the carbothermic
reaction in an electric arc furnace and the selective vanadium oxidation process was
developed to recover these metals in the form of Fe–Ni–Mo and Fe–V alloys as
shown in Fig. 1 [2]. The process route starts with dry catalysts that are melted with
cokes in an EAF at temperatures around 1500–1600 °C. Heavy metals sink to the
bottom as carbon saturated molten ferroalloys and are separated from liquid slag
containing high alumina. Alumina was originally present in the catalyst as a sup-
porting material. The Fe–V–Ni–Mo melt is then oxidized to separate vanadium into
a slag which can be processed for Fe–V alloy production. The remaining Fe–Ni–Mo
alloy melt after the vanadium oxidation can be used as a raw material for stainless
steelmaking. It has been shown that this pyrometallurgical route has the advantage
of a complete recycling scheme: metals for manufacturing ferroalloys and slags for
manufacturing special cements. The process has advantages over the conventional
hydrometallurgical route in terms of cost-effectiveness and environmental issues by
the elimination of roasting and leaching processes of spent catalysts.



Ferroalloy Production from Spent … 169

Table 1 Composition of spent catalysts (mass%)

Spent catalysts V Ni Mo Al2O3 C S

SC1 19.9 7.9 2.78 47.6 8.49 11.2

SC2 – 5.38 5.39 70.7 4.39 0.42

SC3 10.0 – – 74.3 0.39 0.16

For successful commercialization of this process, high metal recovery ratio and
sulfur control in liquid Fe–V–Ni–Mo alloys in the reductive smelting process and the
effective separation of vanadium from this alloy are very important. In the present
work, some experimental results of our process for recycling spent catalysts will be
presented together with thermodynamics of sulfur in these special alloys.

Experimental

Apilot-scale 350 kVAEAF and a commercial-scale 2,000 kVAEAFwere utilized for
a reductive smelting of spent catalysts to produce carbon saturated Fe–V, Fe–Ni–Mo
and Fe–V–Ni–Mo alloy melts. In case of Fe–V–Ni–Mo melt, the selective oxidation
of V from melt to slag was carried out using a 500 kW induction furnace. Table 1
shows the analysis of spent catalysts used in the present study after the de-oil process.

Figure 2 shows photos of the 2000 kVA EAF operation. The reductive smelting
process comprises melting a charge containing de-oiled spent catalysts, coke, iron
source, and sub-materials like lime and silica. The inner lining of the furnace is
a carbonaceous material to maintain a strong reducing condition for high metal
recovery ratio and desulfurization efficiency. Carbon saturated liquid iron containing
V, Ni, and Mo can be produced by a carbothermic reduction of their oxides and
sulfides in the catalysts at a high temperature above 1500 °C. The Fe–V–Ni–Mo
alloy recovered from spent catalysts was treated for selective vanadium oxidation by
oxygen blowing and iron ore addition to produce vanadium-rich slag. Fe–V alloywas
produced by an aluminothermic process of vanadium-rich slag as shown in Fig. 3.

Results and Discussion

Reductive Smelting of Spent Catalysts

Figure 4 shows a photo of metals recovered from spent catalysts and the XRD data
of slag produced in EAF. Table 2 shows the compositions of metals recovered from
different catalysts. The remaining V, Ni, and Mo in slag was negligible showing
the high recovery ratios of metallic elements (>95% for V and ~100% for Ni and
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Fig. 2 Reductive smelting process by EAF

Fig. 3 Aluminothermit process for Fe–V alloy production

Mo) from spent catalysts during reductive smelting. The composition of metal can
be controlled by the selection of catalyst/metal ratio in EAF operation. The slag
generated from high sulfur catalyst (SC1 in Table 1) contained a very high sulfur up
to 7 mass%, and the slag was saturated with CaS as shown in Fig. 4b.

Impurity elements of P and S in metals were less than 0.03 mass%. A very high
sulfur distribution ratio between slag and metal, (%S)/[%S], was obtained under
carbon saturated condition in EAF, and it allowed the elimination or the reduction of
a cost-push roasting process of spent catalysts for sulfur removal. The slag generated
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Fig. 4 a Fe–V–Ni–Mo alloy recovered from EAF and b XRD data of EAF slag

Table 2 Composition of metals recovered from different catalysts (mass%)

Catalyst Metal

V Ni Mo C P S

SC1 16.3 5.67 3.5 7.25 0.02 0.023

SC2 – 15.8 15.8 4.90 0.01 0.011

SC3 27.4 – – 8.87 0.03 0.012

from the smelting process is free from leachable heavy metals, and it can be utilized
for raw materials for other valuable products such as special cements.

Selective Vanadium Oxidation

The Fe–V–Ni–Mo alloy recovered from spent catalysts was treated for a selective
vanadium oxidation using an induction furnace. Figure 5 shows the variation of melt
composition during oxygen blowing and iron ore addition. In case of oxygen blowing,
the decarburization reaction occurred first and the vanadium oxidation started when
[C] content decreased to about 1 mass% in the melt. In case of iron ore addition,
the vanadium oxidation started at higher [C] content. Nickel and molybdenum were
not oxidized until the end of oxidation process. Table 3 shows the composition of
vanadium-rich slag obtained after the oxidation processes. The mass ratio of V/Fe in
slag was higher in case of iron ore addition. Fe–50–60%V alloy was manufactured
directly from the vanadium-rich slag by an aluminothermic process shown in Fig. 3.
Figure 6 shows a vanadium-rich slag (a) and a Fe–60%V ferroalloy (b) produced
therefrom. The overall recovery ratio of V from spent catalyst via the reductive
smelting and the selective oxidation was over 90%. The recovery ratios for Ni and
Mo were over 95%.
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Fig. 5 Change of melt composition during V oxidation a by oxygen blowing and b by addition of
Fe ore

Table 3 Composition of V-rich slag after V oxidation (wt%)

Oxidation V Fe Ni Mo V/Fe

Oxygen 17.1 17.2 0.40 0.29 1.0

Iron ore 28.6 17.5 0.13 0.15 1.64

Fig. 6 a V-rich slag and b Fe–60%V alloy

Thermodynamics of Sulfur in Carbon Saturated Fe–V–Ni–Mo
Alloys

Thermodynamics of sulfur in carbon saturated Fe–V–Ni–Mo alloy is very important
for producing low sulfur ferroalloys from spent catalysts. In the present study, ther-
modynamic interactions between those alloying elements and sulfur in liquid iron
were studied using the slag/metal equilibration technique at 1600 °C. The equilib-
rium sulfur distributions between a slag with a known sulfide capacity and carbon
saturated liquid Fe–V–Ni–Mo alloys, (%S)/[%S], were measured as a function of
alloy composition. The carbon solubility in liquid alloy was significantly changed
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with alloy composition [3]. The specific effects of V, Ni, andMo on sulfur was deter-
mined by considering the effect of carbon on sulfur usingWagner’s formalism as the
first- and second-order interaction parameters as the following relation:

log fS �
i∑

C,S

(eiS[%i] + r iS[%i]2) +
i∑

V,Ni,Mo

(eiS[%i] + r iS[%i]2) +
i, j∑

V,Ni,Mo

i �� j

r i, jS [%i][% j]

(1)

where fS is the activity coefficient of sulfur in liquid iron, eiS and r
i
S are the first- and

second-order interaction parameters of elements on sulfur in liquid iron, respectively,
and r i, jS is the second-order cross product parameter on sulfur in liquid iron which
indicates the simultaneous effect of two different alloying elements (i and j) on the
activity coefficient of sulfur in liquid iron.

Figure 7a shows the variation of sulfur distribution between a
40%CaO–60%Al2O3 slag and Fe–Csat–i–S (i � V, Ni, Mo) alloy melts under
CO atmosphere at 1600 °C. The sulfur distribution increased linearly with increas-
ing Mo and V in the melt, but it decreased with Ni addition. The carbon solubility
also increased linearly with increasing Mo and V in the melt and decreased with Ni
addition as shown in Fig. 8 [3]. Carbon is known to increase the activity coefficient
of sulfur in liquid iron significantly [4]. The specific effect of each alloying element
of V, Ni, and Mo on sulfur can be obtained from the experimental data using Eq. (1)
and available thermodynamic data [4–6] as shown in Fig. 7b.

In order to determine the simultaneous effect of different alloying elements
on sulfur in multicomponent Fe–Csat–Ni–Mo–V alloy melts, the sulfur distribu-
tions between a 40%CaO–60%Al2O3 slag and Fe-Csat–V–Ni, Fe–Csat–Mo–Ni and
Fe–Csat–V–Ni–Momeltswere alsomeasured at 1600 °C.Using the relation of Eq. (1)
together with eiS and r

i
S values determined from Fig. 7b, the second-order cross prod-

Fig. 7 a Sulfur distribution between a 40%CaO–60%Al2O3 slag and Fe–Csat–i melts(i � V, Ni,
Mo), and b the relation of log f iS versus [%i] in Fe–Csat–i–S melts(i � V, Ni, Mo) at 1600 °C
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Fig. 8 Carbon solubility in
Fe–V, Fe–Ni, and Fe–Mo
melts at 1600 °C

uct parameters on sulfur in liquid iron, r i, jS were determined from the experimental
results. It was noted that the cross product effect of pair alloying elements of V-Ni,
Mo-Ni, and V-Mo was not significant. The values of rV,NiS , rNi,Mo

S and rV,Mo
S were

determined as 0, 0, and 0.0003, respectively, at 1600 °C. Using these thermodynamic
parameters, the sulfur distribution between a slag and multicomponent iron alloy
melts of Fe–Csat–V–Ni–Mo could be predicted as a function of melt composition.

Conclusions

(1) A reductive smelting process has been developed to recover Mo, Ni, and V in
the form of ferroalloys by carbothermic reduction of spent catalysts utilizing an
EAF process.

(2) The recovery ratio of valued elements in the metal phase was higher than 95%
and sulfur can be kept mostly in the slag under carbon saturated condition at
1500–1600 °C.

(3) Vanadium in a Fe–V–Ni–Mo melt can be selectively oxidized by oxygen blow-
ing or iron oxide addition to produce a V-rich slag and Fe–Ni–Mo alloy.

(4) Fe–60%V alloy could be manufactured directly from the vanadium-rich slag by
an aluminothermic process.

(5) Thermodynamics of sulfur in liquid Fe–V–Ni–Mo alloys were determined to
predict the desulfurization limit during the reductive smelting of high sulfur
containing spent catalyst in EAF.

Acknowledgements This studywas supported by theR&DCenter forValuableRecycling (Global-
Top Environmental Technology Development Program) funded by the Ministry of Environment
(Project No.: 2016002230003).
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Reactivity of Crystalline Slags
in Alkaline Solution

Brian Traynor, Hugo Uvegi, Piyush Chaunsali and Elsa Olivetti

Abstract Slags with varied amorphous and crystalline content, typical of iron and
steel production, are generally underutilized. One promising reuse pathway for these
wastes is chemical activation, producing alternatives to conventional building mate-
rials with lower embodied energy. The formation of a hardened binder is dependent
on the slag mineralogy and, specifically, the reactivity of relevant phases. Reactiv-
ity can be understood by monitoring elemental dissolution rates through inductively
coupled plasma (ICP-OES) analysis. Post-dissolution ICP analysis of activating solu-
tion and spectroscopic analysis of remaining solids was performed on several highly
crystalline slags and on relevant synthetic minerals to track changes in chemical
and phase composition. Amorphous and ionic phases have been observed as more
reactive than other crystalline phases. This work aims to inform future studies on
waste blending in alkali-activated systems, a promising avenue for valorization of
industrial wastes with varied physicochemical properties. To this end, dissolution
tests with varied initial Si, Al, and Ca concentrations in activating solution were also
performed.

Keywords Slag · Alkali activation · �-C2S

Introduction

Concerns over the CO2 emissions associated with the cement industry have led
to greater research efforts being devoted to the development of alternative, lower
energy-embodied binders. One such family of alternative binders is alkali-activated
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materials. Alkali-activated materials use precursors rich in silica and alumina with
variable amounts of calcium in an aqueous alkaline environment to form hardened
aluminosilicate networks with comparable physical properties to Portland cement-
based binders. While traditional cements are hydraulic in nature, relying on the
reaction of calcium silicates in the presence of water to form calcium silicate hydrate,
alkali-activated materials require an alkali activating solution to promote the reaction
of an aluminosilicate source to form a hardened material. One of the strengths of
alkali-activated materials is the versatility in potential precursors. One high-volume
source of potential precursors is industrial by-products from the metals and energy
generation industries. Beneficiation of industrial wastes in alkali-activated mate-
rials can provide a construction material with lower environmental impact than
conventional construction materials [1]. For example, a great deal of research has
been devoted to the development of binders based on blast furnace slag and fly ash
activated by an alkali activator, typically sodium hydroxide or sodium silicate [2, 3].

However, any attempt to reduce the environmental effect of the production of con-
ventional construction materials cannot rely on these materials (blast furnace slag
and fly ash) alone. Expansion of the range of suitable precursors to other industrial
by-products represents an opportunity to develop amore adaptable pool of precursors
for construction materials in which locally available wastes can substitute for exist-
ing construction materials. Mismatches between local supply of suitable wastes and
demand for construction materials require a more flexible toolkit of load-bearing
materials based on industrial by-products. One strategy to negate this problem is
to design a load-bearing material, in which the shortcomings in a locally available
precursor may be overcome through chemical activation (alkali activation) and/or
by blending with another precursor. In terms of material chemistry, highly siliceous
precursors can be blended with calcium-rich precursors in appropriate ratios to syn-
thesize a calcium silicate hydrate phase, for example [4]. Blending of materials is
particularly pertinent in the case of poorly reactive wastes or wastes with high vari-
ability in their composition or physical properties. One family of underutilizedwastes
is crystalline slags.

Crystalline slag is a byproduct of the steel, iron, and copper industries. Crystalline
slags are produced when slags are air-cooled upon tapping from the blast furnace. A
poorly cementitious material, crystalline slag is used in low-value applications, such
as land reclamation and aggregate in construction materials. However, slags of this
kind are rich in silica, alumina, and calcia—chemical constituents that form reaction
products that provide strength to a load-bearing material. Globally, an estimated 220
million metric tons of steel slag and an estimated 25 million metric tons of copper
slag were produced in 2016 [5, 6].

The reaction pathway for strength-giving phases in a construction material takes
place in aqueous phase. Precursors release chemical species under the influence of an
activator and organize in solution to form a reaction product that binds the structure
together, endowing the material with strength. This study examines the dissolution
kinetics of crystalline phases commonly found in crystalline slags with the goal of
improving our understanding of how blending crystalline slags with other materials
will impact the rate of dissolution.



Reactivity of Crystalline Slags in Alkaline Solution 179

Background

Thermodynamic Basis

Substituting for existing high embodied energy construction materials with slags
requires an understanding of the properties of the constituent crystal phases of the
slag. The dissolution of crystal phases in solution is dependent on many factors,
including temperature, activities of dissolved species, ionic strength of dissolving
solution, surface area of dissolving mineral, and surface structure of dissolving min-
eral. The basis for alkali activation rests on the fact that alkaline environment pro-
motes rapid dissolution of a range of aluminosilicate precursors. In order to expand
the pool of potential construction material precursors, the effect of alkali solution on
the dissolution of the constituent phases of any potential precursor must be under-
stood.

However, controlling all variables in a dissolution experiment is a fundamental
challenge in determining solubility constants and understanding changes in disso-
lution rate as a function of undersaturation. Controlling for temperature and ionic
strength is generally achievable, the latter being achieved by performing dissolution
experiments in dilute environment, such that species dissolving from minerals do
not appreciably affect the overall ionic strength of the solution, while still being
measurable through ICP. Some control over mineral surface area can be achieved
through limitations on particle sizes used. However, this parameter can change as a
function of time if minerals dissolve rapidly. In this study, the minerals of interest
are expected to dissolve slowly, suggesting that it is possible to control for surface
area. The other most significant factor in mineral phase dissolution is the activities of
the dissolved species. The thermodynamic driving force for dissolution of a mineral
phase is the difference is Gibbs energy between the mineral phase and its constituent
chemical species in the aqueous phase. For a given calcium aluminosilicate phase,
the (unbalanced) dissolution reaction in basic medium may proceed as

SixAlyCazO(s) + OH−(aq) → xHSiO−
3 (aq) + yAl(OH)−4 (aq) + zCa(OH)+(aq)

This reaction will proceed to the right until equilibrium is reached, defined by the
Gibbs free energy of the reaction. The Gibbs free energy of this reaction is given by;

�Grxn � �G0
r xn + RT ln(I AP)

where �Grxn is the Gibbs free energy of the reaction, �G0
r xn is the Gibbs free

energy for the reaction in its standard state, and IAP is the ion activity product of
the aqueous species. At equilibrium, the Gibbs free energy of the reaction is zero,
and IAP � KSP . The value KSP is the ion activity product for the activities at
equilibrium. A new quantity, the chemical affinity can then be described, which is a
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measure of the distance from equilibrium of a reaction, and hence the magnitude of
the driving force for the reaction to proceed. The chemical affinity can be written as

A � −RT ln

(
I AP

KSP

)

Rates of dissolution are a complex function of the chemical affinity. The chem-
ical affinity does not account for surface areas and defects on surfaces, which can
influence dissolution kinetics profoundly [7]. However, there generally exists the
so-called dissolution plateau at very high chemical affinities in which the rate of
dissolution is high enough to be independent of surface defects and is constant over
a range of ion activities [8]. As the concentration of aqueous species increases over
time, other phases are liable to precipitate from solution. Maintaining a highly dilute
solution can also prevent the precipitation of these phases.

Through carefully designed experiments, the rate of dissolution of a given crystal
phase canbe investigated.Additionally, the initial concentration of other elements can
be varied to examine the effects of blending of crystalline slags with other materials.
The most important elements in this regard are Al, Si, and Ca. Concentrations of
these elements in solution model the effects of simultaneous dissolution of other
cementitious and pozzolanic materials, such as Portland cement, fly ash, biomass
ash, blast furnace slag, and hydrated lime. The presence of these elements may
change the ion activity product of the solution, changing the chemical affinity for
dissolution of the mineral of interest. However, in highly dilute systems, the more
likely effect is on the rate of dissolution is expected to come from inhibition or
catalysis of dissolution of the mineral phase by aqueous Al, Si, or Ca. For example,
the mechanism of aluminosilicate glasses is known to be inhibited by the presence of
aqueousAl [9]. Experiments such as these take amacroscopic approach to understand
the mechanism of material dissolution through analysis of dissolution data.

γ -C2S

Gamma dicalcium silicate (γ-C2S) is a crystalline phase commonly found in steel
slags and is identified as an understudied abundant mineral phase. Dicalcium silicate
has five main polymorphs; α, α′, α′

H, β, and γ. The γ polymorph is the only phase
stable at room temperature, forming below 500 °C. The β polymorphwhen stabilized
in the presence of other impurities is known as belite in cement chemistry and reacts
rapidly with water. Studies have assessed the cementitious properties of γ-C2S and
concluded that is generally non-hydraulic phase [10–12]. Other work has sought to
develop ways in which γ-C2S can be hydrated, both by means of chemical activation
and mechanical activation [13, 14]. However, little work has been done to determine
the solubility constant, the relationship between undersaturation and dissolution rate,
or the effect of aqueous species on the mechanism of dissolution. Additionally, little
work has been done to explore the effects of blending of γ-C2S containing materials
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with other,more reactive phases. This study investigates the effects of undersaturation
and aqueous concentration of Al, Si, and Ca on dissolution rate in sodium hydroxide
solution to lay the groundwork for exploration of blending of γ-C2S bearing slags
with other materials.

Experimental Procedures

Materials

Three crystalline slagswere used in this study. Two slagswere sourced fromHaryana,
India. These slags are identified as Bansal slag and DA slag. Both slags are cupola
slags, a byproduct of pig iron production in the so-called cupola furnaces. The third
slag is a steel ladle slag sourced from the US (Arcelor Mittal), identified as “ladle
slag”. Ladle slag is a by-product of steel refinement following the production of steel
from a basic oxygen furnace or electric arc furnace.

γ-C2S can be synthesized via a modified Pechini synthesis or sintering of precur-
sor oxides. Sunde et al. [15] define the modified Pechini process for the synthesis
of oxides as starting with a homogeneous aqueous solution containing the desired
cation precursors in stoichiometric ratio and selected additives, which by evapora-
tion and reactions is converted to a rigid cross-linked polymer hindering segregation
of cation. The polymer is further converted to a homogenous powder by heat treat-
ment. Nettleship et al. used this process to synthesize high purity γ-C2S from calcium
nitrate and colloidal silica precursors [11]. The additives used to produce the host gel
are ethylene glycol and citric acid monohydrate. γ-C2S may also be synthesized by
sintering of a pellet of the comprised of the constituent oxides or carbonates—silica
and calcium carbonate in this case—at high temperatures, as described by Kriskova
et al. [16].

Mineral Content Analysis

Identification and quantification of the mineral phases present in slags were achieved
through X-ray diffraction and Rietveld analysis. XRD data was collected using high-
speed Bragg–Brentano optics on a PANalytical X’Pert Pro MPD operated at 45 kV
and 40 mA. Data was obtained between 5° and 70° (2θ) using a step size of 0.0167°
with each sample scan lasting 52 min. The diffractometer was configured with a 1/2°
divergent slit, a 0.04 rad soller slit, and a 1° anti-scatter slit. The powdered sample
was packed into a 27 mm diameter sample holder. HighScore Plus software was used
for quantitative X-ray diffraction.
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Dissolution Experiments

Dissolution experiments were performed in batch reactors at 20 °C; 500 mL pre-
cleaned HDPE bottles containing 250 mL of solution. Containers were cleaned
using nitric acid and Millipore water. Solutions were gently agitated initially, but
not stirred to prevent particle abrasion. Sodium hydroxide was used as an alkali acti-
vator at concentrations of 0.1M and 1M. Sodium hydroxide solutions were prepared
using Millipore water (18.2 M� cm) and analytical grade NaOH. The pH of these
solutions was measured before the introduction of mineral phase. Solutions with
initial concentrations of Al, Si, and Ca were prepared through additions of reagent
grade Al(NO3)3 · 9H2O, Ca(OH)2 and SiO2. Appropriate quantities of the synthetic
mineral of interest were added to the batch reactor to initiate dissolution. 5 mL
aliquots of solution were removed at regular intervals, with the removed volume of
solution being replaced by fresh NaOH solution of the appropriate concentration.
Aliquots were filtered (<0.2 μm) and diluted in 2% nitric acid matrix for ICP-OES
analysis on an Agilent 5100 Vertical Dual View ICP-OES. Al, Si, and Ca concen-
trations were measured directly by ICP-OES analysis at concentrations between 0.1
and 200 mg/L, with the dilution in 2% HNO−3 reflecting this desired concentration.
Remnant solids were immersed in isopropyl alcohol to halt hydration before being
dried and stored under nitrogen in a desiccator. Hydroxide ion concentrations were
calculated using the extended Debye–Hückel equation [17] and pH measurements
taken using an Orion Star A111 pH meter. The pH meter was calibrated against a
series of NaOH solutions of known concentrations. The solution–mineral mass ratio
was chosen to ensure no precipitation of reaction products, and to measure the rate
of dissolution far from equilibrium in the so-called dissolution plateau.

Ion Activities

Ion activity products were calculated usingGibbs free energyminimization software,
GEM-Selektor v3.3 with PSI-Nagra and CEMDATA18 thermodynamic databases.
The activities of charged aqueous species were calculated using the Helgeson form
of the (Truesdell–Jones) extended Debye–Hückel equation with ion size parameters
and extended term parameters for NaOH [17]. The activity of water was calculated
using the osmotic coefficient and the extended term used to calculate the activity
coefficients for neutral aqueous species.
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Results

Crystalline Slags

Chemical and Mineral Composition

Chemical composition from X-ray fluorescence (XRF) measurements is shown in
Table 1. Bansal and DA slags have similar chemical compositions as a consequence
of the similar feedstocks used at both plants. The ladle slag had relatively high calcia
and alumina content. High calcium and aluminum content is typical for ladle slags
and thus is expected [18, 19]. The composition of the Bansal and DA slags is typical
of slags from pig iron production [20].

The XRD patterns of the three slags of interest are shown in Fig. 1. The phase
distribution of these slags is markedly different. Only the major phases are identified
in each case. The ladle slag is primarily composed of calcium aluminate phases
and periclase. Despite having similar chemical compositions, the Bansal and DA
slags have contrasting mineralogy. The Bansal slag is primarily composed of the
pyroxene mineral diopside. The closely related mineral hedenbergite and augite are
also detected in the Bansal slag due to the substitution of Fe, Na, and Ti. In contrast,
the DA slag is semicrystalline and shows the presence of anorthite and quartz as
major phases as well as an amorphous phase.

Table 1 Chemical
composition of crystalline
slags as determined by XRF

Bansal slag DA slag Ladle slag

SiO2 50.8 46.49 3.84

Al2O3 11.3 18.79 28.63

Fe2O3 10.8 6.11 4.66

CaO 17.7 17.06 51.38

MgO 5 6.15 6.88

Na2O 0.01 0.42 0.07

K2O 0.5 0.93 0.07

TiO2 1.3 1.48 0.14

MnO2 2.98 1.96 0.78

P2O5 0.16 0.15 0.06

SrO 0 0.05 0.03

BaO 0.18 0.12 0.01

SO3 0.12 0.29 1.51

LOI 0 0.02 1.94
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Fig. 1 Phase distribution of crystalline slags. Only major crystalline phases are identified here

Dissolution of Slags

Each of the slags was exposed to NaOH solutions of 0.1 M and 1 M for up to 48 h
to assess the reactivity of the slags upon exposure to an alkali activator. The phase
distribution of each slag was determined after prolonged dissolution (1 week) to
those phases which are reactive in the presence of alkali activator (Fig. 2). In the case
of the Bansal and DA slag, no major differences in phase distribution were observed
and are thus not shown here. However, upon exposure to NaOH solution, calcium
aluminate phases of the ladle slag are observed to be consumed and portlandite is
observed to precipitate. Mayenite and C3A (3CaO · Al2O3) are observed to react
rapidly, liberating calcium into solution. The high concentration of OH− ions in
solution drives formation Ca(OH)2.

Dissolution of major elements from slags is recorded using ICP-OES analysis,
shown in Figs. 3 and 4 at NaOH concentrations of 1 M (pH ≈ 13.6) and 0.1 M (pH
≈ 13), respectively. Dissolution data for Al, Ca, and Si is shown. Dissolution data
for Fe, Mg, Na, and S were also recorded but the negligible concentration of these
elements was observed and thus was not included here.

After 1 h, the dissolution Al and Ca from the ladle slag is approximately 1 order
of magnitude larger than concentrations of elements from the other slags. This very
high initial concentration is indicative of the presence of highly reactive phases in
the ladle slag, already identified in Fig. 2 as being due to C3A and mayenite. The
concentration of silicon from the ladle slag remains low, as expected from the low
silicon content of the slag. The evolution of the Al and Ca concentrations over time
sees a gradual decrease in concentration in the case of the 1 M NaOH solution. This
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Fig. 2 Change in phase distribution of ladle slag after exposure to NaOH activating solution

decrease is suggestive of the formation and precipitation of reaction products due to
supersaturation of reaction products. In the case of the 0.1 M NaOH solution, the Al
concentration gradually increases, while the Ca concentration decreases over time.

Fig. 3 Dissolution kinetics of Bansal, DA, and ladle slag in 1 M NaOH solution at L/S of 1000
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Fig. 4 Dissolution kinetics of Bansal, DA, and ladle slag in 0.1 M NaOH solution at L/S of 1000

The decrease in Ca concentration is understood to be due to precipitation of Ca(OH)2.
The saturation point of Ca in solution is reached at much lower concentrations than
the saturation point of Al in basic solution. In the case of the 0.1 M NaOH, the
OH− concentration is sufficiently low to prevent the formation of Al(OH)3, allowing
continued increase of Al concentration in solution.

The Bansal and DA slags demonstrate very similar dissolution kinetics. In all
cases, the concentration of Al, Ca, and Si increases approximately linearly after 6 h.
The kinetics of dissolution are faster in the more basic 1 M NaOH than the 0.1 M
NaOH for the Bansal and DA slags. The reason for the decrease in concentration
from 1 to 6 h is unknown, and further analysis of slag post-dissolution is required.
The solubility limit of Al, Ca, or Si is not expected to be reached within this time
period, nor are reaction products predicted to precipitate.

Despite the presence of an amorphous phase, the kinetics of dissolution of the
DA slag are slower than the chemically similar Bansal slag due to differences in
mineralogy. While amorphous content is frequently a good indicator of reactivity, it
is necessary to build an understanding of the kinetics of dissolution of other mineral
phases found in the slag to better understand the potential of crystalline slags in
construction materials. A more comprehensive understanding of how the kinetics of
dissolution of these phases is influenced by the presence of other chemical species
in solution can also provide insight into the potential effects of blending, whereby a
more reactive material is mixed with a less reactive one to produce a load-bearing
material.
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Extraction of Zinc, Silver and Indium
via Vaporization from Jarosite Residue

Stefan Steinlechner and Jürgen Antrekowitsch

Abstract Based on technological reasons or in case of indium, which has gained
its importance only in recent decades, metals such as zinc, indium and silver can
be found in the residues or by-products of the corresponding industry like the iron
precipitate—jarosite—from primary zinc production. As a result of low zinc and lead
contents, targeted economic recycling of thismaterial has to take into account also the
presentminor elements, such as indiumand silver. In this context, a pyrometallurgical
process is investigated which recovers zinc, indium and silver simultaneously as a
dust product and the iron as an alloy. The reductive vaporization process is realized
by the addition of a second residue, the electric arc furnace dust, acting as a chlorine
carrier. Therefore, the paper describes the investigated process development and the
achieved recovery rates for the main metals zinc, indium and silver.

Keywords Jarosite · Silver · Indium · Vaporization · Process development

Introduction

Technologies are getting more complex in daily life as well as industry. Hand in
hand, the metals and alloys utilized are getting more specialized and unique in their
composition. This in turn leads to an increase in the importance of so-called tech-
nology metals [1]. Many such valuable elements are produced as a by-product of
another carrier metal, in the absence of own specific mineral mined for its primary
production. These so-called hitchhiker or alternatively minor metals such as indium,
gallium and germanium, or different othermetals like the preciousmetals, contribute,
if present in sufficient amounts, to the overall economy of a production, which is
summarized in Table 1 [2, 3].

In general, they are of less economic value for the metallurgical plant than the
carrier metal. Typically, they do not constitute the main product of the production
site with regard to revenue and thus only indirectly influence the production quantity.
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Table 1 Hitchhiker metals, their sources, recovery efficiencies and contributions to refinery rev-
enues [2]

Hitchhiker metal Sources of
production

Share of
production (%)

Recovery
efficiencies

Max. share of
total revenues

Gallium Alumina 90 10% ≈4%

Zinc 10 – –

Germanium Zinc 70 ≈12% ≈2%

Coal 25 – –

Indium Zinc ≈100 25–30% ≈3%

Palladium Platinum 60 40–60% ≈15%

Nickel 40 – ≈15%

Platinum Nickel 15 – ≈10%

Silver Lead-Zinc 35 >95% ≈45%

Primary 30 – –

Copper 23 >99% ≈25%

Gold 12 – –

Fig. 1 Flow sheet of zinc
production by roasting,
neutral- and hot-acid
leaching, and electrowinning
[4]

Aside not every industrial site has the required infrastructure for the recovery of those
potentialminor elements. Consequently, they can be present in the generated residues
as well [2].

Today, the hydrometallurgical zinc extraction from oxidic or sulfidic zinc concen-
trates dominates, with a ratio of more than 90% of primary zinc production. Even
though several new technologies have been implemented in the last few decades (e.g.
direct leaching of sulfidic ore and solvent extraction for solution purification), the
typical flow sheet of a hydrometallurgical zinc plant still features the concentration,
roasting, neutral- and hot-acid leaching of the zinc ore followed by electrowinning,
as shown in Fig. 1.
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Without going too deep into details concerning the various steps, the one of
interest for the investigated material within this paper is the iron precipitation step.
Over time, various iron removal technologies (hematite, goethite and jarosite) have
evolved. Although the jarosite precipitate has the lowest iron content and, with this,
the highest level of moisture, it is the most commonly used source of iron removal
among those listed and offers the highest possibility of also finding silver and indium
in the residue.

Materials and Methods

Jarosite is a complex basic iron sulphate with the chemical compound
R2Fe6(OH)12(SO4)4, where R is a cation [4, 5]. Typical cations are K+, Na+, NH4

+,
Ag+, H3O+ or R2 can be Pb2+. Equations 1–3 summarize the reactions during the
formation of jarosite [4]:

3Fe2(SO4)3 + 6H2O → 6Fe(OH)SO4 + 3H2SO4 (1)

4Fe(OH)SO4 + 4H2O → 2Fe2(OH)4SO4 + 2H2SO4 (2)

2Fe(OH)SO4 + 2Fe2(OH)4SO4 + 2NH4OH → (NH4)2Fe6(SO4)4(OH)12 (3)

Combining the above-mentioned reactions, the overall reaction can be stated as
shown in Eq. 4 [4].

3Fe2(SO4)3 + 10H2O + 2NH4OH → (NH4)2Fe6(SO4)4(e)12 + 5H2SO4 (4)

It can be seen that sulphuric acid is formed during this reaction, leading to the
necessity of the addition of calcine for neutralization. This is also the reason why the
jarosite—and the same holds true for goethite—always carries a certain amount of
concentrate. In some production plants, no separation of the Pb–Ag residue from the
hot-acid leaching step is carried out in favour of lower investment costs, resulting in
additionally increased lead and silver content in the iron precipitate [5]. Moreover,
Zn, Ag, Cu and In can be assimilated into the jarosite structure [6].

The concept studied pursues the strategy of decomposing the jarosite in a first step
and then capturing indium, silver and zinc in a dust product. During the heating up
process, the jarosite decomposes, such as shown in Eqs. 1–4, for ammonium jarosite.

(NH4)Fe3(SO4)2(OH)6 · xH2O → (NH4)Fe3(SO4)2(OH)6 + x{H2O}
(Temp. : 120 ◦C) (5)

(NH4)Fe3(SO4)2(OH)6 → (NH4)(FeO)3(SO4)2 + 3{H2O} (Temp. : 260 ◦C) (6)
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Fig. 2 Untreated jarosite (left), dried jarosite (centre) and decomposed jarosite (right) [8]

6(NH4)(FeO)3(SO4)2 → 6{NH3} + 3{H2O} + 5Fe2O3 + 4Fe2(SO4)3

(Temp. : 350 − 400 ◦C) (7)

2Fe2(SO4)3 → Fe2O3 + Fe2(SO4)3 + 3{SO2} (Temp. : >500 ◦C) (8)

By this decomposition, the entrapped silver and indium become available for the
formation of volatile compounds again. The aim was to collect indium as well as
silver in a zinc oxide product to be utilizable in primary zinc industry, without the
need of additional investment in any separation technology (Fig. 2).

So, after the decomposition, the Indium is present in oxidic form and requires
the formation of a volatile compound to be separated with the zinc under reducing
conditions. As a base thermodynamic calculations with the software HSC Chemistry
8.1.4. were carried out. The vapour pressure curves for selected indium and silver
compounds as well as the metallic state can be seen exemplarily in Fig. 3 [7].

It can be observed that the indium in metallic state starts to have a relevant vapour
pressure above 925 °C while its oxide, In2O3, is not volatile in the given area. Theo-
retically, the chlorine compounds have a lower temperature where a relevant vapour
pressure exists, starting at ~190 °C for InCl(g) and ~275 °C for InCl3(g). The assump-
tion for the calculation is that the underlying compounds are stable at present con-
ditions but the diagram does not give any reference on if this is the case. Therefore,
phase stability diagrams as shown in Fig. 4, also known under the label predominance
diagram, were calculated, illustrating the conditions required to form a specific stable
compound [7].
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Fig. 3 Vapour pressure for selected indium (blue lines) and silver compounds (red lines) as a
function of temperature [7]

It is evident that as long as the O2(g)-partial pressure is high enough and the
Cl2(g)-partial pressure is low, In2O3 is stable over a wide temperature field. The
transformation to metallic indium is only possible by lowering the pO2(g), which can
be realized by adding reducing agents, for instance. Another kind of predominance
diagram, shown in Fig. 4b, illustrates for four selectedO2(g)-partial pressures, starting
at 0.21 bar (blue line) to 1E-15 bar (green line), the stability ofmetallic indium, In2O3,
InCl and InCl3. It can be recognized that over awide temperature field, predominantly
In2O3 is again stable and in case of high enough Cl2(g)-partial pressure, InCl3 is
predominant. In the case of very low, technically more difficult to implement partial
pressures of oxygen, InCl does show a stable region at a higher temperature.

The conclusion in regard to a metallurgical process, aiming to extract the indium
via the vapour phase, is that based on the present thermodynamic calculation in a
temperature field of up to 1200 °C, a high Cl2(g)-partial pressure next to a low O2(g)-
partial pressure in the atmosphere is required to form a volatile chlorine compound.
In the case of present non-volatile In2O3, as it is the case if roasted jarosite is treated,
a transformation can be supported by binding the oxygen to another compound.
This can be a reducing agent, such as carbon, forming CO(g) lowering the pO2(g) in
parallel. In case of silver, the thermodynamic calculations showed that potentially
present silver oxide decomposes at temperatures above 180 °C and easily reacts in the
presence of chlorine or chlorine carriers to a volatile silver chloride under oxidizing
as well as reducing conditions.

So as a result, the second step after the decomposition has to be reductive vapor-
ization, under sufficient activity of chlorine. This can be achieved by the addition of
carbon and a chlorine source. The concept developed was evaluated in a series of
experiments with industrial jarosite, various chlorine carriers and operational param-
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Fig. 4 a Predominance diagram (LPP) for the systemO–Cl–In at three temperatures (green: 700 °C;
yellow: 900 °C; red: 1100 °C). b Predominance diagram (TPP) for the system O–Cl–In at 4 O2(g)
partial pressures (green: 1E-15 bar; yellow: 1E-10 bar; red: 1E-5 bar; blue: 0.21 bar) [7]



Extraction of Zinc, Silver and Indium … 195

eters. With the aim of reduction of operational costs, also the addition of electric arc
furnace dust, a residue paid for getting treated, as a further chlorine carrier was
examined and lead to the satisfying extraction yields of 78–85% of silver, 76–81%
of indium and almost 100% of zinc and lead [7].

Results and Discussion

For the development of an ecological and economical process, themulti-metal recov-
ery in parallel to the formation of an added value product from jarosite was the target.
As the iron precipitate typically is low in its value, elements like indium and silver
have to be considered during an extraction process as a possible contributor to the
revenues. Due to the low content of those minor elements, this is only possible by
forming a combined product, which is easily utilizable in an industry sector with
existing infrastructure for the separation of zinc, silver and indium, like selected
primary zinc plants. With the reductive vaporization step, the targeted separation of
Zn, In and Ag via the gas phase and the formation of such an added value product
were successfully developed. Aside the iron compound optionally is reduced as well
to form an iron alloy and minimizing the amount of final residue drastically. As the
iron reduction is a cost-intensive step, it was also considered to leave the iron at least
partly in the slag to reduce costs further.
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Efficient Utilization of Zinc-, Lead-
and Copper-Containing By-Products

Juergen Antrekowitsch and Stefan Steinlechner

Abstract Ores nowadays often show a higher complexity, containing different valu-
able metals as well as disturbing elements. In the state-of-the-art smelters, the major-
ity of these elements end up as by-products. Treatment of such by-products is inmany
cases not done and if processes exist, they often recover only one metal, leaving a lot
of value in newly generated residues. New strategies have to be employed to allow
more efficient utilization of these important rawmaterials. The paper describes devel-
opments in bath smelting processes allowing a simultaneous recovery of different
metals in one step, generating valuable products and an inert slag which in best case
enables utilization in the construction industry. The proposed system is described
in detail for zinc-, lead- and copper-containing by-products. Especially economic
considerations are explained, showing how different metals contribute to a feasible
process and what are the critical factors that have to be considered.

Keywords Multi-metal recycling · By-products · Precious metals · Assessment

Introduction

For many decades, residues from metal production, such as slags, dust and sludge
have often been qualified as waste that was simply dumped. This fact was—at least at
that time—accepted by industry and involved authorities. Except formetal producing
companies, no market participant really recognized that metal-bearing wastes were
often landfilled to an amount that was more or less as high as the metal production
itself. In the eighties and nineties of the last century, first environmental concerns
triggered more attention on such dumps and residues. Nevertheless, due to missing
technologies and low metal prices, the interest in processing residues to recover
valuables was still very low.

During the past few years, multi-metal recovery from concentrates has been devel-
oped for both, primary ores and secondary materials. In addition, minor metals con-
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tained in such residues became important for daily life in industry. In other words,
metals that did not have a real value in the past nowadays may essentially contribute
to the economic viability when recovered from residues.

In combinationwith increasedmetal prices and the need for special and raremetals
in various highly sophisticated technologies (e.g. the electronics industry), more
attention must be paid to such residues which often represent a potential secondary
resource. Currently, recycling rates are still low and huge amounts of residues are
dumped annually.

Recycling is mainly based on scraps, where the elements in focus are available as
pure metals.

However, scraps have a defined volumetric limit and their treatment is already
optimized to a certain level. As a matter of fact, recycling rates must be improved in
the near future considering continuously dropping grades in primary ores, implying
that new sources need to be exploited.

As an important solution to this problem, by-products of various metallurgical
processes, already dumped or continuously being produced, started to move into the
focus of interest of both industry and research.

Screening themetallurgical area, residues emerging from the lead, zinc and copper
industries (marked in Fig. 1) must be considered. Processed ores commonly contain
a high number of critical and valuable metals at the same time. This can be demon-
strated by the so-called Metal Wheel which contains the main ore metals (dark blue
inner circle) with associated by-products (light blue circle) and ‘unwanted’, respec-
tively, non-recoverable, elements (white and green outer circles); (Fig. 1).

Fig. 1 Main metals in non-ferrous industry and their associated elements [1]
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Fig. 2 Examples for different residues and theirmetal content (except PGM). 1: Electric arc furnace
steel mill dust, 2: dust from copper recycling, 3: slags from lead industry, 4: jarosite from zinc
industry, 5: dust from cupola furnaces, and 6: stainless steel production dust

Some of themetals displayed in theMetalWheel are already recovered to a certain
amount by primary metallurgical processes but the bulk ends up in different waste
streams.

Very often sludge from hydrometallurgical operations and dust from pyromet-
allurgical operations offer a significant number of metals at concentration levels
that might be of economic interest. In addition, some recycling processes of highly
diversified and contaminated scraps (e.g. car bodies or waste electric and electronic
equipment) generate complex by-products. Figure 2 illustrates the possible recov-
erable elements but also shows the high overall metal content available in currently
produced residues.

Some of the residues described in Fig. 2 are already recycled to a certain extent.
However, also for these secondary materials, the worldwide recycling rates are still
below well 50% due to two main reasons:

• the lack of optimized processes and
• missing information and data about the materials themselves (e.g. compositional,
chemical and granulometric data).

Both factors are responsible for the inefficiently utilized potential on secondary
resources [2].

Another reason for the weak exploration and use of residues is the lack of any
guideline or competence describing how to evaluate residual materials [3]. This is
partly due to non-existent adequate databases. For primary materials like metal ores,
codes do exist that serve as accepted and applied guidelines for a qualified evalua-
tion of predefined steps, leading to a ‘bankable feasibility study’. Such guidelines
currently do not exist for secondary raw materials and due to several reasons, the
existing codes are not suitable for the residues described above.
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Table 1 Examples of
residues of special interest

Type of residues Accruing amount of residue

Dust from the steel industry 15–25 kg/t crude steel

Precipitation residues from
the zinc industry

500–800 kg/t zinc

(Foundry) dust 10–20 kg/t cast iron

Dust and sludge from copper
winning

20–60 kg/t copper

Lead slags from primary
lead/zinc winning

600–1000 kg/t lead

Tailings Containing Pb, Zn, Cu

As a consequence, a major task of a running project at University of Leoben is to
create a comprehensive database, to define and design a similar guideline (code) for
these residual materials. Such a guideline must be proposed, formulated and applied
by a competent consortium in the sector of primary and secondary raw materials that
has deep knowledge and experience in the fields of:

• geochemical and mineralogical characterization of raw materials,
• mineral processing of heavy metal-containing by-products,
• metallurgical processing principles and methods for various metals,
• access to dumps and companies producing these secondary raw materials,
• analytical devices to allow a specific characterization and
• devices for testing concepts in mineral processing and metallurgy.

Typical by-products are produced either in hydrometallurgical or pyrometallur-
gical process routes.

Some examples of typical residues from the metallurgical production routes and
their accruing by-products are shown in Table 1.

These residues can be found worldwide in huge quantities either on dumps dating
from the end of the last century or being currently produced and form an interesting
secondary resource of metals with high availability. Due to the long European history
in mining and metallurgy, such landfilling sites and producing mills are still present
and have to be considered as ‘part of the market’ [2, 4].

A consequent ‘stepwise approach’ must be applied right from the beginning of
the project. A practical and useful scheme complying with this approach is shown in
Fig. 3. Prior to characterization, representative samples have to be taken from contin-
uous production or from landfills. The state-of-the-art methods have to be checked
and adapted to individual requirements. Assessing the most suitable sampling meth-
ods for complex and heterogeneous materials is an integral part of the work carried
out. Nevertheless, it is a necessary part of the characterization. In a first step, it is
necessary to obtain detailed information about the structure and the properties of the
secondary material that becomes subject of investigation, followed by an assessment
of a possible processing route. With these first basic definitions, it becomes possible
to develop a new process concept or optimize an existing process. The last step refers
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Fig. 3 Steps for the assessment of wastes and by-products

to product quality after the treatment or some optimizations to enrich the quality of
existing products.

In some cases, one of the steps pointed out in Fig. 2 might already exist and
sufficient data for this particular step is available.

Characterization and Assessment of Residues

Depending on the feed material used and the treatment technology applied, various
residues with different properties emerge that can be discriminated by their origin or
properties. Some of the above-described residues have already been investigated to
a certain extent with respect to characterization and a first evaluation.

Detailed geochemical and mineralogical characterization of metallurgical
residues is of the highest importance in order to develop appropriate mineral process-
ing recipes and further on appropriate metallurgical methods to recover all metals of
interest. Hence, the following questions need to be answered:

(1) Which particles contain the metals to be recovered?
(2) What is their particle size, shape and texture, i.e. zoned grains, coated grains?
(3) How intensive/complex are incorporated phases intergrown in different particle

fractions?
(4) What is the concentration level of metals in the major particles?
(5) Are deleterious elements (such as As, Cd, Hg) present? If yes, what are their

concentrations?

In order to separate minerals or metallurgical phases by means of mineral pro-
cessing techniques with physical, physical–chemical and/or chemical methods it is
necessary to know the relevant phases regarding the key aspects mentioned above. In
the end, the size, shape, structure and the chemical and mineralogical composition
define a particle.

Deriving from these parameters, the density, optical, electrochemical, thermal,
chemical and mechanical characteristics of any particle can be determined. As the
way of managing a metallurgical process and its actual parameters highly affect the
residues not only in composition but also in structure, the variance of the residues’
properties with regard to mineral processing characteristics is large, even for an
existing plant in operation. In analogy to primarymineral deposits, processing results
may vary widely if these changes are not taken into account. Thus, the residue has
to be investigated and characterized properly.



202 J. Antrekowitsch and S. Steinlechner

Based on that, the main goal is to generate a basis for assessing possible metal or
metal compound recycling methods. Additionally, the different metallurgical possi-
bilities for a treatment—hydro- or pyrometallurgical—need to be determined. These
results are mandatory for evaluating possible process steps that are required to gener-
ate products from the residues. To generate this information, themain properties such
as melting behaviour, volatilization behaviour, reducibility and solubility need to be
determined in advance by using special metallurgical characterization procedures.

Process Development and Product Quality

To cope with the continuously stricter environmental legislation next to a shortage
of critical metals in Europe, especially the process development for treatment of sec-
ondary resources and the optimization of existing processes are two major concerns.
The challenge of the years to come is to, at the same time, minimize newly generated
residues and to achieve maximum product quality within the recycling process. In
addition, the quality of the products influences the targeted market and achievable
revenues. Therefore, the state-of-the-art processes have to be continuously adapted
regarding energy consumption, mass balancing and further improvement of the prod-
uct quality.

A specific geochemical, mineralogical and metallurgical characterization creates
the basis for improving such existing processes. Thus, it will be possible to obtain
higher product qualities and lower amounts of newly generated waste streams.

As demonstrated by several investigations carried out at Montanuniversität
Leoben, the residues are not at all homogenous. Hence, it is not possible to recycle
such residues as one combined single input stream. In order to increase the recover-
able metal grade and to reduce the content of substances that hinder the metallurgical
process, some separation by physical/mechanical techniques is required. If such a
process shall be developed systematically rather than by trial and error, the residue
must be characterized properly in terms of its properties relevant for a separation pro-
cess. The fractional analysis is the standard tool in mineral processing for assessing
the amenability of primary mineral resources to be upgraded to saleable products of
defined and consistent quality. Taking into account the heterogeneity of the residues
it is expected that some upgrading is possible which may pay off during recycling.
The fractional analysis yields the optimum results for separating a given feedmaterial
by assuming perfect separation. It thus also serves as a benchmark for assessing the
performance of an existing process. The possible benefits of assessing and process-
ing the residues in a similar way to primary mineral resources are obvious. As some
common properties of the residues (e.g. the generally fine particle size distribution
of dusts, just to name one) are problematic in the fractional analysis, their methods
require further adaptations.

In order to find a suitable processing chain, test work needs to be carried out. Once
done for a residue, the obtained data will be collected and condensed in a database,
which acts in future assessments as a decision support tool. Although similarities
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within the same type of material (e.g. slags, dust) can be found, each residue is
generated in slightly different processing routes with varying input material. This
leads to variable extraction yields, consumable consumption, energy input, obtained
product quality, etc. Based on the experimental results, the database will grow, and
the more materials are catalogued; the more accurate the data for the assessment
becomes.

Metal Bath Processes

One major disadvantage of past attempts in recycling by-products was that often
just one single metal was recovered while possible further valuable metals were
distributed into newly generated wastes and were therefore lost for production. A
well-known example is the Waelz kiln process for the recycling of dust where only
zinc is in focus of the recovery, while iron, lead, silver and others remain generally
unnoticed.

Pyrometallurgical concepts allow the recovery of valuable metals by applying
different basic operations: forming a volatile phase, where, e.g. zinc or lead can be
collected as oxides in the off-gas; forming a liquid metal phase, where, e.g. iron
or lead act as an efficient collector for various minor metals. In combination with
mineral processing steps, where separation of metal-containing fractions could be
realized prior or subsequent to a metallurgical step, the targetedmulti-metal recovery
can be realized (Fig. 4).

For hydrometallurgical concepts, the dissolution of a larger number of elements
followed by selective precipitation again combined with mineral processing would
offer multi-metal recycling. However, also a combination of hydro- and pyrometal-
lurgy could lead to appropriate solutions.

Fig. 4 Example of multi-metal recovery
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Facing the situation that for some by-products recycling concepts do not exist and
for those which are already partly recycled but with the majority recovering only one
metal, this approach must be regarded as one of the essential novelties.

One general concept for multi-metal-containing residues was developed by the
chair of non-ferrous metallurgy, Montanuniversität Leoben in Austria together with
other companies. This process idea is somehow a little bit more complex follows
the basic scheme in Fig. 4, but would allow at the end of the recovery of different
valuable metals mainly via a liquid lead bath. Trials in lab-scale as well as technical
scale (50–100 kg/batch) showed high recovery rates as well as moderate energy
consumption, if the pretreatment and the metallurgical treatment are combined in a
reasonable way. Lead and zinc were recovered to more than 90% and also the silver
recovery reached values above 90%. The typical products out of such a recycling
process are listed below:

• Zinc oxide, received by reduction and subsequent volatilization, may also contain
a certain amount of indium,

• Lead bullion contains the reduced lead as well as silver and other lead soluble
metals, and

• Remaining is slag, which is widely free of heavy metals.

The viability of the described concept is first of all dependent on the following
major factors:

• the amount of silver and gold,
• the recovery of further elements like tin, copper, indium, germanium, etc.,
• the LME notation of the valuable metals and
• the accessibility of the dump.

Results from Various Campaigns

Trials in this field were done; first in lab-scale and subsequently in 100 kg-scale in
appropriate environment. Two different kiln types were tested: on the one side a gas-
fired top-blown rotary converter (TBRC) and on the other side, an electrical heated
DC-type furnace. Depending on charged material, parameter setting and type of kiln,
different results have been received. In general, the yields were quite successful,
which is summarized for the main metals zinc and lead in the diagram in Fig. 5.

Especially, the collection of precious metals as well as copper and others in the
metal bath showed a successful extraction and therefore utilization of the residues.

The somewhat lower lead yields when using the TBRCmay result from the higher
turbulence and with this the presence of small metal droplets in the slag. However,
this could be optimized by adding an appropriate settling unit or by reducing the
rotation speed at the end of the process.
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Fig. 5 Example of different reduction trials in metal bath processes (mean values). TBRC: Top-
blown rotary converter); EF: electric furnace; SL: slag from lead industry; Ja: jarosite from zinc
industry; and CD: dust from secondary copper industry

Economic Considerations

Within the investigations also a model for economic verification was established
and different dumps worldwide have been investigated. Within this evaluation high
promising dump sites as well as residues of poor quality have been detected.

Economics were done for different materials and metal prices. As already men-
tioned above, gold and silver contribute in a very important way to the overall rev-
enues. The following pie charts show the splitting between the different sources of
income—first of all the metal-containing products—for different by-products. Two
examples for jarosite and slag from lead industry are shown. The values are based
on achievable product prices and include determined mean metal yields.

In case of the slag from the lead industry (Fig. 6, left), the zinc product represents
the main income. Therefore, the economy of the process is quite dependent on the
zinc LME notation. For the jarosite (Fig. 6, right), the situation is different. If silver
is present in a higher amount (in the present case 450 ppm), it is of main importance
for the income, closely followed by lead and zinc. In case gold is present too, as it
was seen for some residues, it could play an important role too.

However, the key message is that a multi-metal recovery is essential for the eco-
nomic stability of a recycling process and allows higher flexibility regarding varying
metal prices.
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Fig. 6 Origin of possible earnings from by-products applying the proposed metal bath process.
Based on two examples from European materials; left: slag from lead smelting; right: jarosite from
zinc industry

Summary

By-products frommetallurgical industry play an important role as secondary resource
for different metals. Especially, precious metals are important to realize an eco-
nomical process. The University of Leoben, Austria, together with other companies
developed a process conceptwhichwould allow efficient recovery of differentmetals,
following the concept of a multi-metal recovery via a reducing metal bath concept.
Currently, investigations are ongoing which also intend a concentration of the recov-
erable metals by means of mineral processing. Such a concentration step would save
energy and makes the overall concept more insensitive against varying metal prices.
The idea of recovering more than only one metal from described by-products would
allow an economic and ecologic utilization of such wastes in many cases.
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Production of High-Purity Mo
and Fe–Mo Alloys from Recycled Mo
Oxide and Mill Scale Through Hydrogen
Reduction

Min-Kyu Paek, Do-Hyeong Kim, Daniel Lindberg and Jong-Jin Pak

Abstract The present study handled an economic and clean route for the synthesis
of pure Mo and Fe–Mo alloys through utilization of waste materials such as spent
acid containing Mo and mill scale removed from the surface of steel slabs. The Mo
oxide,MoO3, was successfully synthesized from the spent acid by ammonia gas neu-
tralization method and reduced under hydrogen atmosphere to produce a high-purity
Mo powder. The optimum condition for the spherical shape and uniform particle size
of Mo powder was determined. In addition, the recycled MoO3 from the spent acid
was mixed with mill scale as an iron oxide source to produce Fe–Mo alloy by the
hydrogen reduction. Based on the thermogravimetric analysis, the reduction rate of
the mixed MoO3 and mill scale was measured at 700–1100 °C. The Arrhenius equa-
tion with the approved mathematical formulations for the heterogeneous gas–solid
reaction was applied to calculate the activation energy (Ea) values and determine the
rate controlling mechanisms.

Keywords Spent acid · Mill scale · MoO3 · Hydrogen reduction · Fe–Mo alloy ·
Reduction kinetics

Introduction

Inmanufacturing tungsten filament coils in lamp industries, very fine tungstenwire is
coiled around molybdenum mandrel wire/rods to form the so-called coiled coil. The
formed coiled coil is then heat-treated and cut to a size, and immersed in a solution
of mixed nitric acid and sulfuric acid which dissolves the molybdenum mandrel
leaving the coiled coil tungsten as shown in Fig. 1. Such operation results in the
generation of large volumes of spent acid containing H2SO4, HNO3, and dissolved

M.-K. Paek · D. Lindberg
Department of Chemical and Metallurgical Engineering, Aalto University, Kemistintie 1,
02150 Espoo, Finland

D.-H. Kim · J.-J. Pak (B)
Department of Materials Engineering, Hanyang University, ERICA, 426-791 Ansan, Korea
e-mail: jjpak@hanyang.ac.kr

© The Minerals, Metals & Materials Society 2019
G. Gaustad et al. (eds.), REWAS 2019, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-10386-6_24

207

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10386-6_24&domain=pdf
mailto:jjpak@hanyang.ac.kr
https://doi.org/10.1007/978-3-030-10386-6_24


208 M.-K. Paek et al.

Fig. 1 Tungsten coil on Mo mandrels: a before Mo dissolution and b after Mo dissolution

molybdenum. Molybdenum is usually dissolved in the amount of 80–90 g/L of spent
acid solution. The volume of spent acid generated from a typical coil manufacturing
company in Korea ranges from 300 to 600 L per day. In the past, it was a common
practice in these companies to neutralize the spent acid with sodium hydroxide and
discharge in into wastewater system, even though there have been several methods to
recover the molybdenum by sulfide precipitation, carbon absorption, ion exchange,
solvent extraction, and ammonium salt precipitation. The loss of molybdenum in
this manner is economically significant, and the discharge of nitrate and sulfate ions
and heavy metals like molybdenum into the nation’s rivers is undesirable from the
environmental view.

In the present work, the molybdenum recovery process using ammonia gas neu-
tralization was implemented [1, 2] and improved. The new process used a high
acid/water ratio for high efficiency of molybdenum recovery, and also for high total
nitrogen content as ammonium and nitrate ions in neutralized acid solution. The
molybdic oxide, MoO3, is successfully synthesized from the spent acid by roasting
the ammonium molybdate. It was reduced by hydrogen to produce a commercial
grade molybdenum metal powder, and it was also mixed with mill scale for the
synthesis of Fe–Mo alloy. The present investigation provided a hydrogen reduction
process to produce molybdenum metal powder of uniform spherical shape and an
economical clean route for the synthesis of Fe–Mo alloys from a secondary resource
such as mill scale and spent acid. Gaseous reduction of mixed iron oxide (mill scale)
with MoO3 (recycled from spent acid) was applied. Under the effect of reaction
temperature, the reduction behavior and kinetics in hydrogen atmosphere with the
synthesis of Fe–Mo alloys were investigated.
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Experimental

Ammonia Neutralization and Precipitation

A schematic of Mo recovery process from spent acid is shown in Fig. 2. After
predetermined volumes of acid and water (1:3, 1:1 and spent acid) were mixed in the
reactor, anhydrous ammonia was introduced into the solution at a rate of 10 NL/min
via nozzles immersed near the bottom of the reactor. The aimed solution pH was
in the range of 2.5–3.0 in the present work. After precipitation, the solution was
drained to a centrifuge hydroextractor to collect all ammonium molybdate crystals
precipitated. The separated ammonium molybdate was dried at 120 °C and roasted
in air at 500 °C to obtain MoO3 powder.

Hydrogen Reduction of Recycled MoO3

Two stages of hydrogen reduction of MoO3 to Mo were carried out. The first stage
reduction of MoO3 to MoO2 was carried out at 600°C in hydrogen atmosphere for
2 h. The second stage reduction of MoO2 to Mo was carried out at 930–1000 °C for
8 to 14 h depending on Mo powder sizes to be obtained. The molybdenum products
obtained were analyzed by X-ray diffraction (XRD) analysis for the phase identifi-
cation, scanning electron microscopy(SEM) for the particle sizes and morphologies.
Thermogravimetric analysis was also carried out to check the condition of roasting
of ammonium molybdate and hydrogen reduction of MoO3 to produce Mo powder.

Fig. 2 Mo recovery process from spent acid



210 M.-K. Paek et al.

Synthesis of Fe–Mo Alloys

Mill scale samples with 74.1% total iron, 0.057%TiO2, 0.957%MgO, 0.6%SiO2,
0.18%CaO, 0.357%P2O5, 0.873%Al2O3, 0.42%MnO, 0.047%S, 0.246%Cr2O3, and
0.028%C were first ground to a very fine powder and then thoroughly mixed in 1:1
molar ratio with prepared MoO3 using agate mortar and dry ball milling for 6 h.
The well-mixed oxides powder was dried at 105 °C for 24 h. Equal weights of dried
powder were compressed into compacts of about 1.5 g weight, 7 mm diameter and
3 mm thickness. The prepared compacts were reduced in continued two stages of
hydrogen reduction. The first stage reduction was carried out at 600 °C for 15 min
to convert MoO3 to MoO2. The second stage reduction was carried out at 700, 800,
900, 1000, and 1100 °C in hydrogen gas atmosphere.

In each experiment, after the furnace was heated up to the required temperature
the mixed oxides compact was put inside a basket to be hanged in the balance and
adjusted in the middle zone of the tube furnace in flow of purified Ar gas. Then,
the gas was switched to hydrogen. The oxides compact was reduced with hydrogen
gas at 600 °C for 15 min, and the temperature was increased to the required value
(700, 800, 900, 1000, or 1100 °C). The reacted compact was kept in the reducing
atmosphere till a constant weight was achieved.

Results and Discussion

Ammonia Neutralization and Precipitation

TheMo recovery ratio was determined from residualMo content in themother liquor
of each solution sample after the filtration of ammoniummolybdate precipitates. The
Mo recovery ratio(R) was calculated by the following equation:

R(%) � [Mo]o − [Mo] f
[Mo]o

× 100 (1)

where [Mo]o is the initial Mo content in a spent acid/water mixed solution and [Mo]f
is the Mo content in the mother liquor after the filtration of ammonium molybdate
precipitates. The highest Mo recovery ratio of above 99% was obtained at the pH
values of 2.5–3.0. Figure 3 shows XRD data and SEM image of ammonium molyb-
date. The crystals were identified as ammonium tetramolybdate (4MoO3 · 2NH3 ·
H2O) by XRD analysis.
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Fig. 3 Identification of ammonium molybdate: a XRD data and b SEM image

Hydrogen Reduction of Recycled MoO3

Ammonium tetramolybdate decomposed NH3 and H2O to form MoO3 at above 450
°C. The powder obtained after roasting was confirmed as MoO3 by XRD analysis.
In the commercial process for the reduction of MoO3 to Mo, two-stage reduction
method of MoO3 to MoO2 and MoO2 to Mo is generally used because MoO3 shows
a relatively high vapor pressure at a temperature above 650 °C. The temperature for
second stage reduction was varied from 930 to 1000 °C depending on theMo powder
size to be obtained. As the reduction temperature decreased, the size of reduced Mo
powder decreased. However, at a lower reduction temperature, a longer reduction
time was required for the completion of Mo reduction. Figure 4 shows XRD data
and SEM image for the morphology of Mo powder obtained by hydrogen reduction
at 950 °C. The reduced Mo grains had the spherical shape and uniform particle size
range under 5 μm.

Fig. 4 a XRD and b SEM image of Mo powder obtained by H2 reduction of MoO2
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Fig. 5 Reduction curves of MoO3/mill scale mixture in the temperature range from 700 to 1100
°C

Fig. 6 SEM images of synthesized Fe–Mo alloys at a 900 and b 1100 °C

Synthesis of Fe–Mo Alloys

The mixed oxides of recycled Mo and mill scale compacts were also reduced by
the two-stage method to avoid Mo loss by the evaporation of Mo oxide. Therefore,
the reduction experiments were carried out partially at 600 °C and the samples were
isothermally reduced at the various temperatures from 700 to 1100 °C. The reduction
curves are given in Fig. 5. Each reduction curve after partial reduction at 600 °C, the
rate of reduction increased as the reduction temperature increased. An incomplete
reduction was detected from 700 to 1000 °C while the complete reduction was
achieved at 1100 °C with the synthesis of Fe–Mo alloy. Figure 6 shows SEM image
of reduced compacts at 900 and 1100 °C. It is clearly seen that the grains of Fe–Mo
alloy were formed in round shape structure with size about 500 nm that are partially
agglomerated all over the sample.
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The activation energy of the reduction was calculated at overall reduction stage
to illustrate the rate controlling mechanism depending on the Arrhenius equation.
To confirm the reduction mechanism concluded from apparent activation energy
values, different mathematical models for heterogeneous gas–solid reactions derived
by Szekely et al. [3] were applied. The following equations are the mathematical
formulation for gaseous diffusion, interfacial chemical reaction, and mixed control
reaction, respectively.

t∗ � X + (1 − X) ln(1 − X) (2)

t∗ � 1 − (1 − X)1/2 (3)

t∗ � [
1 − (1 − X)1/2

]
+ σ2[X + (1 − X) ln(1 − X)] (4)

where t* is dimensionless time, X is the fractional reduction degree at a given reduc-
tion time, and σ2 is shrinking core reduction modulus. The present experimental
results show a straight line on the application of Eq. (4) at the overall reduction
stage. This indicates that the reaction is controlled by the combined gas diffusion
and interfacial chemical reaction mechanisms.

Conclusions

In the present study, the molybdenum recovery process using ammonia gas neutral-
ization of spent acid was tested. The ammonium molybdate obtained from spent
acid was roasted and reduced by hydrogen to produce molybdenum metal powder
of spherical shape and uniform sizes under 5 μm. And the mixed MoO3 with mill
scale was reduced in hydrogen atmosphere in the temperature range from 700 to
1100 °C. The apparent activation energy was calculated using the Arrhenius equa-
tion and indicated that the reduction rate of the mixture was controlled by combined
interfacial chemical reaction and gas diffusion mechanisms. The concluded mecha-
nisms were confirmed by applying heterogeneous gas–solid reaction model.
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Alkali Elution of Various Mineralogical
Phases in Steelmaking Slag

Zuoqiao Zhu, Xu Gao, Shigeru Ueda and Shin-ya Kitamura

Abstract To suppress alkaline elution from steelmaking slag, the dissolution behav-
iors of mineralogical phases in slag need to be studied. In this paper, primary crys-
tal phases (CaO·SiO2, CaO·SiO2·FeO, and CaO·SiO2·2MgO) of CaO–SiO2–FeOx
and CaO–SiO2–MgO systems were synthesized, and their dissolution behaviors and
the change in pH were investigated. The results showed that CaO·SiO2 caused the
increase in pHby the dissolutionof alkali. Therefore, the alkali elution fromsteelmak-
ing slag is causedbynot only freeCaOand2CaO·SiO2 but alsoCaO·SiO2.Then, slags
corresponding to actual steelmaking composition in the systemCaO–SiO2–FeOx and
CaO–SiO2–MgO systems were synthesized and their dissolution behaviors were
observed. The result showed that the pH values after the dissolution of every slag
were lower than that of CaCO3, even though water soluble phases were contained in
slag. Therefore, alkali elution from slag containing soluble phases can be suppressed
when the mass fractions of these phases in slag are low enough.

Keywords Steelmaking slag · Mineralogical phase · Alkaline elution · Primary
crystal phase · pH

Introduction

As a by-product of steelmaking process, steelmaking slag has a huge annual pro-
duction and is often utilized as a raw material for road construction and civil works.
According to statistics, in Japan, about 14 million tons of steelmaking slag is gener-
ated every year, and more than 60% is used for the above two purposes [1]. Due to
the high basicity (CaO/SiO2) of steelmaking slag, the alkaline elution, which leads
to increase in pH, causes environmental problem when steelmaking slag is used near

Z. Zhu (B)
Graduate School of Engineering, Tohoku University, Sendai, Japan
e-mail: zhu.zuoqiao.t3@dc.tohoku.ac.jp

X. Gao · S. Ueda · S. Kitamura
Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
Sendai, Japan

© The Minerals, Metals & Materials Society 2019
G. Gaustad et al. (eds.), REWAS 2019, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-10386-6_25

215

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10386-6_25&domain=pdf
mailto:zhu.zuoqiao.t3@dc.tohoku.ac.jp
https://doi.org/10.1007/978-3-030-10386-6_25


216 Z. Zhu et al.

coastal area or river side. About the slag treatment, the slag aging process can sup-
press the volume expansion of slag [2], but cannot prevent the alkali elution, as this
treatment change free CaO to Ca(OH)2. The carbonation of slag, which changes free
CaO to CaCO3, have been conducted [3, 4], but the industrial operation is still lim-
ited. Hot stage modification of slag is another method to suppress alkali elution and
volume expansion [5]. In this process, silica sand is added to the molten slag through
oxygen injection to lower basicity. The heat, generated by the oxidation reaction of
metallic Fe and FeO, has a role to keep slag at molten state and the dissolution of
silica is achieved. This process has been industrialized [6] and operating in some
steelmaking shops [7, 8].

In our previous study, mineralogical phases that been identified in industrial steel-
making slag were synthesized and their dissolution behaviors and the change in pH
were investigated [9]. As a result, in addition to free CaO, the solid solution of
2CaO·SiO2 and 3CaO·P2O5 (C2S–C3P) caused the increase in pH by the alkali elu-
tion. This meant the amount of both free CaO and C2S–C3P should be restrained.
After that, a slag of CaO–SiO2–Fe2O3 system with low basicity (CaO/SiO2) was
synthesized and its dissolution behavior was investigated. Although this synthetic
slag contained neither free CaO nor 2CaO·SiO2, the solid solution of CaO·SiO2,
which formed during slag solidification, dissolved in water and increased pH. This
indicated that, when the slag composition is modified, the newly formed primary
crystal phases should also be paid attention. In other words, to properly modify the
slag composition, the primary crystal phases which may cause alkali elution should
be specified in advance.

Therefore, in this study, first, several primary crystal phases that form in the slag
with low basicity of the CaO–SiO2–FeOx (C–S–F) [10] and the CaO–SiO2–MgO
(C–S–M) [10] systems were synthesized, and their dissolution behaviors and the
change in pH were studied. Based on the above results, several synthetic slags of
CaO–SiO2–FeOx and CaO–SiO2–MgO systems which consisted of the above inves-
tigated primary crystal phases were prepared, and their dissolution behaviors were
observed and discussed.

Dissolution Behavior of Primary Crystal Phases
in CaO–SiO2–FeOx and CaO–SiO2–MgO Systems

Experiment Method

Crystal phases of CaO·SiO2 (CS), CaO·SiO2·FeO (CSF2+), and CaO·MgO·2SiO2

(CMS2) were synthesized by sintering chemical reagents at high temperatures for
48 h. The sintering temperatures were determined to be lower than the solidus tem-
perature of each phase based on phase diagrams. CSF2+ was sintered under the
protection of argon gas in order to prevent the oxidation of FeO. After sintering, the
samples were quickly removed from furnace and quenched. The initial composition
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Table 1 Initial composition
of synthetic mineralogical
phases, mass%

CaO SiO2 MgO FeO

CS 48.3 51.7 – –

CSF2+ 29.8 31.9 – 38.3

CMS2 25.9 55.6 18.9 –

of CS, CSF2+, CMS2 are shown in Table 1. After synthesis, all mineral phases were
identified byXRD, and their chemical compositions were confirmed using ICP-AES.
Afterwards, each synthetic phase was crushed into fine powders with particle sizes
smaller than 53 µm. To study the dissolution behavior of each phase, 1 g of the syn-
thesized powder was added into 400 ml of deionized water and then stirring started.
The temperature of the deionized water was previously adjusted to 298 K using a
water bath. Right after the stirring started, measurements on both pH and ORP were
conducted, and the solution samples were taken at certain time intervals until the pH
values reached to a maximum. The sampled solution was analyzed by ICP-AES. For
comparison, the dissolution behavior of CaCO3 powder (<53 µm) which is the main
component of natural stone was measured using the same method.

Results and Discussion

The measured maximum pH values and the amount of dissolved alkaline substances
(Ca and Mg) after dissolving various primary crystal phases are summarized in
Table 2. Comparing to the maximum pH of CaCO3, CS showed a higher value and
CMS showed a similar value. Moreover, CSF2+ showed lower value than CaCO3.
Corresponding to the results of maximum pH, the sum in the dissolved Ca and Mg
from CS was larger than that of CaCO3, and the CSF2+ and CMS2 showed smaller
values.

Based on these results, to suppress the alkali elution from steelmaking slag, after
the hot stage modification process, the amount of CS in steelmaking slag should be
lowered.

Table 2 Comparison on the
maximum pH and the
dissolved Ca and Mg between
synthesized primary crystal
phases and CaCO3

Maximum pH Content of Ca
in solution
(mg/L)

Content of
Mg in
solution
(mg/L)

CS 10.52 18.98 –

CSF2+ 8.13 2.15 –

CMS2 9.22 2.08 0.62

CaCO3 9.98 8.84 –
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Dissolution Behavior of Synthetic Slag

Experimental Method

The initial composition of slag is shown in Table 3. To prepare these slags of
CaO–SiO2–FeOx system, chemical reagents were mixed and then melted at 1623 K
using a Fe crucible under Ar atmosphere, and then the slag was slowly cooled inside
furnace. To prepare the slag of CaO–SiO2–MgO system, chemical reagents were
mixed and melted at 1673 K using a Pt crucible in air, and then the slag was slowly
cooled inside furnace. After synthesis, generated phases in each slag were identified
by XRD and the slag composition was confirmed by chemical analysis using ICP-
AES. Then, each synthetic slag was crushed into fine powders (<53 µm), and the
same dissolution test, as described in Sect. 2.1, was adopted to study the dissolution
behavior.

Results and Discussion

Figure 1 showed generated phases in synthesized slag observed by XRD. Slag A
showed mineralogical phases of CS, 2CaO·SiO2 (C2S) and CSF2+. Slag B showed
mineralogical phases of C2S, CSF2+ and FeO. SlagC showedmineralogical phases of
CMS andMgO·SiO2 (MS). Based on initial composition of slags, the composition of
slag A was located in the composition triangle of CS–C2S–CSF2+, that of slag B was
located in composition triangle of C2S–CSF2+–FeO, and that of slag C was located
in boundary line of composition triangles of CMS2–MS–SiO2 and CMS2–MS–M2S.
Therefore, these results showed that slags have been synthesized successfully.

ThemeasuredmaximumpHvalues and the amount of dissolved alkaline substance
(Ca and Mg) after the dissolving test of synthetic slag are summarized in Table 4.
Comparing to the maximum pH of CaCO3, all of the slag synthesized in this study
showed lower value. In slag C, this result is reasonable because the maximum pH
of all phase is lower than that of CaCO3. For slag A and B, although they contained
soluble phases, which showed higher values of pH according to the dissolution test
of each phase, the maximum pH values were still lower than that of CaCO3.

Table 3 Initial composition of synthetic slag and mass fraction of precipitated crystal phase
(mass%)

CaO SiO2 FeO MgO Precipitated phases

A(C-S-F2+) 33.6 34.8 31.6 – CS(8.5), C2S(2.1), CSF2+(89.6)

B(C-S-F2+) 29.0 31.0 40.0 – C2S(3.3), CSF2+(91.7), FeO(5)

C(C-S-M) 20.0 56.3 – 23.7 CMS2 (69), MS (31)
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Fig. 1 XRD results of
synthesized slag

Table 4 Comparison of
maximum pH and dissolved
Ca and Mg between
synthesized slag and CaCO3

Maximum
pH

Content of
Ca in
solution
(mg/L)

Content of
Mg in
solution
(mg/L)

A(C–S–F) 8.78 0.95 –

B(C–S–F) 7.32 0.93 –

C(C–S–M) 9.66 0.96 0.75

CaCO3 9.98 8.84 –

Table 5 Measured and
estimated concentration of
dissolved Ca from slag
(mg/L)

Estimated value Observed value

Slag A 3.76 0.95

Slag B 3.38 0.93

The dissolved of Ca from slag A and B was estimated by Eq. (1) and shown in
Table 5 with measured values. In this equation, it was assumed that the dissolution
of Ca from each mineralogical phase took place independently.

DCa � mS × V C2S × CC2S + mS × V CSF2+ × CCSF2+ + mS × V CS × CCS (1)

Here, DCa is the concentration of dissolved Ca (mg/L), mS is the mass of slag (g),
V is the mass fractions of phases in slag, and C is the concentration of dissolved Ca
of each phase observed by the dissolution test using 1 g of each phase at its maximum
pH, as shown in Table 2 ((mg/L)/g). The concentration of dissolved Ca of C2S was
measured in our previous study [9]. Estimated concentration of dissolved Ca in slag
A was 3.76 ppm and that of value in slag B was 3.38 ppm. These values are lower
than that of CaCO3. Therefore, alkali elution from the slag containing water solvable
phases can be suppressed when the mass fractions of these phases in slag are enough
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low. However, comparing with the measured values, estimated values were larger.
This is because the maximum pH of the dissolution of slag is different from that of
each phase. Future study should be necessary to estimate the dissolution behavior
from slag by the combination of that from each mineralogical phase.

Conclusions

In this study, several primary crystal phases of CaO–SiO2–FeOx and
CaO–SiO2–MgO systems were synthesized, and their dissolution behaviors and
the change in pH were studied. Based on the above results, several slags in
CaO–SiO2–FeOx and CaO–SiO2–MgO systems were chosen from composition tri-
angle which consists of the investigated primary crystal phases and synthesized.
Their dissolution behaviors were observed and discussed. Results were shown as
follows:

1. For the primary crystal phases synthesized in this study, CaO·SiO2 showed a
higher maximum pH than that of CaCO3 (main component of natural stone),
but other phases showed lower value. This result indicates that the alkali elution
from steelmaking slag is caused not only by free CaO and 2CaO·SiO2, but also
by CaO·SiO2.

2. All synthesized slags showed lower values of maximum pH than that of CaCO3,
even though some of them contained soluble phases. Therefore, alkali elution
from slag containing soluble phases can be suppressed when the mass fractions
of these phases in slag are low enough.
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Feasibility Assessment for Recycling
Copper Slag as Ferrous By-Products
in FINEX®: An Alternative Ironmaking
Process

Moo Eob Choi and Taehyeok Kim

Abstract The oversupply of steel product has led the global steel industry to a
significant decline in revenue and profit. To make things harder, increasing demand
to reduce greenhouse gas emissions has intensified pressure on steelmakers. As an
effort tomake progress from economical and ecological perspectives, the ironmaking
field is expanding the recycling of ferrous by-products. Copper slag has been widely
recycled in the abrasive media, the pavement, and the cement industries. However,
there was no successful activity of recycling copper slag in the steel industry. The
FINEX process is known for the flexibility of recycling ferrous by-products. There
are chances that the ferrous by-products that cannot be recycled in the blast furnace
due to inferior mechanical, thermal, and chemical properties can be recycled in the
FINEX process. In the present study, the feasibility assessment of recycling copper
slag in the FINEX process has been performed on an industrial pilot-scale.

Keywords Copper slag · FINEX® · Ironmaking ·Melter-Gasifier · Recycling

Introduction

POSCO launched in 1992 the FINEX® development program in cooperation with
Primetals Technologies (formerly VAI) in order to create an alternative ironmaking
process to compete with the blast furnace process and operating on low-grade, low-
cost raw materials [1–3]. As indicated in Fig. 1, POSCO has been successful in
commercialization of the process through a series of scale-up development from a
15 t/day model plant started in 1996 to a 150 t/day pilot plant in 1999 followed by
a 0.6 MTPA FINEX® demonstration plant in 2003. Upon successful demonstration
of the process, the first commercial FINEX® plant with a capacity of 1.5 MTPA was
constructed at Pohang Works and commenced operations in April 2007. Based on
the successful results of the first commercial plant, the second commercial plant with
a capacity of 2.0 MTPA was built at Pohang Works and the plant has been put into
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Fig. 1 Milestones of FINEX® process development

operation since January 2014. Up to now, it has shown noticeable operational results
in the aspect of performance, raw material, environment, and energy. They indicate
that the process is not completed but can be continuously evolved to be suited to
various local conditions. POSCO is poised to make a significant contribution to the
global steel industry with an innovative ironmaking technology, FINEX®.

The FINEX® process consists of a cascade of fluidized-bed reactors, a coal bri-
quetter, a hotDRI compactor, and amelter-gasifier. Figure 2 shows the process flowof
FINEX®. Ore fines are charged into the fluidized-bed reactors together with additives
such as limestone or dolomite. As the solid materials pass through the reactors, they
are heated and reduced/calcined. The partially reduced iron ore (DRI) is compacted
at an elevated temperature and then the hot compacted iron (HCI) is charged into the
melter-gasifier. Either the briquetter or the pulverized coal injection (PCI) facilities
process coal fines. Coal briquettes are put into the dome of the melter-gasifier, while
pulverized coal is injected through the tuyeres. The reducing gas generated by coal
combustionwith pure oxygen in themelter-gasifier is transported to the fluidized-bed
reactors to reduce the iron ore. A portion of outlet gas of the reactors goes through
CO2 removal utilities for recycling. It leads to higher gas utilization efficiency.

Feasibility Assessment for Recycling Copper Slag in FINEX®

Using ferrous by-products or ferrouswaste is very attractiveway to reduce production
cost in ironmaking process. FINEX process also strives to reduce production cost
compared to that of conventional ironmaking processes by feeding cheap ferrous
by-products or ferrous wastes instead of iron ores. Figure 2 shows detail routes to
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Fig. 2 Schematic diagram of the FINEX®Process

Fig. 3 Current status of ferrous byproduct/waste recycling in FINEX

recycle ferrous by-products in FINEX. Large-sized ferrous by-products of particle
size over 8mm but less than 40mm are directly charged to melter-gasifier. Relatively
small-sized ferrous by-products of particle size under 8 mm are charged to fluidized
bed or to HCI process via additional recycling facility. Sludge and dust are also
recycled mixing it with PCI (Fig. 3).
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Table 1 Chemical
composition of copper slag
(unit in %)

Total
Fe

SiO2 Al2O3 CaO MgO Cu Zn

38–42 27–30 3–4 1–2 1.5 0.8–1 1–1.5

Fig. 4 Schematic for HCI
compactor [4]

As small-sized ferrous by-products of particle size under 8 mm, copper slag was
evaluated on lab- and pilot-scale. Table 1 shows the typical composition of copper
slag. 90% of the slag particles are less than 2.5 mm, and the average particle size is
about 1 mm.

The feasibility assessment for the HCI compaction system was performed in
termsof flowability, compactibility, andpneumatic conveyingproperties and reported
elsewhere in detail [4, 5].

Effect on the Melting Property of HCI

The iron ore fines (DRI) reduced in a series of fluidized-bed reactors are agglomerated
into a form of lump by HCI compactors as shown in Fig. 4 and then charged into the
melter-gasifier for smelting. HCI consists of 60–70% Fe, 5–8% gangue materials,
8–11% flux, and the rest is oxygen attached to Fe in the form of iron oxide. The flux
material is mainly the mixture of limestone and dolomite.

The melting property of HCI is of great concern. At around 1300 °C, the flux and
gangue materials start to react and produce molten species while leaving pores. Flux
having relatively large size consumes all of gangue materials around and then starts
to form dicalcium silicate (C2S) layer on the boundary because locally the ratio of
CaO over SiO2 is high. C2S has a high melting point of 2,130 °C. At 1400–1500 °C,
the molten species moves through the pores inside HCI and makes contact with C2S
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Fig. 5 Optical micrograph
of copper slag added HCI

layer on the surface of large-sized flux material and start to melt the C2S layer first
and the flux next. Molten slag is formed while all of the flux and gangue materials
react with each other. At the same time, carburization and melting of Fe component
occur. When everything is molten, metal slag separation and dripping occurs. At the
bottom of the melter-gasifier, two distinct layers of metal and slag are formed and
tapped. When HCI was compacted by adding copper slag shown as spherical dark
particles in Fig. 5, the melting property of HCI changes. Thus, it is important to set
up appropriate criteria in the selection of recycling ferrous by-products. First, the
melting point of the recycling material itself should be lower than the constituents
of HCI. Second, when it mixed with HCI, it should not increase the melting point of
HCI.

A series of lab-scale tests were carried out using heating microscope to evaluate
the melting property of copper slag and compare it with other ferrous by-products.
Copper slag containing fayalite (m.p. 1200 °C) represents excellent melting property
itself (Fig. 6).

In situ X-ray observation during HCI melting represented that copper slag
decreased the melting point of the HCI and microscopic analysis indicated that fay-
alite facilitates FeO-based slag, which leads to the accelerated melting of C2S and
flux.

Effect on the Composition of Molten Iron

In addition to the major component, copper slag contains impurities such as Cu,
S, Zn, Cr, V, and P. These impurities affect the composition of molten iron and
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Fig. 6 Heating microscope results of various ferrous by-products

melter-gasifier operation. According to the industrial-scale pilot test results, most of
the Cu elements in the copper slags go into the molten iron. Evaporation of Cu by
the formation of CuS(g) was suggested under reducing atmosphere in the melter-
gasifier [6]. However, it seems negligible to form CuS(g) and evaporate in the real
operation. Considering the Cu limit required by downstream process to produce steel
product, the maximum amount of copper slag input was limited up to 3%. For some
specialty product, more strict requirement was imposed and thus the input amount
was allowable up to 1%. When per 1% copper slag input, the S amount in the molten
iron was increased by 0.001% and thus it was verified that copper slag can be fed up
to 3% in this regards. The typical Zn input limit for the blast furnace process is from
500 to 800 g per ton of pig iron. Implying the same criterion, the plausible input
amount of copper slag to melter-gasifier ranges from 2 to 4%. Other impurities like
Cr, V, and P did not have any significant impact on the composition of molten iron.

Commercial-Scale Facility for Recycling Copper Slag

Having considered the physicochemical properties of copper slag itself and HCI
containing copper slag, it was determined to inject copper slag directly to the HCI
compaction process. Figure shows two possible options for the commercial-scale
facility. The first option is to feed copper slag to “DRI Feed bin” which is a buffer
hopper receiving DRI from the final stage of fluidized-bed reactors and distributing
it to each of HCI machines. The second option is to feed copper slag directly to
individual HCI machine having an intermediate hopper in-between. Although the
second option gives us more flexibility to control the input amount of copper slag
to each of HCI machines, the intermediate receiving and feeding system was not
reliable and durable. Thus, the commercial-scale facility was constructed taking the
first option and long-term usage test is currently in progress (Fig. 7).
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Fig. 7 Schematic of candidates of recycling process [4]

Conclusion

Feasibility assessment of charging copper slag in the FINEX process was performed
on a lab- and pilot-scale. The evaluation was performed for each unit process such as
fluidized-bed reactors,HCI compaction system, andmelter-gasifier. For the industrial
pilot-scale test, copper slag was directly charged to the HCI process via additional
recycling facility. The mixing of copper slag was improved the melting property of
HCI. The input amount of copper slag was suggested from 2 to 4% in consideration
of the effect of impurities on the composition of molten iron.
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Development of Electromagnetic
Interference Materials
from Metallurgical Wastes

Yong Fan

Abstract In view of developing a sustainablemetallurgical production, the potential
of its slag and/or dusts as a secondary resourcemust be considered to avoid landfilling.
Many products have been innovated such as cement, concrete, ceramics tiles, land
reclaim, etc. High iron content industrial solidwastes frommetallurgical processmay
be utilized in themaking of electromagnetic shielding and absorbingmaterials due to
the metal droplets and ferrite it contains. This article provides a proof-of-principle of
a new high-value-added application for the high iron content industrial solid wastes
as an admixture for enhancing electromagnetic interference (EMI) shielding with
a potential for future improvement. These special materials are particularly needed
for applications in underground vaults, electric power devices, telecommunication,
anti-spying, etc.

Keywords Copper slag · Electromagnetic interference · Functional material

Introduction

Electromagnetic interference (EMI) shielding is an area gaining positive attention
due to the increasing abundance of electronics. Accordingly, EMI shielding material
plays a paramount role at the present age in electromagnetic pollution controlling,
communication security, and the ground/underground substation containing central
processing electronics, which are crucial to power transmission and telecommu-
nication. Consequently, the development of EMI shielding materials has captured
considerable attention [1]. Many researchers share a favorable attitude on cement-
based EMI materials; these are not only a structural material but also have some
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EMI shielding properties through introducing fillers like carbon, metal, and ferrite
materials [2]. The primary mechanism of EMI shielding is usually reflection of the
radiation through mobile charge carriers such as electrons, which interact with the
electromagnetic fields. There is no doubt that high conductivity materials such as
carbon or metal are suitable to be fillers. The second mechanism of EMI shielding is
usually absorption of radiation through electric and/or magnetic inlets that interact
with the electromagnetic fields [3].

During the whole copper smelting process, nearly 30 million tons of copper
smelter slag is produced every year in the world [4]. This slag is outflowed for recy-
cling, production of the high-value-added products, and for disposal in slag dumps or
stockpiles. The recent overcapacity of the cement industry (dominating consumer of
copper slag) in the developed markets has been causing increasing concern, thereby
urgently necessitatingother utilizationof slag.There are someapplications using cop-
per slags such as concrete aggregates, abrasives, ceramic tiles, land reclamation, etc.
[5]. In the present work, it has been attempted to seek an innovative application, i.e.,
electromagnetic interference shieldingmaterial, aiming at high-value-added product.

The development of cement matrix materials with EMI shielding effectiveness
has been urgently required with the current unfavorable electromagnetic radiation
environment. These emerging researches provide a new direction for the application
of solid wastes and cement materials in electromagnetic field. This paper was imple-
mented to utilize the copper slag as an admixture for the synthesis of cement-based
EMI shielding composites.

Experimental

The copper slag obtained from a stainless steelmaker was used in the present
experiments. The chemical composition of the dust was as follows: TFe � 41.5
mass%, SiO2 � 32.1 mass%, CaO � 0.7 mass%, Al2O3 � 4.5 mass%, MgO � 0.5
mass%, Cr � 0.3 mass%, Zn � 6.8 mass%, and Cu � 0.2 mass%. The cement used
was typical Portland cement. Because the present work is fundamental research,
aggregate was not used, whether fine or coarse, to enhance the mechanical property.

A total mixture of 200 g of the cementitious materials were used to prepare each
specimen in 5 mm thickness. After mixed and homogenized of cement and copper
slag, water was added to achieve a moisture content of approximately 30 mass%.
Shapingwas performedwith a Teflonmoldwith dimensions of 140mm in side length
and 5, 10, and 15 mm in depth. Then specimens were dried for 48 h, demolded, and
cured finally at room temperature.

The EMI shielding effectiveness was measured using the coaxial cable method or
the transmission line method in the present study. The measurement setup consists
of two coaxial adapters, two 10 dB attenuators, and a network analyzer. The sample
placed in the center of the tester with the input and output of the tester on the two
sides of the sample.
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Results and Discussion

The compositional analysis confirms the presence of iron, silicon, aluminum, and
zinc as the significant metallic elements in the copper slag, and that of numerous
other elements in lower concentrations, such as calcium, magnesium, copper, and
chromium. The presence of heavy metals can pose threats to the environment and
human health. Therefore, this waste is considered hazardous in many countries. The
reusing and recycling of this waste should be carefully handled and studied. Although
the environmental impacts are beyond the scope of the present study, future attention
would have to be paid to these issues. The iron silicate was the main component of
the water-granulated copper slag, which was the base of slag matrix. Iron is mostly
crystallized as fayalite (Fe2SiO4) and magnetite (Fe3O4) during the matte smelting
process or water cooling.

EMI shielding effectiveness (SE) of a material is measured in decibels (dB) and
defined as the ratio of transmitted power to incident power. Total SE is the summation
of shielding by absorption, reflection, and multiple reflections in the interior of the
material. Coaxial transmission line equipment in the present study is performed in the
frequency range of 500 MHz–1.5 GHz which corresponds to ranges for commercial
applications, such as TV signal, FM radio,Mobile phone,wireless LAN, radar image,
etc.

The measured shielding effectiveness of copper slag filled samples with 5 mm
thickness is shown in Table 1. Generally, the shielding effectiveness of material is
closely correlated with the electric conductivity and the electromagnetic parameters
of its composite. The cement matrix is inert in conductivity, showing its relatively
low shielding effectiveness. The copper slag filled sample with different weight mass
percentages into the cement, namely, 15mass%, 30mass%, and 45mass%, indicated
an intensification of the shielding effectiveness. Notably, the addition of a 45 mass%
of copper slag alone to the cement matrix boosts the shielding to approximately
7–8 dB as tested in the frequency of 0.6, 0.9, 1.1, and 1.4 GHz, and highlights the
incident electromagnetic wave that has been reduced by approximately 60%. This
phenomenon is attributed to the fayalite and magnetite embedded in the sample
mixture serve as magnetic and dielectric loss absorbent, which derives from the
copper slag.

Ferrites are the prevalent fillers used in cement-based composites. Reflection can-
not lessen or depress radiation, and the reflected wave may interact with the incident
wave,whichmight impact other units or devices.With the service of electromagnetic-
absorbing materials transferring the energy to other forms, the EMI radiation could
be vitiated to the furthest. The ferrites contained in the copper slag are exceptional
choices of wave absorbing component for cement-based EMI shielding materials.

It is clear that with the increase of thickness, the SE level of the samples is
reinforced. The thickness of EMI shielding material is a crucial economic factor
to be considered in the future practical application. Copper slag with low-value
application shows its competitive advantages in some cases, for instance, massive
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Table 1 The shielding effectiveness of reference sample and dust filler sample

Fillers of
cement-based
materials

Thickness/mm Shielding effectiveness/dB

600 (MHz) 900 (MHz) 1.1 (GHz) 1.4 (GHz)

Pure cement 5 3.7 4.2 4.1 4.3

15 mass% Slag 5 5.0 5.8 6.0 5.9

30 mass% Slag 5 5.7 6.5 6.7 6.7

45 mass% Slag 5 7.0 7.6 7.7 7.3

30 mass% Slag 10 9.2 9.7 9.6 10.8

30 mass% Slag 15 11.1 11.0 11.2 12.1

underground or remote information base construction. Moreover, the reutilization of
copper slag has its social significance and benefit.

Copper slag is usually valorized by extracting metals or used to produce some
construction materials (low valuable added). The present study has attempted to
apply it to the cement matrix for obtaining EMI shielding function, which provides
practical and high-value-added reutilization, furthermore, not only by adding the slag
directly to cement, but also throughmetallurgical modification, such as carbothermal
reduction, magnetization roast, or controlled molten oxidation.

Conclusions

The present study attempts to apply copper slag to the cement matrix for obtaining
EMI shielding function, which provides a practical and high-value-added approach
for its reutilization. Notably, the addition of a 45 mass% of copper slag to the cement
matrix boosts the shielding value to approximately 7–8 dB as tested in the frequency
of 0.6, 0.9, 1.1, and 1.4 GHz, and highlights the incident electromagnetic wave that
has been reduced by approximately 60%. This phenomenon is attributed to the fay-
alite andmagnetite deriving fromcopper slag embedded in the samplemixture,which
serves asmagnetic and dielectric loss absorbent.Moreover, with the increase of thick-
ness, the SE level of sample is reinforced. Copper slag with low-value application
shows its competitive advantages in some cases, for instance, massive underground
or remote information base construction. Moreover, the reutilization of copper slag
has its social significance and benefit.
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Recycling of Critical Metals

Toru H. Okabe and Takanari Ouchi

Abstract In modern high-tech products, rare metals play an increasingly pivotal
role. To support the development of a highly sustainable society, where valuable
natural resources are not wasted and most materials are recycled, new efficient,
environment-friendly recycling technologies for raremetals are required. The authors
have developed environment-friendly recycling technologies that efficiently extract
rare metals and precious metals from scrap without generating harmful waste solu-
tions (waste liquids) and exhaust gases. These technologies include (1) a technique
for converting contaminated titanium scrap, which is expected to increase in the
future, into high-quality titanium feed material; (2) a technology for extracting and
separating rare metals, such as rhenium, directly from end-of-life turbine blades
used in aircraft and power stations without generating any waste aqueous solutions;
and (3) a method for efficiently concentrating and separating platinum group metals
in automobile catalytic converters without using harmful acids or other chemicals.
These technologies will help establish an environment-friendly rare metal recycling
system.

Keywords Recycling · Critical metals · Rare metals · Titanium · Rhenium ·
Platinum group metals · Refining

Introduction

A wide variety of rare and precious metals are encountered in daily life. These met-
als and their alloys and compounds are used to produce industrial products such
as smartphones, televisions, and hard drives (Fig. 1), which support the develop-
ment and functioning of a rich, modern society. Indeed, modern lifestyles cannot be
sustained without these metals. Moreover, rare metals and precious metals are also
indispensable for energy generation and storage devices, and energy-saving products
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Rare metals (or less-common metals, or minor metals) are 
becoming very important

REMs (Nd, Dy, Sm, ...): 
Hard disk for PCs, 
vibrators of mobile phones,
motors for hybrid vehicles 

PGMs (Pt, Rh, Pd,...): 
Catalyst for automobile, and fuel cells 

In: Transparent  electrodes for displays
Ga Blue diodes
Ta High performance capacitors
Li High performance batteries
Re Turbine blades for aircraft

Fig. 1 Rare metals (or less-common metals or minor metals) are increasingly important materials
supporting a high-quality lifestyle in advanced countries. These metals are essential for producing
high-tech industrial products, which will become “scrap” after use

such as high-performance motors, batteries of hybrid and electric vehicles, and the
panels and controllers used for photovoltaic power generation.

The demand for rare metals and precious metals is growing steadily owing to the
worldwide improvement in industrial products, the economic growth of emerging
countries, and the strengthening of environmental regulations. In this talk, we discuss
current trends in the recycling of criticalmetals (or raremetals) and related processing
technologies. Specifically, recent research on the recycling of titanium, rhenium, and
some other precious metals will be introduced. The possibility of developing next-
generation recycling technologies for critical metals will also be discussed from
a multilateral perspective [1–3]. Furthermore, recent progress in the refining and
recycling processes of titanium and other critical metals will be discussed.

Recycling of Titanium Scrap

There is an increasing demand for Ti and its alloys in various fields, particularly in
the aerospace industry, because of their properties, such as high specific mechanical
strength and corrosion resistance. During the fabrication of Ti and its alloys from
their ingots, a large amount of scrap is generated. Currently, Ti scrap is used as an
additive in steel production. Owing to the high production cost of the virgin metal
(Ti sponge), it is desirable to recycle Ti scrap by remelting it with the virgin metal
to produce primary ingots of Ti. However, oxygen accumulates in the Ti ingot when
using the scrap as a feed material in the remelting process. The oxygen concentration
in typical Ti scrap is 2000–4000 mass ppm O (0.2–0.4 mass pct O), which is higher
than that in virgin metals (300–2000 mass ppm O) such as Ti sponges produced
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~ 2000 ppm
(500 ~ 4000 ppmO)

Secondary feed (500 ~ 4000 ppmO)

Scrap 1 (cascade recycling or disposal)

Virgin feed (Ti sponge) 
(~ 500 ppmO)

Ti product
(500 ~ 4000 ppmO)

Scrap 2 
(2000 ~ 4000 ppmO)

Scrap 2 A deoxidation method, that reduces the oxygen 
concentration of Ti to the level of 500 mass ppm O, 
decreases the cascade use of Ti scrap for Fe_Ti alloy.

In the future, recycling of Ti scrap will be an essential 
technology.

Fig. 2 Material flow of Ti and its alloys with respect to the oxygen concentration [6]

using the Kroll process (Fig. 2). Therefore, prior to recycling Ti scraps, it is critical
that their oxygen content be reduced to the level of Ti sponge, ~500 ppm, via a
deoxidation process. There are several deoxidation methods available for Ti. One of
themost efficient processes to remove oxygen fromTi is electrochemical deoxidation
[4]. The deoxidant material deposits on the surface of Ti scraps and reduces the
oxygen in Ti into a molten salt containing an oxide ion (O2−). The oxide ion is
subsequently removed in the form of carbon oxides (COx) via an oxidation reaction
on a carbon anode. The deoxidation limit of the electrochemical method is extremely
low as O2− does not accumulate in the molten salt. There are studies demonstrating
an electrochemical deoxidation process in molten magnesium chloride (MgCl2) at
1173 K [1, 5, 6]. This process yields oxygen concentrations lower than 100 ppm.
Another noteworthy advantage of usingMgCl2 is that theMg (deoxidant) andMgCl2
attached onto the surface of Ti scraps can easily be removed by vacuum distillation
owing to their high vapor pressures.

Recently, the possibility of direct removal of oxygen from Ti using Y and some
light rare-earth metals (e.g., La, Ce, Pr, and Nd) as deoxidants was discussed from
a thermodynamics perspective [2, 7]. The authors assessed the deoxidation limit of
Ti using the equilibrium of M/M2O3 and M/MOCl/MCl3 (M: Y, La, Ce, Pr, or Nd.).
Furthermore, a deoxidation method of Ti that utilizes Mg as the deoxidant in the
MgCl2–YCl3 flux was demonstrated; this decreases and maintains the activity of the
oxide ion a2−O at a low level in the system via the formation of yttrium oxychloride
(YOCl), which will be discussed in the presentation.

Recycling of Rhenium from Ni-Based Superalloys

Nickel (Ni)-based superalloys, which are mainly used in high-pressure turbine
blades in aerospace and power generation industries, exhibit excellent corrosion
resistance and mechanical strength over a wide range of temperatures. However,
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they require rare (scarce) and expensive metals such as rhenium (Re) for their high-
temperature strength [8]. Owing to the recent advances in the aircraft manufacturing
and power generation industries, a rapid increase in the demand for Ni-based super-
alloys is anticipated. As the production and usage of Ni-based superalloys increase,
a large amount of impure scraps that cannot be reused is generated. Current recy-
cling methods using acid generate significant amounts of wastes and waste solutions
containing strong acids. Therefore, an efficient and environment-friendly method for
recycling Re from the scraps is highly desirable [9, 10].

To establish an efficient and environmentally sound process for recycling Re from
Ni-based superalloys, a novel recycling technique using molten Zn as the extraction
medium was developed and its feasibility was demonstrated [11, 12]. Using a newly
designed reaction chamber with circulating molten Zn, continuous Ni extraction and
Re concentration directly from superalloys could be simultaneously accomplished.
The conceptual schematic illustration of the apparatus for recycling Ni from super-
alloy scraps is shown in Fig. 3. It was also demonstrated that the Zn used in this
process could be reused in the process by distilling it from the obtained Ni–Zn alloy.

Re

concentrates

Superalloy
scrap
feeding
port

Pure liquid Zn 
feeding port

Zn_Ni alloy

Superalloy
scrap

Heater

Ni extraction reactor

Extracted 
pure Ni

Liquid Zn 
deposit

Cooler

Vacuum

Zn_Ni
transport 
pipe

Distilled Zn gas

Heater

Zn removal reactor

Fig. 3 Conceptual schematic illustration of the reaction chamber with circulating molten Zn for
continuous Ni extraction and Re concentration directly from superalloys [11]
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Therefore, the proposed technique is an environment-friendly recycling process to
recover Re from superalloy scraps without the generation of any waste and waste
solution.

Recycling of Platinum Group Metals

Platinum group metals (PGMs) are widely used in many applications such as for
manufacturing automobile catalysts and electronic devices. In general, PGMs are
recovered via pyrometallurgical and hydrometallurgical processes. In pyrometallur-
gical processes, PGMs are enriched using a collector metal such as copper or iron.
The enriched PGMs are dissolved in acid and alkali solutions in hydrometallurgical
processes, followed by separation using solvent extraction, ion exchange, etc. These
processes are highly efficient and fast; however, they consume a considerable amount
of energy and require large-scale equipment. Anothermethod is a hydrometallurgical
process that employs an acid solution with strong oxidants (e.g., aqua regia). Direct
dissolution of PGMs from catalyst scrap can be carried out in small-scale plants
with low energy consumption. However, the low recovery rate of direct dissolution
processes and the generation of large volumes of toxic solutions in these methods
are challenging.

There are several new processes for recycling PGMs. In one such process, it was
realized that Pt dissolves in aqueous solutions without toxic chemicals (Fig. 4). The
process involves a reaction between PGMs and Mg vapor to form PGM–Mg alloys
and chlorination of the alloys using metal chlorides (e.g., copper chloride) [13]. The
compounds containing platinum can be dissolved in a solution of hydrochloric acid
without any oxidants, as well as in a simple NaCl solution. Another new process
for recycling PGMs involves magnetically concentrating PGMs directly from spent
automobile catalysts (Fig. 5). In this process, ferromagnetic Fe is deposited on the
PGM particles via electroless plating or iron chloride vapor treatment through a
disproportionation reaction (i.e., FeCl2 (g) � Fe (s) + FeCl3 (g)). These processes
efficiently magnetize the PGMs, which can then be magnetically separated from
nonmagnetic materials such as ceramics catalyst carriers [14]. The concentrated
PGMs are highly valuable and have a significantly lower volume than untreated scrap.
Therefore, they can be transported by air to refineries for further treatment. Refined
PGMs can be obtained quickly using this new recycling method. These processes
can be carried out in relatively small-scale plants with low energy consumption.
Furthermore, these processes do not produce toxic waste solutions and are thus
environmentally sound [15–19].

If time permits, possible applications of the developed recycling techniques, espe-
cially for titanium recycling, in practical industrial processes will also be discussed.
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Alloying with reactive metal (R)

Chlorination / Oxidation

Leaching with HCl or NaCl aq.

PGMs

R-M alloy

RMxCly, MClx compound

PGM aqueous solution

Environmentally-sound dissolution process for PGMs 

Salt water, 
HCl solution

PGMs (M)
Reactive Metal 

Vapor (R)

R-M alloy
Chloride Vapor

Alloying

Chlorination

Leaching
RMxClyPGMs are dissolved into 

HCl or NaCl aqueous solutions by 
pre-treatment using reactive metal vapor.

Scrap substrate

Fig. 4 Basic concept of an environmentally sound recovery process for platinum group metals
(PGMs). PGMs in scrap are dissolved in aqueous HCl or NaCl solutions after a pretreatment using
a reactive metal vapor

Development of a new process for the efficient recovery of 
PGMs from scrap using physical separation

Physical separation

Alloying with high_affinity metal supplied 
through gas phase 
(e.g., FeCl3, CuCl2, or metal vapor)

Concentration of PGMs_Fe or 
PGMs_Cu by physical separation 
(e.g., flotation, magnetic separation)

Alloying (or chlorination, sulfurization)

PGMs in scrap Converted PGM-compounds

MClx, M vapor, 
S, etc. ...

Alloying treatment by vapor Highly 
concentrated
PGM 
compounds

Fig. 5 Basic concept of an environmentally sound recovery process for precious metals including
PGMs using physical separation
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Li-Cycle—A Case Study in Integrated
Process Development

Boyd Davis, Kevin Watson, Alain Roy, Ajay Kochhar and Darcy Tait

Abstract The resource recovery market has significant interest in new process
development. One reason is that valuable materials for hi-tech applications are now
present in sufficient quantities to warrant recycling efforts. Another is due to broad
efforts on environment such as green chemistry and urban mining. However, many
of these projects end in early development due to a lack of up-front integration on a
broad range of issues such as experimental work, techno-economics, supply/demand,
safety, regulatory landscape, and product quality. Using Li-Cycle, a Canadian lithium
battery recycling company now engaged in process piloting, and as an example, this
paper discusses the key barriers that companies developing new chemical ormetallur-
gical processes face and how they can be overcome through an integrated approach.
In the integrated approach, economic andmarket analyses commence as soon as pos-
sible in the project’s life. These are used to establish a clear process/project scope,
define specifications for the process products, identify the key cost drivers to appro-
priately focus technical work, and ultimately provide an objective, effective, and
efficient method to evaluate the merits of the project.

Keywords Lithium · Battery recycling · Process development
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Introduction

There are two significant factors driving the metals industry to increasingly focus
on new secondary sources and recycling to supply their resource needs. The first
factor is the combination of a historical trend of decreasing grades in primary metal
resources and the rapidly increasing availability of new secondary sources such as
waste electrical and electronic equipment (WEEE). Gold provides a good exam-
ple with its recovery from WEEE developed over the last 20 years compensating,
in part, for the significant historical decrease in gold resource grades illustrated in
Fig. 1 [1]. In addition, an increase in complexity of resource mineralogy for some
metals has multiplied the negative impact of overall decreasing grades. Examples
include arsenic-containing copper deposits, polymetallic deposits (e.g., Voisey Bay,
sea nodules), refractory minerals (e.g., gold in sulfides), and deposits with nonstan-
dard minerals (e.g., zinc carbonate).

The second factor is a growing environmental and societal context around waste.
A tightening of general environmental regulations in the first world, combined with
an awakening of developing nations to the problem of taking in other countries’ waste
means that individual countries will have to start dealing with waste within their own
borders. At the same time, social and consumer pressures are forcing manufacturers
to set strong environmental targets for their processes and products.

Fig. 1 Historical average gold resource grade. Reproduced from Calvo et al. (2016)
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Fig. 2 Schematic illustration of the circular economy. Reproduced from European Commission
(2018)

In particular, there is a push to make manufacturers internalize costs which have
traditionally been borne by society, as is occurring globally with carbon dioxide
emissions. This shift in cost bearing is expected to a have significant positive impact
on the future economic viability of recycling as it will force manufacturers to design
for remanufacturing and recycling rather than consider the end-of-life product as
somebody else’s problem. The ultimate goal is a circular economy, as illustrated in
Fig. 2, where the value of products, materials, and resources is maintained in the
economy for as long as possible, and the generation of waste is minimized [2].

The processing of secondary materials tends to follow a common evolution. At,
first, used material is dumped or abandoned, then it is recovered due to pressure
from governments and sent offshore to low-cost recyclers, then it is recycled in the
country of origin with government financial support, and finally it becomes more
economically favorable to recycle and the subsidies decrease to become a minor or
no incentive. WEEE is a classic example of this, but paper, plastics, and cathode ray
tube televisions have also followed the same pattern.

The integration and position of secondary metals processing in the overall metal
supply chain depend on the availability of a technically viable recycling process
and the economics of the recycling process taking into account government inter-
vention and the comingling of other materials and metals. For example, aluminum
and steel recycling is well integrated into the overall supply chain. These are major
commodities enabling economies of scale for recycling infrastructure, the processes
for recycling are well established (the first US aluminum recycling plant was built
in 1904) and there is a plentiful supply of near pure form of secondary sources.



250 B. Davis et al.

In contrast, for the new secondary metal sources, there may be no technically
viable recycling process, as is the case for rare earth elements, or the available
process may not be commercially viable as is the case for recovery of lithium and
other values from spent lithium (li)–ion batteries.

To support the increased use of secondarymetal sources, such asWEEE and li–ion
batteries, and to facilitate the circular economy, the development of new technically
and commercially viable recycling processes is required.

New Process Development

KPM offers professional services for process development and optimization to com-
panies in the fields of mining, metallurgy, and industrial chemistry. It has done over
200 individual projects with a wide range of clients from established global produc-
ers to junior exploration companies to start-ups that involved development of a new
chemical or metallurgical process. A pitfall often seen with these projects is a lack of
integration of the technical work with the financial and market drivers of the project
at an early stage. The common features of these projects are discussed below.

Figure 3 illustrates the typical time line of projects that are based on new chemical
or metallurgical processes. Following the generation of the new idea, the first step
for a project is a concept or scoping level study that typically involves proof-of-
concept testing and the formalization of a process flow sheet. The laboratory test
work required to provide the data to underpin the concept study is usually conducted
at the bench scale in a research and development laboratory. This test work is often
based around the chemistry of the process and is driven by the desire to show that
a reaction is favorable and that a specific product can be made. This initial part
of the project is usually a success as it is possible to make virtually anything in a
laboratory when unconstrained by commercial cost considerations. While proof-of-
concept testing does have its place, it does not necessarily provide the objective data
required to properly evaluate the project and efficiently direct project activities.

At this early stage of the project, the economics of the process or the wider
business case are rarely analyzed in any detail. If an economic analysis has been
conducted, it usually lacks a clear definition of the process or project scope. In
most cases, a specific end user is not yet involved in the project and details such
as product specification, volumes, and prices are usually very poorly defined. This
typically results in overly optimistic forecasts of potential product pricing, especially
if the product is not traded on an open exchange like the London Metal Exchange.
In many cases, secondary process by-products are overvalued to make up for the
fundamentally weak economics of the main product. In the rare cases, where an
effective financial model has been developed, a sensitivity analysis on the main cost
drivers is either poorly done or not done at all.

Projects that include new chemical or metallurgical processes typically stall once
they reach the so-called “valley of death” funding gap [3] illustrated in Fig. 3. Prior
to this point, the relative project investment is small and funding is predominantly
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Fig. 3 Project investment timeline illustrating the valley of death funding gap

provided by the public sector in the form of government grants and university sub-
sidies leveraging corporate research money to encourage innovation and seed new
concept. It is also the time in the project when there is the maximum ability to affect
change in the project or the underlying process for minimum cost. The investment
required in money and human capital increases significantly as the project reaches
the critical transition from a smaller scale research project to a larger scale commer-
cialization project during the pre-feasibility and feasibility studies. These studies
will typically require the operation of a pilot and/or demonstration plant to generate
the data to support process engineering and evaluation of the project business case.
The availability of public sector funding and support tends to drop off at this point
and the project must increasingly turn to private sector funding. This private sector
funding is comparatively scarce and competition for it is fierce. It is at this point,
where clear quantified answers are required to questions such as: What exactly is the
product? Who is buying it and for what price? How much to build and operate the
plant? The projects that have been developed as described above without integration
of the technical with the financial and market drivers are typically unprepared to
answer these questions and lack the necessary objective data to clearly demonstrate
a compelling business case.

Integrated process development as practiced by KPM is based on the following
precepts:

• Paper studies (technical, economic, market, safety, and environmental) are less
expensive than physical testing;

• A team approach is required, linking all aspects of the project and its business
case;
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• Good, untapped, profit-making opportunities, and early-stage investment money
are both very rare and so there is a need to weed out the ideas with poor funda-
mentals as soon as possible; and

• Any cost or piece ofmarket data can be estimated and these estimates continuously
refined as further information becomes available.

In practice, following this integrated approach means that economic and market
analyses commence as soon as possible in the project’s life. This is either done by
the staff leading the technical work or by specialist staff (e.g., engineering, finance,
and marketing) working in collaboration with the technical staff. The results from
the economic and market analyses are used to:

• Establish a clear process/project scope;
• Evaluate the potential financial merit of the project to ensure it is aligned with the
business objectives of the wider organization. Sensitivity analysis can be used to
assess how robust the business case is to the expected potential variation in process
cost drivers;

• Identify and quantify the key process cost drivers, which enable the laboratory
testing to be appropriately focused to ensure project costs and time frames are
minimized;

• Provide clear detailed specifications for the main process product(s) and any by-
products, which define the performance targets for the laboratory testing and for
preparation of product qualification samples; and

• Develop the preliminary process commercialization and product marketing plans.

The economic, market, and technical data can be captured in a techno-economic
model which can be continuously updated and refined as the project develops and
new information becomes available. Ultimately, an integrated approach provides the
necessary technical, economic, and market data to best equip the project to tackle
the hurdles to funding and cross the valley of death.

Li–Ion Battery Recycling

About Li-Cycle Corp

Li-CycleCorp. (Li-Cycle) is on amission to leverage its innovative solution to address
an emerging and urgent global challenge. Lithium–ion (li–ion) rechargeable batter-
ies are increasingly powering our world in automotive, industrial/utility/residential
energy storage, and consumer electronic applications. The world needs improved
technology and supply chain innovations to better recycle these batteries, and to
meet the rapidly growing demand for critical and scarce battery-grade materials.

Li-Cycle is based out of North America and has a global focus. Li-Cycle has
retained and partnered with KPM as a contract piloting and laboratory service
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provider to scale up Li-Cycle’s resource recovery technology. Li-Cycle, KPM, and
other strategic/scale-up partners work together as one integrated team.

Li-Cycle Technology™ is a low-cost, safe, and environmentally friendly process
that can recycle all types of li–ion batteries. It can do sowith an unparalleled recovery
rate of up to 100% of all materials. Li-Cycle’s industry-leading innovations make it
uniquely positioned to support a key element of the growing international movement
toward zero carbon technologies as part of the circular economy. Li-Cycle Technol-
ogy™ is a mechanical and hydrometallurgical resource recovery technology tailored
to li–ion battery recycling. The flow sheet consists of three key stages that are as
follows:

1. Reduce the size of all li–ion batteries in a safe, scalable, and proprietary manner;
2. Separate and recover intermediate materials; and
3. Refine the recovered materials for sale to end markets or reuse in the process.

Li-Cycle has completed two scale-up programs to date and is currently executing
an integrated pilot plant, as a final step prior to commercial plant execution. Li-
Cycle’s physical validation work streams have been premised on a “scale-down”
focus, i.e., scaled down relative to a first commercial plant. Each stage of the scale-
down roadmap is focused on the validation of specific key performance indicators.
Li-Cycle’s integrated pilot plant is designed to process 1 ton/day of spent li–ion
batteries, at a scale of 1:17 with the company’s first commercial plant.

Li-Cycle’s core business model is to build, own, and operate li–ion battery recy-
cling plants tailored to regional needs. Through the integrated development of Li-
Cycle Technology™, it has been identified that the best and fit-for-market commer-
cialization strategy is one of the decentralization—i.e., with tailored size reduction
plants that are close to the highest volume points of consolidation of li–ion batteries,
and a centralized hydrometallurgical plant that is decoupled from the size reduc-
tion facilities. The core benefit of this approach is the generation of a nonhazardous
product close to the point of consolidation/generation, minimizing transportation
liability, and cost to the greatest extent. This decentralized strategy is reflected in
the commercial rollout plan for Li-Cycle’s first commercial plant, with a planned
resource recovery capacity of 5,000 tons of spent li–ion batteries/year.

Li–Ion Recycling Industry Challenges

Feed Sourcing

Unlike mining, secondary resource recovery has a set of unique challenges that need
to be addressed concurrent to process development. When sourcing feed material,
the mining sector employs exploration techniques to identify high concentrations of
a target element. For secondary resources, feed materials are typically inherently dis-
tributed, making it more difficult to collect and feed to a processing plant. Although
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the collection supply chains for some analogous industries such as lead–acid bat-
tery recycling are well established and matured by comparison, the li–ion battery
recycling supply chain continues to be fluid.

Since Li-Cycle’s inception, the company has been deeply focused on the li–ion
battery supply chain and key stakeholders that are central to spent li–ion battery
sourcing. Spent li–ion battery sources can be broadly segmented into portable/“small
format” and “large format” sources, which corresponds to the relative voltage of
li–ion batteries (i.e., low voltage and intermediate to high voltage, respectively). Each
of these types of batteries have a diverse group of stakeholders—frommanufacturers,
to the dealer network, recycling programs, electronics, and vehicle recyclers.

The profile of li–ion battery feed must be central to process development. The
inherently heterogenous nature of li–ion batteries must be closely considered as
part of any li–ion battery recycling process. There are at least 14 different types of
li–ion battery cathode chemistries currently existing in the market [4], each of which
have even further permutations when considering specific constituents. Additionally,
many researchers and companies are focusing on improving li–ion technology which
is leading to new battery chemistries, binders, and electrolytes.

Logistics and Regulations

Li–ion batteries are currently classified as Class 9 dangerous goods due to their
dual chemical and electrical hazard. Li–ion batteries can possibly undergo thermal
runaway, typically resulting from internal shorting, leading to fire or explosion. There
are numerous factors that can cause thermal runaway, including but not limited to
overcharging, environmental conditions (e.g., extreme external temperatures), and
manufacturing defects. At the onset of thermal runaway, the battery heats in seconds
from room temperature to above 700 °C. As part of this complex set of chemical
reactions, the electrolyte solvent in lithium–ion batteries—typically alkyl carbonate
based—acts as a “fuel” source for combustion.

Added care must also be taken when handling critical or damaged/defective bat-
teries, as there is an increased risk of thermal runaway. Specialized systems (e.g.,
Genius Technologie’s LionGuard container [5]) are typically used in tandem with
nonflammable packing material to safely transport these batteries. As time pro-
gresses, the number of critical or damaged/defective batteries is expected to increase
with the increased use of li–ion battery technology across a broad swath of applica-
tions.

As the li–ion battery resource recovery industry is still maturing, regulations
vary significantly around the world. These regulations can also change significantly
from year to year, as new industry and research reports are released. As a result,
it is important to keep close track of regulatory (including logistics) considerations
concurrent to process development.
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Safety and Storage

The challenges of logistics and changing regulations typically revolve around one
key factor—safety. Safety is paramount for those who handle, transport, store, and
process li–ion batteries, as there is a risk of thermal runaway. This raises another
unique challenge for processors and consolidators, relative to the primary production
of commodities and specialties. Specifically, the safest approach is to have the lowest
amount of spent li–ion batteries on site as possible, in order to mitigate the risk of a
thermal runaway event occurring.However, this is contradictory to the requirement to
secure significant amounts of feed for processing purposes. The development of safe
storage is further complicated by the currently prominent format factor of spent li–ion
batteries, i.e., portable/small format batteries (e.g., frommobile phones, laptops, and
other consumer products). Portable li–ion batteries are typical consolidated in drums
and could bemixedwith other battery types. Upon an initial inspection, the state of all
collected batteries within a single drum is not always clear (i.e., whether undamaged
or damaged) and often only becomes apparent when the drums are tipped for sorting
or processing.

Secondary Resource Processing Challenge

From a process development standpoint, the recovery of constituents from li–ion
batteries presents a unique challenge compared to traditional primarymetal resources
due to the highly heterogeneous nature of the feed material. With traditional metal
resources, the primary concentrate stream might have 1–4 elements to be recovered
(e.g., copper, gold, silver, and platinum). Li–ion batteries may, however, contain over
20 elements that demand consideration for recycling as illustrated by the example
composition in Fig. 4 [6]. In addition, the metal values are typically contaminated
with inorganic materials, organic materials, and plastics further complicating the
recycling process. To be able to separate out the valuable constituents typically
requires complex process flow sheets with many individual unit operations. Under
this scenario, it is critical that the physical test work required to develop the process
flow sheet is well focused and driven by techno-economic analysis.

Integrated Approach

In order to address each of these challenges, Li-Cycle has applied an integrated
development approach. Specifically, the company has focused on four three-core
work streams in parallel: battery supplier, end product, and process development, as
well as techno-economic modeling.
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Fig. 4 An example li–ion battery composition. Source Diekmann et al.

Fig. 5 Global forecasted tonnage of li–ion batteries reaching the end of their useful life per year,
segmented by key prior use/application

Battery Supplier and End-Product Development

Li-Cycle’s battery supplier development began with a mapping of the li–ion bat-
tery supply chain. Through this focus, Li-Cycle has directly interacted with original
equipment manufacturers (OEMs) and battery consolidators for potential near-term
and long-term supply of li–ion batteries. For example, Li-Cycle engages with electric
vehicle (EV) producers to service the increasing volume of spent high voltage li–ion
batteries requiring resource recovery. The diversity of the li–ion supply chain evi-
dences the need to forecast a possible feed profile into the future, and to integrate this
directly into process development and techno-economic analysis. Li-Cycle’s forecast
for the global forecasted tonnage of li–ion batteries reaching the end of their useful
life is provided in Fig. 5, segmented by key prior use/application (i.e., automotive,
consumer electronics/portable, and stationary energy storage systems/ESS).
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During the initial stage of process development, based on battery supply devel-
opment efforts, it quickly became apparent that any process technology focused on
resource recovery from spent li–ion batteries must be robust to handle a broad range
of chemistries. For example, a first batch of li–ion batteries received was labeled with
a lithium cobalt oxide (LCO) cathode. However, based on the subsequent chemical
analysis, the specific batteries were shown to have nickel manganese cobalt (NMC)
chemistry. Additionally, further engagement with battery suppliers revealed that con-
solidators and recyclers often do not take the time to identify the chemistry of each
consumer electronics li–ion battery as it would be too costly for them and/or would
significantly increase Li-Cycle’s costs. Moreover, battery supplier development also
revealed that OEMs have proprietary cathode compositions which affect the concen-
tration of elements in the feed stream. Therefore, an integrated approach to project
development has been critical to ensuring long-term process viability.

From a commercialization standpoint and the segmentation of the Li-Cycle Tech-
nology™ flow sheet, through prioritizing the concerns surrounding the transport and
handling of spent lithium–ion batteries, Li-Cycle’s decentralized commercialization
approach (i.e., with satellite safe size reduction sites)minimizes the risk of an incident
occurring during transportation. Alongside, packaging and transport costs are min-
imized. Once the feed li–ion batteries have been size reduced, the resulting product
is no longer classified as a hazardous material or dangerous good as the electrolyte
has been separated from the rest of the battery components, eliminating the risk
of thermal runaway. This approach has only been enabled by an integrated battery
supplier development work stream that dialogues with the process development and
techno-economic modeling work streams in an integrated approach.

In parallel to all otherwork streams, Li-Cycle has also focused on the development
of end-product markets, premised on the re-introduction of critical materials in the
li–ion battery supply chain. Traditionally, many of the products from the resource
recovery of spent li–ion batteries have not reentered the li–ion battery supply chain.
To enable this circular economy focus, end-product qualification alongside each of
the stages of process development has been central to Li-Cycle’s approach, with
robust consideration of and integration with related drivers (i.e., battery supply feed
and its direct influence on end products, the modeling of the revenue drivers as part
of techno-economic analysis).

Process Development and Techno-Economic Modeling

Process development and techno-economic analysis included the development of a
technical process model which could predict product outputs based on the feed/input,
coupled with fundamental chemistry inputs (i.e., design criteria) from physical vali-
dation efforts. It is important to conduct this modeling during the initial stage of pro-
cess development as it has a significant impact on the ultimate economics. Li-Cycle
has utilized a robust multi-stage approach that progressively de-risks the project and
technology in a structured fashion, as summarized in Fig. 6.
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Fig. 6 Li-Cycle Technology™ commercialization roadmap
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Fig. 7 Li-Cycle Technology™—first commercial plant sensitivity analysis

Techno-economic analysis has played a critical role in each stage of the multi-
stage commercialization approach. Based on inputs from the battery supply and
physical test work, key financial drivers are progressively iterated and refined, includ-
ing but not limited to capital expenditure (CAPEX), operating expenditure (OPEX),
net present value (NPV), and earnings before depreciation, interest, taxes, deprecia-
tion, and amortization (EBITDA) for the first commercial plant. Ultimately, techno-
economic analysis and the associated financial model are intended to become an
operational support tool, e.g., testing the financial sensitivity of specific battery feeds
that could be received and processed through the combination of technical and finan-
cial drivers. Figure 7 provides a sensitivity tornado diagram for the NPV of the first
commercial plant which indicates that the key financial drives are the prices for cobalt
sulfate and lithium carbonate and the plant OPEX. This subsequently provided focus
for product market and process development activities.

An example of the two-way feedback that has occurred between the physical
test work and techno-economic analysis is the optimization of process reagent use.
Specifically, acid and sodium hydroxide (NaOH) reagent consumption required for
leaching and neutralization were identified as key OPEX drivers, as shown in Fig. 8.
The physical test work during the mini-piloting was subsequently focused on opti-
mizing their use. Specifically, a method was developed to separate the copper (Cu)
and aluminum (Al) foils from the cathode and anode powders prior to leaching.
This reduced the Al precipitated as aluminum hydroxide (Al(OH)3) during leaching,
resulting in an approximate 30% reduction in acid consumption and an associated
reduction in sodium hydroxide (NaOH) consumption thereafter in the neutralization
step. The net impact was a substantial 15% reduction in total OPEX. An additional
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Fig. 8 Operating cost estimate breakdown, Li-Cycle first commercial plant, size reduction, and
hydrometallurgical plants

benefit was a reduction in the valuable metal (i.e., Li, Ni, Co) lost as entrainment in
the Al(OH)3 precipitate resulting in a positive influence on key revenue drivers.

Conclusion

Li-battery recycling is an excellent example of a highly complex process that has
many external drivers and cost implications. To develop a strategy for recycling,
these external issues must be considered in an integrated way. Logistics, safety,
automation, heterogeneity of feed, customers’ needs, and market demands must all
be part of the solution andmust be included in the approach. This should notminimize
the significant chemistry that goes into a complex process such as this, but it does
mean that the focus, as it often is, should not just be on chemical reactions.

Through the effective integration of external factors along with a side-by-side
development of techno-economics along with process chemistry, Li-Cycle’s plan
for Li-battery recycling provides a robust and effective method of handling these
batteries, as well as returning as much material back to the front end of the process
as is possible. Through integrated process development, unforeseen obstacles can
be revealed early on and handled, and opportunities are made clear at the earliest
possible stage and can be capitalized upon.Aswell, the best economics for the overall
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process can be found that do not solely rely on maximizing recovery or minimizing
energy consumption, but that consider all financial drivers.
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Lithium-Ion Batteries, How to Generate
Value Out of End of Life Mobile Units

Christer Forsgren

Abstract The use of Lithium-Ion Batteries (LIB) increase every year. Warranty for
LIB in vehicles is often about 7 years. LaptopLIBs last less than half that time.Battery
packs from both computers and vehicles can be used for stationary energy storage.
After a second life used for energy storage, material recycling of especially Co and
Li is important both from financial and resource perspective. In EU, there are about
ten plants that with different technologies recycle mainly Co and Cu. Experiences
from EU will be presented.

Keywords Recycling · Li-ion batteries · Cobalt · Second use

Background

The use of Lithium-Ion Batteries (LIB) in different products has increased dramati-
cally in the last 5 years and will increase even more in the years to come. In vehicle
applications, about 50% of the battery weight is active battery cells. To simplify,
there are today three different types of chemistries used depending on application,
which are given as follows:

A. Laptops and smartphones. Cobalt (Co) content 20–25 w%.
B. Vehicles, Co content about 5 w%.
C. Busses, no Co, often Li-Ion-Phosphate (LFP).

A lot of research is ongoing to improve capacity both related toweight and volume.
Bothpouch cells and cylindrical cells use aluminumfoils as the backingof the cathode
material that differs between chemistries as A–C above. The anode uses a copper
backing and is oftenmade out of graphite. The electrolyte is often a blend of different
solvents with low flash point and a Lithium salt (LiPF6). Other parts of the cell are
the fluorinated binder (PVDF) and a separator (PP/PE)
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Recycling Legislation

The Battery Directive in EU requires batteries to be material recycled to at least 50
w%. The cost in EU to send a LIB to a recycling plant that recycles to at least 50%
is today about 2–4 $US/kg for LFP and a similar revenue for high Co LIB. If there
is a possibility for a second use the incentive to send LIB for material recycling is
very low.

Reuse for Energy Storage

When a battery has 70–80% left of the original capacity they are not possible to use
in most vehicle applications. To store energy from solar cells or from windmills is
becoming a new market for used LIB. Fast charging stations for vehicles are another
application for used LIB. Even used Laptop batteries mounted in a rack can be used
as emergency power in different applications. Since LIB for vehicle applications use
software for use, charging and discharging that is optimized for vehicle, not energy
storage conditions, there in some cases are challenges in this area. In many cases also
the use history of the battery is stored in the car, not in the battery, why the history
is lost if the battery is replaced.

Material Recycling

First step in recycling a vehicle LIB is to dismantle into at least three parts (1) LIB
cells, (2) Electronics and (3) Constructionmaterials (Frame, cooling equipment, etc.)

Treatment of LIB cells inmost recycling plants in EU is based on a combination of
mechanical, pyrometallurgical and hydrometallurgical processes. Most plants have
the first step of heat treatment at a temperature between 200 and 500 C to remove
solvents that could cause fires in the next step of processing. Most cells contain 5–10
w% solvents that are very flammable. Without the solvent, the cell can be regarded
as discharged and can be handled in a much safer way. Aluminum and copper are
present in the elemental form and should preferably be removed and separated before
any following high temperature or oxidizing process.

The material recycling value mainly depends on the Co content. Since Co is very
expensive manufacturers try to reduce the use as much as possible and replace it by,
e.g. nickel. The Li-content in the cell is often about 2 w% and is not recycled in EU
today. There is no elemental Li in a LIB.

When elemental Al and Cu have been removed the residual fraction contain the
cathode material with oxidized metals, binder, salt and graphite, a mixture called
black mass. To mainly recycle Co and Ni there are two main technologies, pyromet-
allurgical where the material is melted or hydrometallurgical processes where often
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acids are used to dissolve the black mass and separately precipitate different metals.
Hydrometallurgical processes can generate very pure material but are often more
expensive.

Also, phosphorous and graphite are on the EU list of Critical Raw material. The
cost to recycle these in comparably small volumes will be much higher than using
virgin material as raw material why material recycling short term is not likely to
happen.

Cobalt is themost critical element to recycle short term.Earlier, this year aHorizon
2020 project named “Crocodile” was launchedwith the focus of finding tools tomore
efficiently recycle Co from different sources. http://h2020-crocodile.eu/

Future

It is likely that vehicle batteries will last additional 10–20 years in some sort of energy
storage application why the need for high capacity material recycling will take many
years from now.

To avoid hazards during use of LIB there is a development towards solid elec-
trolytes that do not contain solvents with low flash point. Also, material recycling
will be easier without the content of solvents.

http://h2020-crocodile.eu/


Advances in Lithium-Ion Battery
Electrolytes: Prospects and Challenges
in Recycling

Joseph Hamuyuni and Fiseha Tesfaye

Abstract Lithium-ion batteries are already playing a key role in the move from fos-
sil fuels towards clean and renewable energy systems. This is because variabilities
in renewable energy grids need to be supported by very stable storage mechanisms
(batteries). In electric vehicles, lithium-ion batteries are also very important and
determine applicability on the target vehicle. At their end-of-life, substances con-
tained in them make it impossible to be discarded in an uncontrolled way. Moreover,
the batteries contain critical metals that need to be recovered. While there are cur-
rently numerous studies on recycling of the cathode materials, there is very scarce
research on how electrolytes impact recycling. This research reviews and enumerates
on the advances in lithium-ion battery electrolytes in the context of recycling.

Keywords Electrolyte · Lithium-ion battery · Metals · Recycling

Introduction

Although the first lithium-ion battery for commercial use was produced only two
decades ago, its technological advancement has moved very rapidly. It has a wide
range of applications from small portable electronic devices to very large-scale appli-
cations such as in automobile industry. Lithium-ion batteries now further represent
the future of most energy storage mechanisms. If the goal of a cleaner planet with
very low greenhouse gases plus a digital age is to be realized, the solution lies in the
developments of very powerful energy storage mechanisms.

Arguably, the six features/factors that make a lithium-ion battery competitive
are: specific energy, specific power, battery performance, battery lifespan, safety
of the battery and the costs associated. The six most developed lithium-ion battery
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technologies include: Lithium Cobalt Oxide, Lithium Manganese Oxide, Lithium
Nickel Manganese Cobalt Oxide, Lithium Iron Phosphate, Lithium Nickel Cobalt
Aluminum Oxide and Lithium Titanate. Table 1 depicts how these battery technolo-
gies fare against the above-listed factors and shows the extent of diversity in the
battery technologies.

At end-of-life (EoL), recycling of all these batteries is critical to keeping a closed
loop of metals. In this regard, Umicore is among the leading lithium-ion batter-
ies recycling company. The sustainable recycling process of Umicore is schemati-
cally illustrated in Fig. 1. Current lithium-ion batteries reach their EoL already after
300–500 charging cycles or 3 years of usage after which they must be recycled to
recover valuable metals. For this reason, there is intensive research in the field of
recycling lithium-ion batteries, with focus on the cathode contents of the lithium-ion
batteries. There is, however, less consideration on lithium-ion battery electrolytes and
how they affect the recycling process. This paper elaborates on lithium-ion battery
electrolytes from the critical metals recovery point of view.

Table 1 A comparison of the competitiveness of the six most common lithium-ion battery tech-
nologies. Notations: L stands for low, M for moderate, H for high

Indicators for the six most common lithium-ion batteries

Specific
power

Specific
energy

Safety Lifespan Cost Performance

LiCoO2 L H L L L M

LiMn2O4 M M M L L L

LiNiMnCoO2 M H M M L M

LiNiCoAlO2 M H L M M M

Li4Ti5O12 M L H H H H

LiFePO4 H L H H L M

Fig. 1 Schematic diagram
showing the recycling of
batteries at Umicore with a
closed loop of metals.
Modified from [1]
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Lithium-Ion Battery Electrolytes

In the operation of a lithium-ion battery, the electrolytes play a fundamental role and
one which is often understated. The electrolyte is an organic liquid with dissolved
substances and provides a sufficient conductive pathway for ions between electrodes
during charge and discharge cycles. For this reason, the overall performance of the
lithium-ion battery is a function of the performance of the electrolyte used. In fact
this is why today’s battery technologies have not yet been able to meet automobiles’
stringent future requirements for high energy density, sufficiently long cycle life,
excellent safety, and wide operating temperature range [2, 3]. Electrolytes holds
the key to the success of EV batteries. State-of-the-art electrolytes primarily consist
of lithium salts and organic solvents. These cause irreversible capacity losses that
resulted from the formation of stable solid electrolyte interphase (SEI), which inhibit
the increase in lifecycle and limit the operating temperature window, something
which poses severe safety concerns on lithium batteries. Typical first-generation
lithium salts and their properties are presented in Table 2.

In this respect, the replacement of currently used organic liquid electrolytes with
inorganic solid electrolytes (SEs) is very appealing

Table 2 Thermal stabilities, properties, and applications of selected lithium salts

LiX Properties of individual salt Properties of electrolyte
solutions (at 25 °C)

Application

Tm.p. °C Tdecomp. Stability
against
hydrolysis

Passivation
of Al

E, V

LiClO4 236 [4] >236 [4] Stable [4] Yes 4.6 [7] Primary
Li cells
[4]

LiCF3SO3 300–400
[4, 5]

~430 [8] Stable [4] No 5.0 [7] Primary
Li
cells/thin
film

LiAsF6 340 [4] 240 [9] Stable [4] Yes 5.1 [7] Primary
Li cells
[4]

LiPF6 190–200
[4, 6]

≥50 [10,
11]

Unstable
[4]

Yes 4.2–4.5 Mass-
production
[4]

LiBF4 293–305
[4, 7]

~132–300
[7, 12, 13]

Unstable
[4]

Yes 5.2 Primary
cells [4]
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Future Batteries Electrolytes

To increase battery-operating voltage, there is a need for electrolytes that are com-
patible with both anode and cathode interfaces. Development of organic solvents that
are compatible with lithium salts can supply a broader electrochemical stability win-
dowwhilst providing a higher operating voltage are need. In the current research, the
limiting factor to achieving this is the availability of an electrolyte with a low charge
transfer resistance at the solid–liquid interface. Examples of solid electrolytes pur-
sued include: LISICON, NASICON, sulfide and poly (ethylene oxide) (PEO). The
future of lithium-ion battery technology hinges on two principal drivers, increasing
the cell voltage and the charge-storage capacity. It must be stated that these two tasks
can only be successfully achieved with excellent electrolytes.

Chemistry and Recycling

From the contents of Table 2, it can be inferred that the variability of electrolytes for
lithium-ion batteries is wide. This adds to the already existing battery chemistry asso-
ciated recycling challenges of individual electrolyte battery technologies. So far, the
most popular electrolyte option is the LiPF6 electrolyte technology, since the voltage
of a Li-ion cell (~3.6 V) is way higher than the standard potential of electrolysis
of water which is only 1.23 V at 25 °C. There is a need for non-aqueous solu-
tion. Typically, solvents with high dielectric constants are desirable. Common elec-
trolyte solvents employed are propylene carbonate (PC), ethylene carbonate (EC),
and dimethyl sulfoxide. These are all able to dissolve several lithium salts. Because
of very high viscosities, these solvents tend to inhibit ionic transfers. For this reason,
the actual electrolytic fluids contain empirical mixtures that include low viscosity
solvents, dimethyl carbonate or methyl ethyl carbonate.

Factors that Inhibit Lithium-Ion Batteries Recycling

The three potential hazards for recycling are electrical, fire or explosion, and chemical
[13–15]. Recovery of the valuable metals from lithium-ion batteries is threatened by
the high flammability and toxicity potential of the contents of the electrolyte on
exposure to certain environments. This is also why EoL lithium-ion batteries are
classified as toxic waste by many standards.

Solvents such as cyclic and linear carbonates are at present frequently used in stan-
dard commercial electrolyte formulations. Solvents such as tetramethylenesulfone,
diethoxyethane and 2-methyl-tetrahydrofuran have been considered for formulations
of high-voltage electrolytes due to their high anodic stability. From the analysis of
the data presented in Table 1, it can be concluded that most of the solvents are liquid
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at room temperature and they can roughly be divided into two groups depending on
their volatility:

(a) (highly) volatile solvents with low boiling temperature, high vapor pressure
at room temperature and high relative evaporation rate, and (b) less volatile
solvents with high boiling point, low vapor pressure at room temperature and
low relative evaporation rate.

An analysis of the contents and chemistry of the components of the commercially
employed electrolytes for lithium-ion batteries reveals that:

(I) Most currently used lithium-ion battery electrolytes on exposure to the envi-
ronment are toxic, irritant or harmful in addition to being flammable. While
flammability associated risks of electrolytes are well researched and docu-
mented such that they arewell known by handlers, hazards and risks associated
with their toxicity are less often addressed.

(II) Typical commercial lithium-ion battery electrolyte solvents are volatile, with
volatility ranging from moderate to extremely volatile. Several studies have
now shown that even small amounts of some of these solvents when exposed
to the environment have irreversible serious health effects. Any recycling tech-
nology must devise a method to overcome this potential hazard.

(III) The reactions of salts including the most commercially
successful–LiPF6—when in contact with water, for example, is known
to result in the generation of gaseous HF, which is very toxic and corrosive
compound posing a serious health risk.

(IV) In addition to salts and their resultant toxic products, many of industrial avail-
able electrolytes comprise numerous additives which could also be volatile
and toxic. Although the number of additives in electrolyte is generally limited,
nevertheless as part of a thorough risk analysis potential risks associated with
release of these additives should not be neglected.

Summary and Conclusions

Lithium-ion batteries represent the future of most energy storage mechanisms. In
electric vehicles, lithium-ion batteries are becoming increasingly very important and
determine applicability on the target vehicle. At end-of-life, contents of the lithium-
ion batteries make it impossible to be discarded in uncontrolled way. Moreover, they
contain valuablemetals that need to be recovered.While there are currently numerous
studies on recycling of cathode materials, there is very scarce research on how elec-
trolytes impact the recycling process. This research highlights and enumerates the
advances in lithium-ion battery electrolytes in the context of designing sustainable
recycling technologies.
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Increasing Lead Battery Performance
Efficiency

Matthew Raiford, Timothy Ellis, Jagannathan Punjabkesar, Kelvin Naidoo
and John Howes

Abstract An active research and development initiative in the secondary lead indus-
try has produced a new lead alloy enabling lead batteries to function at 2× current
performance standards. The need for this new lead is in response to elevated temper-
atures due to the new duty cycles common for rechargeable batteries. This innovation
addresses the trace element impurity profile of secondary lead used in energy storage
and enables improvement in cycle life, dynamic charge acceptance and capacity. Uti-
lization of advanced structural characterization capabilities of the Advanced Photon
Source at the Argonne National Laboratory has led to a fundamental reassessment
of the mechanisms in Pb based batteries, driving the rate of technological improve-
ment in this crucial and sustainable energy storage technology. The specific energy
measurement of this new lead used in batteries reaches a level competitive with some
lithium-ion battery materials.
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Introduction

Electrochemical energy storage, such as lead–acid batteries (LABs), serve a vital role
in automotive, renewable energy, and grid regulation. LABs have been the corner-
stone of energy storage for decades, and improvements have pushed battery perfor-
mance to new levels [1–9]. Addition of carbons and other additives into the negative
electrode, optimized production processes, and alternative electrode configurations
have helped increase service life, energy density, and durability. However, more
improvements are necessary for LABs to fulfill the requirements set by the Depart-
ment of Energy (DOE), United States Council of Automotive Research (USCAR),
and IRENA [9, 10]. Each has metrics on lowering the cost of electrochemical energy
storage technologywhile improving energy density and lifetime. Table 1 summarizes
several of the metrics with a direct comparison to a typical LAB.

Additives for the positive activematerial (PAM)or negative activematerial (NAM)
are used widely, including lignosulfonates, carbons, and BaSO4. Typical LAB active
material is composed of primary or secondary lead with key impurities removed to
decrease oxygen and hydrogen gassing. Seminal work by Lan Lam et al. demon-
strated the effect of common elements on gassing reactions during float for a LAB
[11]. However, little research has focused on specific additive elements in the lead
on the crystal growth and dissolution behavior of the species in a LAB. Cycle life
can be limited by the growth of insoluble PbSO4 crystals and developing methods to
control the crystal morphology of PbSO4 could extend LAB life significantly. Intro-
duction of specific alloying elements into the lead used in leady oxide production
enforces a homogeneous distribution of the beneficial crystal modifiers throughout
the lead oxide and resulting paste. Previous work by Masahiko Anari has shown that
controlling antimony and arsenic content in lead–acid battery pastes can increase
capacity and cycle life in LABs [12].

We studied these elements from cell level to 12 V battery level and correlate them
to the crystal structures and properties in the alloys. Antimony in lead alloys has
been used as a strengthening agent, in amounts ranging from 1.4 to 6.0% content by

Table 1 Key performance metrics set by IRENA, DOE, and USCAR

Metrics Typical VRLA
LAB

Target Organization

DCA (A/Ah) 0.25 1.0 ALABC

Calendar life (years) 10 15 USCAR/USABC

Operating Temperature (°C) −30 to 55 °C −30 to 75 °C USCAR/USABC

Energy density (Wh kg−1) 50 100 IRENA

Acquisition cost ($/kWh) 220–250 100–150 IRENA

ESS Cycle life (number) 2200 5000 IRENA/DOE

Operating cost ($/kWh/cycle) 0.07 0.02 IRENA/DOE

Opportunity charging time (h) 8 6 ALABC
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weight. Antimony also can be utilized as Sb2O3 or Sb2O5 additives in paste mixing
and production. However, this approach limits the availability of antimony ions and
presents particle distribution issues. Significant enhancement was observed with
micro-additions of these elements into active material lead, called SUPERSOFT-
HYCYCLE®.

Performance improvement in automotive applications is further complicated by
“super-hot” conditions. Consistent underhood temperatures of +70 °C are measured
during operation and ~100 °C temperatures have been observed. Material composi-
tions in LABs must be altered to perform at “super-hot” climates to decrease positive
grid corrosion and positive paste shedding.Current PbSnCagrid alloys arewell suited
for many duty cycles and the addition of silver to these alloys has been shown to
increase corrosion resistance. Added benefit is possible with barium in maintaining
the grain structure at high temperatures and grid hardness. Combining the silver and
barium effects are studied in a grid material lead alloy, 009™, with superior corro-
sion resistance and mechanical strength. The focus of this paper is demonstrating
the benefit of utilizing novel micro-alloyed lead alloys, SUPERSOFT-HYCYCLE®

and 009™, with As and Sb effects in active materials and Ag and Ba effects in grid
alloys.

Experimental

2 V Cells were constructed from machine grade polycarbonate and leak tested over
a 60 day period at 70 °C. The lid was sealed using common sealing adhesives for
lead–acid battery casings fromAtlas. The cells were testedwith a total of nine battery
electrodes (five positive and four negative or four positive and five negative), with 3
control battery cells and 21 samples tested in every battery testing regime.

Using a three-electrode cell setup, a solution of 0.1M Pb(NO3)2 and 1.0MHNO3

(50 mL) was added to the electrochemical cell. A clean GC RDE was lowered into
the solution until the face of the electrode was submerged under the meniscus. At this
point, the disk and shaft assembly are kept stationary, or rotated at 25 or 100 rpm.
Electrochemical deposition was performed galvanostatically, using the galvanostatic
option in theGamry software package. Sulfation studies were performed in a solution
of 1.285 s. g. (~5 M) H2SO4 and the desired concentration of the ion additive were
added to the electrochemical cell. The disk assembly was used in the three electrode
setup, with an existing GC RDE with pre-deposited β-PbO2 adhered to the surface
as the working electrode. Cyclic voltammetry was used to simulate the charge and
discharge processes in a lead–acid battery by scanning slowly between the +0.6 and
+1.6 V. The deposits were then washed with ethanol and dried under air.
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Results and Discussion

Initial studies of the antimony/arsenic effect were performed on model PbO2 sur-
faces electrodeposited on glass carbon rotating disk electrodes (GC RDE). Pristine
PbO2 surfaces were produced in nitric acid conditions and thoroughly washed with
deionized water.
Initial Electrochemical Growth/Sulfation. Glassy carbon was used as the sub-
strate, producing a much smoother and usable deposit compared to other electrode
materials [13] Visual inspection suggested that the deposition conditions produced
an orange–red α-PbO2 material on the GC electrode. The active material generated
after formation in a LAB is β-PbO2 and the α-PbO2 material while reproducible and
easily controlled is not desirable to mimic the PAM of a LAB. Various potentiostatic
experiments resulted in the formation of α-PbO leading to galvanostatic experimen-
tation to form the appropriate lead dioxide. Low current scan rate at less than or equal
to 5 mV/s under galvanostatic conditions formed the desired β-PbO2.

Figure 1 is the galvanogram for a typical lead dioxide growth experiment over a
three-minute time period. The first ten seconds of the experiment are charge absorp-
tion and initial formation of the β-PbO2 along the glassy carbon interface. The small
peak in the formation curve is due to a newly conductive interfacial lead dioxide sur-
face forming, charging, and then falling due to capacitance. This process can control
the thickness of the deposit by changing the growth time, with increased time leading
to an increase in thickness. Figure 2 shows SEM images (backscatter and secondary
imaging) of a typical deposit of the β-PbO2 on the GC substrate and is characterized
by globular and porous particles distributed onto the electrode surface.

Cycling experiments in sulfuric acid were then performed with the reproducible
β-PbO2 PAM surface. The sulfuric acid used was a specific gravity of 1.285, typical
in many lead–acid batteries. The first experiment was a slow scan rate using ten

Fig. 1 The galvanogram shows the typical galvanostatic growth profile for PbO2 formation and
resulting deposition onto a GC RDE electrode
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Fig. 2 SEM images of the galvanically deposited β-PbO2 active material on the GC substrate.
(Left) A backscatter electron image of the deposit showing the distribution of globular, spherical
particles formed. (Right) A higher magnification image showing the porosity and fine structure of
the particles

Fig. 3 A cyclic
voltammogram of the
sulfation process on the
deposited PAM over 10
discharge/recharge cycles.
The experiment was
performed using an
Ag/AgSO4 reference
electrode and graphite
counter electrode

charge/discharge cycles between −1.6 V and +1.6 V. Figure 3 shows the average of
the cyclic voltammagram over the ten cycles and the formation of PbSO4 during dis-
charge at −0.795 V and dissolution to PbO2 at +1.17 V. Similar data were gathered
at 50, 100, and 200 cycles. Linear dependence studies of oxidation and reduction
activity indicated a slow decay of the charge potential over time. The β-PbO2 oxida-
tive formation peak is nonreversible which agrees strongly with previous literature.
The scan rate of 5 mV/s allowed for a high electrochemical resolution and two
distinct peaks are observed in the reductive region of the cyclic voltammagram,
Fig. 3. The reversible peak is present at −0.795 V which correlated to other exam-
ples of sulfated lead dioxide, the sharp nonreversible peak is possibly the formation
of the intermediate Pb(OH)2 product formed before sulfation.
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Fig. 4 (Left)An image of theβ-PbO2 surface after 10 discharge and recharge cycles. This particular
sample was held to discharge at +0.6 V and then studied and imaged. (Right) An image focused
on a β-PbO2 sphere covered with small rod-like crystals located near a large prismatic lead sulfate
crystal

Extensive studies were first conducted on the discharge product where the surface
was left at −0.6 V during PbSO4 formation. The discharge state was studied over
several samples to observe the types of crystals produced during sulfation of the
PAM surface. As mentioned earlier, the transition from PbO2 to PbSO4 is incomplete
during sulfation.Mono-, tri-, and tetrabasic lead sulfates and different lead oxides are
formed in tandemduring sulfation, eachwith preferred sizes, shapes, and orientations
[4, 14]. Gathering information on the electrochemical transformation of the pure
PbO2 without ionic additiveswill directly aid in identifying the effect of each element.
The control sulfation studies beganby imaging the surface after 10discharge/recharge
cycles. Figure 4 shows the surface at discharge at the end of the ten cycles. Figure 5
shows the behavior of these phases in the presence of Sb and As ions.

Oxide production was catalyzed by the arsenic and antimony ions in solution,
regardless of working potential. In both the discharge and recharge steps of the elec-
trochemical cycle, rods of oxide or basic lead sulfate were produced. At discharge,
the rods measured 1.944 μm in average length with an average width of 244 nm.
Similar dimensions were found at recharge with only a slight degree of dissolution
occurring. This conductive network of oxide may be beneficial, but there is a high
degree of breakdown of the PAM surface, which leaves the performance of this com-
bination in DCA applications unclear. There is a noticeable increase in the current
during voltammetric cycles, with an increase in the iA relative to the As+3 and Sb+3

trials. The increase in current transport would suggest an increased electrochemical
conductivity.
2 V Cell Testing. Cell testing in custom polycarbonate cell casings using five PAM
and four NAM lead–acid plates were used to achieve similar active material to elec-
trolyte ratios found in commercially available batteries. Initial one hour and twenty-
hour capacity testing measured the benefit of antimony and arsenic on available
capacity. SUPERSOFT-HYCYCLE® leady oxide was compared against control of
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Fig. 5 (Left)Discharge of the PAM surface in the presence of both As(III) and Sb(III) ions formed
sulfate crystals and ~2 μm in length rods of oxide. (Right) Similarly, recharge of the materials
resulted in the formation of faceted rods of oxide and further oxidation of the PbO2 globules to a
new phase

a typical lead oxide with low amounts of impurities. Table 2 outlines capacity data
for each leady oxide, with an increase in capacity measured for the SUPERSOFT-
HYCYCLE® relative to the control. The increase in capacity is explained by the
Kugelhaufen (aggregate of spheres) model, and antimony acts similarly to SnSO4

[15]. There are several pathways for this improvement: (i) Sb and Sb+3,5 ions aid in
the dissolution of nonconductive or less conductive PbOx species on the PAM (ii) Sb
and As incorporate into PbO2 as a doped oxide that is more highly conductive and
more easily recharged species. Alternatively, Sb and As species may directly aid in
changing the resulting discharge phase, PbSO4, to a more easily dissoluted crystal
form. This mechanism is supported by the benefit observed from SUPERSOFT-
HYCYCLE® leady oxide used in PAM and NAM active material.

Different cycling tests were performed on the effect of varying discharge rates
on the phases in LABs. Differences in capacity can be attributed to the antimony
integrating into the PbO2 and increasing electrochemical conductivity. 2 V cell cycle
testing demonstrated the effectiveness of SUPERSOFT-HYCYCLE® in different
DOD regimes. The highest benefit is observed at the low DOD cycling performed in
Micro-hybrid testing (MHT) packets. MHT, featuring units of low DOD and small
recharge times, covers conditions difficult for proper PbSO4 dissolution. Increasing
the conductivity and producing a more effectively dissoluted PbSO4 morphology are
pathways for longer cycling and lower DOD battery application. Similar principles
are advantageous for geochemical dissolution of BaSO4 [14]. BaSO4 dissolution can
be adjusted by exposure of ions (Sr2+, Ca2+, and others) and results in significant
changes in mechanistic rates. Similarly, Sb3+ and As3+ participate in adjusting the
preferred crystal surface free energies of PbO2/PbSO4 on the PAM and Pb/PbSO4

on NAM (Fig. 6).
Moderate improvements were observed for three DOD cycling tests (at 17.5, 50,

and 100% DOD, BCI standard). Figure 7 shows the comparison of these three tests
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Table 2 Comparison of performance data from 2V cells based on SUPERSOFT-HYCYCLE® and
commercially available leady oxide (control)

Controla,b SUPERSOFT-
HYCYCLE®a,b

Notesa Improvement

Capacity (C, mAh/mg) 74 84 BCI 13.5%

Capacity (C20,
mAh/mg)

113 125 BCI 10%

CA

DCA (A/Ah)c 0.21 0.49 EN ×2

MHT (cycle number)c 8000 42,000 EN ×5

DOD 17.5 (cycle
number)

3000 4170 BCI 39.0%

DOD 50 (cycle number) 810 1140 BCI 40.7%

DOD 100 (cycle
number)

765 990 BCIS 40%

aResults were based from 2 V cells at 25 ± 5 °C
bFlooded configuration for cells, the cells were maintained
cNo BCI equivalent

Fig. 6 2 V cell cycling
performance at different
depth-of-discharge duty of
SUPERSOFT-HYCYCLE®

compared to a typical leady
oxide

compared to a typical soft lead-based leady oxide. Capacity retention is stronger
when SUPERSOFT-HYCYCLE® discharges, with additional longevity offered by
an increase in electrochemical conductivity over time. This effect was studied by
mapping capacity retention over the length of the 2 V cells and via SEM imaging of
electrodes ex situ at different points in a cycling regime. The incidence of orthorhom-
bic PbSO4 is significantly lower in samples containing SUPERSOFT-HYCYCLE®

relative to the control. PbSO4 particle size is 4.54 ± 0.6 μm and the control particle
size is 6.79 ± 0.7 μm. SEM imaging of the battery cells after MHT confirm PbSO4

dissolution is promoted by arsenic and antimony in SUPERSOFT-HYCYCLE®.
Also, cured electrodes produced using SUPERSOFT-HYCYCLE® contain tribasic
lead sulfate crystals of differing aspect ratio, further supporting crystal modification
by the micro-alloying elements.
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Fig. 7 2 V lead–acid cells for control leady oxide, SUPERSOFT-ULTRA® (a highly pure sec-
ondary lead) leady oxide, and SUPERSOFT-HYCYCLE® leady oxide were tested using the MHT
test outlined in the EN 50432 standard. Large improvements were measured for SUPERSOFT-
HYCYCLE® cells compared to other specifications

12 V Battery Testing. L3-70 Ah batteries were produced using SUPERSOFT-
HYCYCLE® in the PAM/NAM and 009™ as the positive grid material. High-
temperature DOD 17.5% cycling was performed at 60 °C and 25 °C to test the
effectiveness of Ba, Ag at improving cycle performance. Past work has demon-
strated the benefit of barium at temperatures above 50 °C. Silver offers additional
corrosion resistance with a mild improvement in mechanical strength (YS). Silver
and barium provide benefit at very low levels (approximately 100 ppm), providing a
pathway to improving and maintaining strength and hardness. A series of batteries
were produced to measure the benefit of SUPERSOFT-HYCYCLE® on cycle life at
25 and 60 °C.

Temperature (°C) SUPERSOFT
controla,b

SUPERSOFT-
HYCYCLE®a,b

Notesa Improvement (%)

25 412 946 BCI 130

60 783 1198 BCI 53

Figure 8 shows the cycling performance for Control/009™ and SUPERSOFT-
HYCYCLE®/009™ 12 V batteries. The largest benefit is observed on the As,
Sb effect OF SUPERSOFT-HYCYCLE® leady oxide-based electrodes. Cycle life
increases by 130%, from 412 to 948. This can be attributed to the lower levels of lead
sulfate, but also the network building effect of antimony. Antimony contributes to the
formation of longer, interwoven PbSO4 that is more easily dissolved. The increase in
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Fig. 8 Willard Battery 12 V automotive batteries utilize SUPERSOFT-HYCYCLE® in the
PAM/NAM and 009™ as the positive grid material. DOD 17.5% testing performance compari-
son at 25 and 60 °C demonstrate the beneficial effects of 009™ grid alloys at raised temperatures.
An increase in cycle life of 23% was measured at 60 °C. For comparison, cycling performance for
SUPERSOFT/009™ was included to demonstrate the benefit of SUPERSOFT-HYCYCLE®

Fig. 9 Mechanical hardness and yield strength testing were performed over 7000 h at 70 °C. Tests
were performed on PbCaSn and 009™ coupons in 1.285 s.g. H2SO4 at float voltage

conductivity from higher surface area charge pathways contributes to higher capac-
ities and lower recharge times, but the network provides stronger cohesion in the
active material paste resulting in decreased PAM paste shedding. 009™ helps inhibit
positive grid corrosion. The high-temperature benefit and increased cycle life are
observed with SUPERSOFT-HYCYCLE®. The 009™ decreasing PAM corrosion
allows for the dissolution effects to provide greater benefit. In batteries made with
SUPERSOFT-HYCYCLE®/009™, an improvement of 23% is observed at 60 °C, as
shown in Figs. 8, 9.
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Conclusion

Understanding the effect of metallic species and ionic species on the crystal growth
and dissolution of PbO2 and PbSO4 in lead–acid battery conditions provides design
criteria for more effective active material, SUPERSOFT-HYCYCLE® and grid
alloys, 009™. The As and Sb effect studies in electrolyte indicated capacity and dis-
solution changed in the presence of these species. Further testing in 2 V cells showed
improvements in capacity and a spectrum of cycling testing further demonstrating
the benefit of micro-alloying and crystal growth control. Long-term mechanical test-
ing of the hardness and yield strength of 009™ indicated the benefit of Ag and Ba
in inhibiting PAM grid corrosion. 12 V battery testing strongly supports the benefit
of micro-alloying by demonstrating the cycle life improvement from SUPERSOFT-
HYCYCLE™ compared to normal leady oxide. High-temperature testing demon-
strated the benefit of 009™ by increasing cycle life at 60 °C.
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Outotec Solutions for E-Scrap Processing

Stephen Hughes, Mikael Jåfs, Hannu Johto, Jan Stål and Janne Karonen

Abstract Scrap materials generated from End-of-Life electrical and electronic
goods attract a great deal of attention both as a problem for society as well as
an opportunity for new value creation through efficient recovery of the metals and
energy content of such materials. Whilst the arisings of such materials appear to be
ever increasing with growing affluence and decreasing product life cycle, processing
of these secondary materials is faced with many challenges due to their complex and
evolving nature. This paper discusses processing of complex scrapmaterials and how
a combination of pyrometallurgy and hydrometallurgy can enable recovery of a wide
range of valuable metals. Special attention is needed to address the environmental
aspects of processing such materials and Outotec solutions are discussed with envi-
ronmental performance as a key consideration. This is borne out by the successful
experience on commercial projects in countries at the forefront of environmental and
operating standards.
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The Importance of E-Scrap as a Resource

In recent years increasing attention has been drawn to the issue of the responsible
processing end-of-lifeWaste Electrical andElectronic Equipment (so-calledWEEE).
The terms “Electronic Waste”, “E-Waste”, “Electronic Scrap” or “E-Scrap” are also
widely used to describe such materials. It has been estimated that the amount of
WEEE globally in 2016 was around the level of 46 Mtpa [1], hence representing a
major waste disposal challenge, but simultaneously also representing a tremendous
opportunity in terms of potential resource recovery. The official recovery rate of the
WEEE is now only 20% [1], indicating high potential increase to available material
for treatment. The rate of availability of WEEE is also growing faster than general
economic growth and is estimated to be increasing by at some 3 to 5% per annum
in the EU [2]. The rate of production of electrical and electronic equipment gives
some leading indication of the future growth globally with increasing affluence and
digitalization. As an indication, taking a consumption level of 15 kg/person as a
benchmark value for a developed economy, would give a potential future global
WEEE generation rate in excess of 100 Mtpa.

Material classified asWEEE can vary widely ranging fromLED lights andmobile
phones through to large appliances such as air conditioning systems, refrigerators
and washing machines. A characteristic of such manufactured products is that the
constituent materials will vary considerably between products and can be expected
to change over time. Different products will also have varying life cycles.

The major constituents of WEEE, on average, are plastics and iron/steel and
together these can typically account for 60–80% of the overall mass of the waste
material. Whilst there are equipment and techniques available for separating and
recovering plastics and iron/steel, the relatively low value of these materials can be
an impediment to the recycling of WEEE. Significant amounts of aluminium and
copper are often present in WEEE and copper, in particular, is subject to high levels
of recycling due to its relatively high value. Copper is predominantly contained in the
wiring, motors and controls of appliances and can be physically separated to a certain
extent. Perhaps most attractive of all are the values of gold and precious metals that
can be found in the printed circuit boards (PCB’s) that are a feature of many modern
appliances. The mass of PCB’s, on average, is only some 2–3% of the total mass of
WEEE. In addition to the materials described above a wide range of other elements
are present in WEEE such as silicon, lead, tin, nickel, halides, antimony and other
minor metals, Fig. 1.

Overview of Metals Production Cycle

The harmonisation of resource, technology, and environmental cycles has been
described extensively by Reuter et al. [3]. Metals entering the production cycle are
derived from ores mined from the earth’s crust, which are typically subject to a con-
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Fig. 1 The average WEEE and PCB composition based on materials tested at Outotec

Fig. 2 Changes in global flows of copper based on data reported by the International Copper Study
Group for the years 2011, 2013 and 2015

centration process, followed by smelting and refining to produce final pure forms of
metal for consumption. A proportion of the metals contained in end-of-life products
are then typically recovered during the secondary production cycle as illustrated in
Fig. 2 [4, 5].

The recycling of metals has become increasingly important for the following
reasons:

(i) Typically, lower losses and energy requirement (hence lower costs) to produce
refined metals from secondary sources compared with primary sources.

(ii) Societal pressure and economic incentives to reduce wastes going to disposal,
especially where hazardous materials are involved.

The primarymetals production industry is faced with the dual challenge of declin-
ing ore grades and rising energy costs, whilst environmental awareness and respon-
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sibility also continue to gather momentum around the world. These trends lead the
authors to conclude that the responsible processing of e-scrapwill be amajor business
growth opportunity for many years to come.

Key Issues in the Processing of E-Scrap

An effective and efficient collection network is a vital first step of any recycling oper-
ation. Unlike primary processing where the resource itself is under the control of the
processor, WEEE collection is highly dispersed and typically reliant upon a network
of operators all seeking to secure some part of the value from the recycling pro-
cess. Recycling schemes supported by legislation, suitable infrastructure and public
awareness campaigns are particularly important in more affluent, developed coun-
tries where typically little, nil or even a negative value is ascribed to the scrap by
the individual consumer of the EEE. In less developed countries where the value of
materials is often better appreciated, collection networks are frequently informal and
subject to a lack of standards and controls over working conditions. Unfortunately,
the financial success of such informal business ventures adversely affects the repu-
tation of the recycling industry and they can also prevent more reputable operators,
subject to higher costs, from entering the business on a local level. This reinforces
the importance of strong legislative controls as well as the need for monitoring and
vigilance over supply chains in this field of business to ensure that the WEEE feed
stream is sourced in a responsible and ethical manner.

The next critical step in the processing of e-scrap is separation (or pre-processing)
of the various fractions, such as:

• Plastics
• Ferrous scrap
• Non-ferrous scrap
• Printed circuit boards and other higher value components.

Techniques and equipment can range from manual disassembly and sorting
through to mechanical systems employing processes such as crushing, shredding,
screening, magnetic separation, eddy current separation, electrostatic separation, x-
ray and/or infrared scanning. Such equipment can be extensively automated and is
available from a range of manufacturers.

Whilst separation into various intermediate product streams can be achieved using
the techniques described above, there are limits to the capabilities of physical sepa-
ration processes. In particular, the highest value fraction of the waste (typically the
printed circuit board/complex electronics) are highly integrated, multi-metal com-
ponents that cannot be easily broken down and separated physically into their basic
metal components.

The analysis of such complex scrap fractions, that are subject to final processing
for non-ferrous metals recovery, can be expected to evolve continually as technology
evolves with factors such as miniaturisation, displacement and design for recycling.
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Fig. 3 Recycling efficiency between a common formal system in Europe and the informal sector
in India for the gold yield from printed wire boards [6]

Typically, and as seen from the range of analyses above, such complex scrap fractions
will contain awide rangeof elements or components.Certain elements or components
present challenges to downstream processes that require special consideration, such
as:

• Plastics and other hydrocarbons
• Flame retardant materials
• Aluminium and aluminium oxide.

As seen from the data above, e-scrap also has a significant energy value that can
enable pyrometallurgical processing to be performed with minimal supplementary
fuel requirements as well as providing for opportunities for energy recovery in the
process.

Stepping back and looking at the overall efficiency of the combined collection/pre-
processing and final processing steps based on an analysis of data by UNEP [6]
illustrates an interesting aspect of value realisation from WEEE, namely that the
labour intensive and environmentally harmful informal sector may be achieving
a higher net recovery of values compared with supposedly more highly developed
systems.Whilst the final processing step that is themain subject of this paper has been
developed to a high level, there would appear to be substantial room for improvement
in the front-end collection and pre-processing steps applied in Western countries to
maximise the overall recycling efficiency. The data would also support the goal of
minimising the extent of pre-processing as far as possible in order to realise the benefit
of high recovery that can be achieved in the final processing step. For example, it is
significantly more efficient to direct small electronic devices to the final processing
step with minimal pre-processing (e.g. removal of battery only) (Fig. 3).



288 S. Hughes et al.

Fig. 4 Flowsheet examples ofWEEE treatmentwith combination togetherwith primary production
(left) and on stand-alone basis (right)

Outotec Solutions

Outotec is a leading supplier of technology solutions for themetals production indus-
tries, with a long history of developing innovative equipment and processes with
strong environmental credentials [7]. In the field of processing of complex secondary
copper feed materials, Outotec offers a combination of proven pyrometallurgical and
hydrometallurgical processes to produce high-quality refined metal products in an
efficient and environmentally friendly manner. These process combinations are illus-
trated in Fig. 4, showing examples of overall plant schemes to treat WEEE.

Pyrometallurgy

Pyrometallurgical processes have long played amajor role in the production of copper
from primary and secondary sources, with most of world copper obtained through
one or more pyrometallurgical processing steps.

Primary processing typically involves oxidation of sulphide concentrate/matte in
a two-stage process to produce blister copper. The oxidation of sulphides liberates
energy that can be used for melting of scrap, and the addition of various grades of
copper scrap and reverts has been a long-standing practice in primary smelters. The
addition of e-scrap as a potential feedstock, however, introduces complications in
terms of impurities, energy load and environmental management. Due to the impu-
rities and energy content of the e-scrap, addition in the first (smelting) stage of the
process would be the more desirable approach as the energy liberated by combustion
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of plastics can be used to displace fossil fuel, whilst many impurities are typically
more effectively removed across a two-step process by taking advantage of different
oxygen potential conditions and the presence of a matte phase. Whilst the manage-
ment of impurities can be a limiting factor, an even more significant challenge relates
to the increased volumes and heat load of the smelter offgas (a limiting factor for
many established smelters) and potential for dioxin and furan formation by de novo
synthesis in the offgas train. These factors tend to limit the amount of e-scrap that
can be added to primary smelters, but the consumption of e-scrap can be expected to
increase in future as primary smelters learn to optimise their operations to manage
such complex materials in the context of their overall operations.

Traditional secondary copper processing involved a combination of reductive
smelting, followed by converting to produce copper of suitable quality for anode fire
refining/casting followed by electrolytic refining. Typically, significant volumes of
relatively clean scrap would be added to dilute impurities. More recently, several
plants have been established that employ oxidative smelting/converting type pro-
cesses, followed by metal granulation/leaching/electrowinning. Such a scheme can
allow for treatment of less pure copper, enhancing the flexibility of a smelter.

A feature common to any smelter that introduces complex materials into its’
feedstock is the need to establish plants for the treatment of by-products or link into
a network of processors who can extract the full value of the valuable minor metals
such as lead, zinc, tin and nickel.

Outotec offers a number of leading pyrometallurgical processes as part of its
Smelting portfolio, including:

• Outotec® Flash Smelting Process, typically applied for the smelting of copper and
nickel sulphide concentrates, but capable to accept a proportion of e-scrap in its
feed mix.

• Outotec® Ausmelt Top Submerged Lance (TSL) Process, that can be applied to
treat a wide range of feed materials, including up to 100% secondary materials in
either continuous or batch method of operation.

• Outotec® Kaldo Process, that can also be applied to wide range of feed materials,
including up to 100% secondary materials in a batch mode of operation.

• Outotec® Peirce Smith Converting Process, is a modern variant of this traditional
technology that has been upgraded to include enhanced hooding for control of
emissions and automated control features.

• Outotec® Fire Refining Process, applied for the refining of blister copper/crude
copper to remove residual sulphur and certain minor elements, then de-oxidation
to produce anode quality copper.

• Outotec® Anode Casting, applied for the accurate casting of anodes suitable for
electrorefining.

• Outotec® Slag Cleaning Process, involving the use of an electric furnace for the
recovery of values from slags prior to discard.

Integration of each pyrometallurgical process with the most appropriate furnace
gas handling systems is a particular area of strength of Outotec, with a wide range of
solutions available, ranging from dry/wet gas cleaning systems through to sulphuric
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acid production from sulphur dioxide laden gas streams. As mentioned previously,
for processes treating e-scrap special consideration is required for themanagement of
dioxin/furan, preferably by minimising the extent of formation of such compounds
but, if necessary, implementing equipment to capture such compounds and avoid
emission to atmosphere. The Outotec Wet Gas Cleaning technology for Electronic
Scrap Treatment is a reliable solution to remove solid particles, halides and trace
amounts of SO2 in the process gas, with an efficient use of the required utilities.
The system is designed to minimise dioxin formation. The process gas is quenched,
scrubbed, cooled and filtered to achieve an excellent removal efficiency of pollutants
as dioxin mercury and sulphur.

Hydrometallurgy

Hydrometallurgical processes have a strong role in the production of copper espe-
cially from primary sources as an anode-to-cathode electrorefining step in the
pyrometallurgical route or as a direct hydrometallurgical route through the solvent
extraction and electrowinning route.

Scheme 1: Anode Electrorefining

Electrorefining of copper anodes (Cu > 99%) is well-established technology to pro-
duce standard, high-grade (LME-A grade) copper cathode. Outotec technologies
include anode preparation machine, permanent cathodes, electrolytic cells, busbar
systems and tankhouse crane and bale including anode slime processing in PM pro-
cessing plant.

Outotec digitalisation solutions enable fully automated tankhouse operations
including automatic crane, robotic cathode stripping machines and process automa-
tion with CellSense® and TIMS systems.

Scheme 2: Leaching—Solvent Extraction—Electrowinning

In case high-quality copper for anodes cannot be produced economically, leaching
of raw copper followed by copper solvent extraction and electrowinning is an option.
This processing technology enables the same copper cathode quality and refining of
precious metals than conventional electrorefining route. The main benefits are much
higher tolerance towards impurities in feed material and more scalable investment.

Leaching is done atmospherically in sulphuric acid solutionby introducingoxygen
in the leach reactor. Copper and some other components are leached in pregnant leach
solution (PLS), which is processed in solvent extraction plant to selectively extract
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copper and transfer into electrowinning plant. LME-A-grade copper cathodes are
produced. Impurities are managed by taking a small bleed stream out of the process
are precipitating impurities before recycling the solution back to the main process.

Precious metals remain undissolved in leaching residue and they are further pro-
cessed in the precious-metal plant.

Precious Metals Recovery

Anode slime or leaching residues are processed in the PM processing plant. High-
grade PM- and e-scrap can be fed into the smelting stage. Outotec offers solutions
for complete precious metals recovery and refining and can include the following
stages:

• Copper leaching with tellurium recovery
• Smelting and converting in Kaldo furnace or Trof converter and anode casting
• Silver electrorefining and silver ingot casting or granulation
• Gold refining and ingot casting
• Refining of platinum group metals
• Wet gas cleaning with selenium recovery or separate selenium roasting system
• Wastewater treatment for high recovery of valuable metals.

Case Studies

The following case examples showcase a few technologies used in the recycling of
secondary copper in Asia and Europe.

Case 1: Use of Ausmelt TSL Process in Secondary Copper
Plants in Asia

The Ausmelt TSL Process has been successfully applied in two important secondary
copper plants in Asia, that are dedicated to the processing of secondary materials
and are set up to enable multi-metal recovery.

Kosaka Smelting & Refining Co., Ltd., a subsidiary of Dowa Holdings Co., Ltd.
(Dowa) operate a smelter located at Kosaka, that has been recognised for mastering
the treatment of complex materials. A flash smelting furnace was implemented in
1967 [8], but due to changing market for feed materials, in 2005 Dowa elected to
implement new pyrometallurgical technology that could accept up to 100% of non-
sulphide feed materials. In targeting enhanced flexibility of the plant another key
criterion was that the new process must conform with strict local environmental
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Fig. 5 View of GRM Plant [10]

regulations. The Ausmelt TSL Process was extensively tested at pilot scale and then
selected as the pyrometallurgical process for the project [9].

The new Ausmelt TSL furnace was started up in 2007 and continues to operate to
treat up to 150,000 t/y of a wide range of feed materials and enables the recovery of
16 different metals by effective integration into the wider Dowa network of copper,
lead and zinc smelters and refineries.

GRM Co. Ltd. was established in 2008 to develop a new secondary smelter plant
at Danyang, Korea. A contract for the licensing and technology supply relating to
the Ausmelt Process was signed in 2008 and the project progressed to start up in
2011. The plant has been designed with capacity of 110,000 t/y of secondary feeds
and produces black copper (~75% Cu grade) as main product, with ferro silica and
gypsum as by-products. The black copper acts as an effective collector for precious
metals that can be recovered in further refining steps (Fig. 5).

Case 2: Use of Kaldo Process in Rönnskär Smelter, Sweden

TheBolidenRönnskär Smelter bases its operation on integrated primary smelting and
secondary recovery. The smelter has been treating secondarymaterials and secondary
copper for a long time and has been a forerunner in developing technology for treating
Cu scrap with high content of organics.

The Kaldo technology was developed in the mid 70s and the first burning and
smelting of copper “e-scrap” or copper with high plastic and organic content started
already back in 1980. To collect mercury and dioxins a wet- and dry gas cleaning
system was designed to meet the highest environmental standards. The burning of
the scrap generates a lot of heat which is recycled and converted to electricity or
district heating. The smelted e-scrap forms black copper, with 65–75% copper that
is fed hot into the Pierce-Smith converters and integrated to the smelters main copper
stream for further extraction of copper and precious metals.
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Fig. 6 Flowsheet of the Rönnskär integrated smelter [11]

In 1990, the old lead electric furnace operationwas shutdown, and the lead concen-
trate smelting was performed using the Kaldo furnace, and the Kaldo operation was
split into lead smelting- and e-scrap smelting campaigns of 1–2 months, respectively
(Fig. 6).

The Rönnskär e-scrap recycling operation expanded over the years and in 2012
a new Kaldo plant and a new material sampling and processing facility was com-
missioned. The new plant complemented the existing Kaldo plant giving a total
production capacity of 120,000 t/y of e-scrap for the Rönnskär smelter.

Concluding Remarks

The recycling of more complex scrap materials is expected to grow at a faster rate
than overall metals production, due to the combined effect of metal inventory growth
and great scope for improvements in collection and pre-processing efficiencies. This
should present attractive business opportunities to companies with access to the
necessary social license, capital, feed sourcing/product sales networks, processing
plant technology and operating know-how. Companies established in the metals
production chain have a significant head start, possessingmany of these requisites and
are likely to shape their operations in future to incorporate additional secondary feeds
by maximising the proportion of e-scrap into the feed, where possible or establishing
complementary dedicated secondary copper processing facilities. There may also be
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opportunities for new secondary processors to fill gaps in the market where sufficient
volume can be captured.

Through a comprehensive understanding of the overall integrated metals produc-
tion chain, appreciating the need for competitiveness, sustainability and customi-
sation, Outotec is able to work with its customers to deliver the solutions that will
be required for the future development of the plants needed to treat ever-increasing
amounts of e-scrap whilst minimising the environmental impacts.
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Rare Earth Magnet Recovery from Hard
Drives by Preferential Degradation

Brandon Ott, D. Erik Spiller and Patrick R. Taylor

Abstract Neodymium recycling by the mineral processing practice of liberation
and separation of hard disk drives is envisioned and evaluated. Magnetic material is
liberated from the hard drive, constructed mostly of malleable metals, by preferential
degradation of the brittlemagnetmaterial. The process developed is shown to recover
greater than ninety-five percent of the magnet material with a product grade of
over 80% magnet material by mass. The process is designed to co-produce stainless
steel, aluminum, nickel alloy, carbon steel, and printed circuit board concentrates as
contributors to the recycle value of hard drives.

Keywords Recycling · RE magnets · Rare earths · Neodymium

Introduction

Rare earth (RE) magnets are used for their relatively high magnetic field poten-
tials relative to other magnet materials. They are primarily composed of the phase
Nd2Fe14B but often contain amounts of Praseodymium and Dysprosium. The lack of
domestic supply contributes to a volatile rare earth market. The demand is expected
to increase due mainly to the growth of the electric car market [1]. It is estimated that
about 115 million Hard disk drives (HDDs) are decommissioned annually in Amer-
ica and up to 325 million HDDs worldwide per year. About 85% of neodymium
produced is consumed in RE magnet applications [2].

RE magnet material occurs along with aluminum, stainless steel, nickel, carbon
steel, and printed circuit boards (PCB). The processes developed by this research are
evaluated based on estimates of the value of process output streams and estimates of
necessary equipment and operating costs to build and operate such a plant.
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Others have conducted research for the dismantling or shredding of HDDs to
recover rare earth magnet material. To our knowledge, none of the earlier researchers
focused on recovery of REmagnet material along with separated marketable streams
of the various metals and PCBs in the HDD [3–7].

Experimental Equipment and Procedures

Experiments were carried out in the Laboratories of the Kroll Institute for Extractive
Metallurgy at the Colorado School of Mines. Process equipment, particularly those
that will retain REmagnet material are cleaned before and after processing. Crushing
was completed with a slow speed Amos mfg. shredder that shears malleable metals
as well as fractures brittle materials. The shredder was cleaned before and after use
to prevent material hang-up affecting results. There were two grinding mills used in
this research for different testing scales. Both of thesemills are of a steel construction
and so magnet material is demagnetized prior to grinding to enable discharge of RE
magnet material. The laboratory scale tests used a 7 × 11 inch rod mill with varied
grinding time between 1 and 2 h. Larger tests utilized a one-meter diameter by 1/3 m
deep ball mill and 2.5 in. steel balls. Demagnetization is accomplished thermally.
This step also burns epoxies and plastics found in the HDD. This demagnetization
is carried out in a furnace with airflow and ventilation to a fume hood at about
350 °C. Depending on process specifics, whole hard drives were demagnetized.
Various laboratory separations equipment was used. These include high-intensity
magnetic drum, low-intensity magnetic drum, Davis tube, rare earth roll magnet,
shaking table, eddy current, and vanning plaque. For the Davis tube and shaking
table, it was necessary that the material be suspended in water with the use of a
common commercial detergent as surfactant. Screening is accomplished with either
a Gilson screen or Tyler sieve stack in a ro-tap.

Analytical Procedures and Tools

Analysis of both feed materials and products were completed by several analyti-
cal tools at the Colorado School of Mines and at Hazen Research. The results and
conclusions were based on ICP-MS and confirmed by ICP-OES results. Fire assay
was used to determine the gold and silver composition of process outputs and of
printed circuit boards. Circuit boards were prepared by burning at 350 °C for 30 min
and then pulverized by a ring and puck pulverizer. Head grades were determined by
manual disassembly of hard drives; including removing the magnet from the magnet
assembly and the bonded magnet from the spindle motor assembly. The whole of
bothmagnets was digested using aqua regia and diluted for ICP-MS analysis. The RE
magnet material is tracked through the various process steps by quantitative analysis
of the neodymium composition. The composition of oversize fractions was analyzed
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Fig. 1 Sorted metals from
shredded hard drive

Table 1 Table of results from several disassembled Hitachi Deskstar HDDs used to compute the
head grade of the process (Masses in grams)

Sample Mass of HDD Mass of
magnet
assembly

Mass of
magnet

Magnet wt%
Nd

Head grade
(%)

1 849 76.8 22.1 27.5 2.6

2 850 81.9 22.1 27.7 2.6

3 844 81.3 22.1 27.5 2.6

4 848 81.9 22.1 27.8 2.6

5 844 81.0 21.7 27.6 2.6

AVG 847 80.6 22.0 27.6 2.6

STDEV 2.5 1.90 0.14 0.13 0.00

and used to calculate recovery and grade for aluminum, carbon steel, stainless steel,
nickel alloy, and printed circuit boards. This was completed by sorting each frac-
tion by hand and massing the components as part of each fraction. The grade was
approximated by the relative composition of each fraction (Fig. 1).

Results and Discussion

The analysis of RE magnet material in the hard drive feedstock was performed by
replicate disassembly and analytical chemistry to determine the neodymium content
per hard drive (Table 1).
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Fig. 2 Results of magnet hammering experiment

Preferential Degradation Theory and Discussion

The goal of this project was the creation of a process that would recover RE magnet
material by taking advantage of shredded hard drives as a resource and production of
a marketable steel, aluminum, stainless steel, nickel and PCB concentrate liberated
in the course of liberation of themagnet material. Nd2Fe14B, the primary phase in the
magnet material, is an intermetallic compound that exhibited brittle fracture when
loadedmechanically. It is expected that amagnet would fracture readily under impact
due to this observed brittle nature (Fig. 2).

A simple experiment was designed to test this expectation by impacting a large
piece of magnet material on an anvil using a hammer. The observed result was that
the magnet breaks down quite readily upon impact. It is expected from this test that
the brittle fracture of magnet material can be achieved by impacting the heterogenous
shredder output containing both magnet material and metals. It is expected in this
operation thatmagnetmaterial can bedegradedpreferentiallywhile themetals remain
at large particle sizes exhibiting mostly plastic deformation rather than fracturing.
This concept of size reduction of magnet material by impacting the heterogenous
shredder output is called preferential degradation for the purposes of this paper. The
concept is that the preferentially degraded material can be screened to separate a RE
magnet material concentrate. The screen oversize would contain the metals while
the undersize would include the crushed magnet material and ground circuit board
material. The repeated impacts necessary for preferential degradation were to be
achieved using a ball mill (Fig. 3).

Initial Preferential Degradation Flowsheet

Initial experimentation of the preferential degradation flowsheet consisted of testing
a 40-hard drive sample. The sample showed that preferential degradation by ball
milling could be achieved, degrading the RE magnet material to a finer grain size
than the malleable metals.

The undersize output was split and used for testing various additional unit opera-
tions for increasing the output grade. The result of the upgrade study shows that RE
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Fig. 3 Concept preferential
degradation flowsheet

Table 2 Results from upgrade studies on ball mill fine fraction from Trial 1. Density separations
made use of a vanning plaque with different intensities. The magnets (samples 2, 4, 6) were simple
separations taking advantage of the several separators available. The mag circuit was a process
utilizing the LIMS magnet arranged such that there is a scavenger and cleaner unit operation

Sample Input magnet grade
(%)

Method Magnet material
grade in output (%)

Recovery of magnet
material (%)

1 32 Density 47 59

2 32 RE drum 18 46

3 32 Density 59 28

4 32 LIMS 51 81

6 32 Beltmag 25 60

7 32 Mag circuit 59 79

magnet material is liberated in the ball mill grinding operation, additional grinding
was not necessary to produce a higher grade output. This research gives evidence
that influenced later research direction by identifying the separation forces that may
be useful in separating the RE magnet material from expected diluents. The rare
earth drum and rare earth roll magnet separator both showed low recoveries and low
concentrate grades. It is expected that these separations methods retained, within the
process equipment, large amounts of high grade material. The LIMS unit retained
material as well but was relatively easy to clean out to recover trapped material.
The results of this study indicate that low intensity magnet separation and density
separation are potentially useful for treatment of the process outputs to ultimately
produce a higher grade product (Table 2).
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Fig. 4 Preferential degradation flowsheet

Experimental Flowsheet 1

The shredder output is fed directly to the ball mill and ground. The process flowsheet
for this is shown in Fig. 4.

The outputs of these two processes were analyzed further to determine the compo-
sition andmaterial liberation of the undersize output. The upper part of this flowsheet
was tested several times to demonstrate the process viability and confirm grade and
recovery results observed. The flowsheet presented above demonstrated recovery of
96% of the RE magnet material in the feed at a product grade of 39 wt% RE magnet
material.

Preconcentration by Taking Advantage of Magnetic Behavior

Visual inspection of the shredder product identified clumps of material clustered
around RE magnetic material. It was postulated that by separating out these clumps
that the magnet material could be concentrated prior to additional processing. As
seen in the disassembly of hard drives the RE magnet material is associated with the
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Fig. 5 Conceptual
preconcentration flowsheet

magnet bracket and liberation from that assembly is the largest obstacle to recovery.
The magnet bracket is strongly ferromagnetic and therefore segregates to the mag-
netic fraction when processed by a magnetic drum. It was expected that by magnetic
preconcentration (prior to ball milling), barren nonmagnetic material containing lit-
tle to none of the rare earth in the feed could be removed from the process flow prior
to costly demagnetization and grinding unit operations. It was thought that this can
be accomplished while simultaneously producing a higher grade RE magnet output.
The challenge was accomplishing this without sacrificing recovery (Fig. 5).

This was first demonstrated at laboratory scale with a three-hard drive sample.
The laboratory mill results showed an increase in product grade while rejecting 70%
of the material prior to grinding. This experiment showed a recovery of 92% of
the magnet material with a grade of 75%. The scale-up test of this process design
utilized an 80 hard drive feed to approximate a similar ball mill charge to the original
preferential degradation flowsheet. The low-intensity magnet drummagnet was used
to maximize recovery of RE magnet material to the magnetic fraction. The results
of this process can be seen in Fig. 6.

The REE magnet product analyzed at 50 wt% RE magnet material leaving the
possibility of further upgrading. One possibility is by further low-intensity magnetic
separation which can be simulated by the Davis tube (wet) separation. The Davis
tube shows that RE magnet material processed by preferential degradation can be
concentrated up to a grade of 80 wt% just by physical separations.
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Fig. 6 Preconcentration flowsheet

Discussion of Coproducts Contributing to Viability of Process

Two preferential degradation process variations were evaluated and analyzed. The
first is a process where shredder output was fed directly into the ball mill for grinding,
illustrated in Fig. 6. The second variation includes a magnetic preconcentration unit
operation prior to grinding, illustrated in Fig. 6.

Both process approaches produced a fine REmagnet enriched product and various
nonmagnetic products comprised primarily of malleable metals (Aluminum, Nickel,
Steel, Stainless Steel as alloys). The coarse fraction was processed differently for the
two process variations.
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Table 3 Demonstrated material recoveries of coproducts

Material of interest Fraction in HDD feed (%) Demonstrated recovery (%)

Al 55 80

Fe 6 95

SS 22 95

Ni alloy 8 90

PCB 4 60

NdFeB 3 95

Recovery of Coproducts from Linear Flowsheet

The linear flowsheet recovered aluminum, nickel, stainless steel and carbon steel to
the ball mill product coarse fraction and recovered neodymium, gold and silver from
the fine fraction. The gold and silver were liberated from the printed circuit board.
Fire assay showed that gold is present at 230 ppm with silver present at 880 ppm
in the fine fraction of the ball mill output. The gold and silver may be recovered by
any of several processes that are well researched and established. The challenge to
gold and silver recovery, as is commonly challenging in recycling, is achieving the
throughput necessary to warrant additional unit operations.

The process postulated for the coarse fraction was separation by high-intensity
magnet to produce an aluminum concentrate and a mixed ferromagnetic fraction.
The nickel alloy was separated from the mixed magnetic fraction using sortation
before finally the stainless steel-carbon steel separation was accomplished with low-
intensity magnet separation.

Recovery of Coproducts from Preconcentration Flowsheet

The preconcentration flowsheet rejected aluminum, printed circuit boards, and plas-
tics before the demagnetization and ball mill unit operations. This nonmagnetic
fraction was concentrated by eddy current separation. The ball mill output coarse
fraction included steel, stainless steel, and nickel. The steel and nickel were separated
from the stainless steel by low-intensity magnetic drum. The nickel was separated
by sortation. The demonstrated recoveries of these materials are shown in Table 3.

Conclusions and Direction for Future Research

The development of a process for the recovery of neodymium-containing magnet
material, considered a critical material, from recycling of computer hard drives
was evaluated. The process developed takes advantage of the brittle nature of the



304 B. Ott et al.

neodymium magnet material when presented to a grinding mill to produce a fine
product composed primarily of powdered magnet material. The rare earth bearing
magnet material recovery is shown on mixed hard drive feeds with samples up to
35 kg samples.

The produced Nd2Fe14B material grade appears sufficient for economic process-
ing to produce pure or mixed rare earth oxides. The total recovery of magnet material
is 96% at a grade of 50 wt% magnet material. Maximum demonstrated output grade
is 80% magnet material by weight.

Direction for Future Research

Expansion to additional magnet bearing devices should be considered. The magnet’s
brittle nature is expected regardless of the specific device containing the magnet. It
is possible that the preferential degradation type process can be applied to a range
of devices for REE recovery. There is particular advantage to the process product
being suitable for direct reuse as a bonded or sintered magnet. It is expected that
the demonstrated recovery is of material that is significantly oxidized. Consideration
should be given to grinding, screening, and other process steps under an inert gas
cover gas to maintain the magnet material compound.
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Selective Reduction and Separation
of Europium from Mixed Rare-Earth
Oxides Recovered from Waste
Fluorescent Lamp Phosphors

Mark L. Strauss, Brajendra Mishra and Gerard P. Martins

Abstract Europium is vital to the production of high technology products. In recent
years, the worldwide market for europium has been controlled by primary sources in
China. However, recycling europium from waste fluorescents is a strategy to supply
europium. Waste phosphor powder is recovered from recycled lamps and retorted,
sieved, and leached to produce europium and yttrium rich concentrate. Europium is
separated from yttrium by reducing Eu(III) to Eu(II) by selective reduction with zinc
andprecipitated as europium(II) sulfate fromsolutionvia sulfuric acid.After building
upon previous work and removing unit operations, the optimized conditions for
europium sulfate were determined. The effects of varying the entrance pH, quantity
of sulfate, choice of inert gas, selective reduction time, and precipitation time were
studied upon the final grade and recovery of europium (II) sulfate. The final purity
of 93.84% of europium (II) sulfate with a recovery of 84.2% was obtained after
using an entrance pH equal to 2.5, 5 times the stoichiometric ratio of sulfate, a 2 h
precipitation time, and 30 min selective reduction time.

Keywords Waste fluorescent lamp · Phosphor dust · Rare earths · Recycling ·
Europium

Introduction

According to USGS [1] 11,000 tons of rare-earth products were consumed in the
United States in 2017. Only a minor quantity of rare earth oxides was produced
by recycling batteries, magnets and fluorescent lamps. There is zero commercial
production of rare earths in the United States. There is the potential that waste
phosphor dust could supply some of the US demand for rare earths. According to
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the DOE 2011 Critical Materials Strategy Report [2], the demand will increase from
200 tons per year to 220 tons per year in 2020. In 2007, 8000 tons of waste phosphor
powder was discarded into landfills after removing mercury, and it is believed that
quantity will be higher in 2019. Assuming the concentration of 0.63% europium
oxide in the waste powder, there is a resource of 50 tons per year in the United
States—assuming no increase in collection. However, the concentration of europium
in the dust should have increased since 2007, due to fewer halophosphate based T12
lamps being disposed and a greater ratio of newer T8 lamps being recycled.

Europiumwas first isolated from samariumusing a series of crystallizations exper-
iments by French chemist, Eugène-Anatole Demarçay [3]. The unique chemistry of
europium (II) sulfate (EuSO4) could have improved the isolation europiumby precip-
itation. One of the unique chemical properties of europium were discovered in 1906
when Georges Urbain discovered that yttrium oxide doped with europium created
a red color. From this discovery, red phosphor was born. Red phosphors are found
in all products requiring a screen. The luminescent quality is unmatched and has
no replacements. Eduafo and Strauss [4] demonstrated how europium and yttrium
follow each other into solution from the waste. The purpose of this research is to
develop a method to separate europium from yttrium such that the final product is
market ready europium oxide, minimum purity 99.9%. The intermediate product is
europium (II) sulfate which can be easily converted to europium oxide.

Molycorp [5] developed a process to recover 99.9% pure europium oxide form
Eu–Sm–Gd concentrates separated frommonazite. More recently, Preston and Preez
[6], Morais and Ciminelli [7], and Rabie et al. [8] demonstrated that zinc metal
and sulfuric acid can separate and purify europium from samarium and gadolinium
concentrates. The paper proposes using a similar method for europium and yttrium
concentrates, as a product of waste lamp phosphor leaching. The equation below
demonstrates the equation for converting Eu(III) to Eu(II) via selective reduction.

2Eu3+ + Zn � 2Eu2+ + Zn2+ (1)

The equilibrium constant, Kc, can be used to describe the thermodynamics of
a system. In the equation below the activities of species are replaced with their
actual concentrations because there is no simple method to measure the activities of
concentrated species in high ionic strength solutions.

aA + bB⇔ cC + dD

Kc � [C]c[D]d

[A]a[B]b

In addition, the formation of europium (II) sulfate precipitate, and intermediate
in the europium separation experiments is demonstrated in Eq. 2 below.

HSC 5.11 was used to explore the possible reactions for the oxalic precipitation
work and selective reduction and precipitation of europium (II) sulfate. Then, using
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the Gibbs free energy minimization (“Equilibrium Compositions”) function, HSC
identifies the most plausible chloride complexes after the solvation of europium in
hydrochloric acid as EuCl3(aq),EuCl+2 ,EuCl

2+ as generalized by Eq. (2) below.

Eu2O3 + 6HCl(aq) � 2EuCl3(aq) + 3H2O Kc � 7.36 x 1055(T � 25 ◦C)
2EuCl3(aq) + 4HCl(aq) + Zn � 2EuCl2−4 (aq) + ZnCl2(aq) + 4H+ Kc � 1.62 x 1016(T � 25 ◦C)
EuCl2−4 (aq) + H2SO4 � EuSO4 + 2HCl(aq) + 2Cl− Kc � 1.39 x 1013(T � 25 ◦C)

Experimental

Materials

Veolia ES Solutions provided the waste phosphor powder which was treated to cre-
ate a concentrate of yttrium and europium oxide (~91% pure) based on previous
research. Zinc metal (99.8% 20–30 mesh) was provided by Alfa Aesar. Sodium
hydroxide (Sigma Aldrich, USA) is dissolved in deionized water. The mixed yttrium
and europium product was dissolved in hydrochloric acid and deionized water. The
pH was adjusted with NaOH (Sigma Aldrich, USA) dissolved in deionized water.
ACS grade 18 M sulfuric acid (Sigma Aldrich, USA) was diluted with deionized
water.

Analysis

X-Ray Fluorescence (XRF) (Thermo Fisher Scientific), scanning electron
microscopy electron dispersive spectroscopy (SEM-EDS) were used for quantifica-
tion and identification, and inductively coupled plasmaoptical emission spectrometry
(ICP-OES) (Fischer Scientific). The data was analyzed using Stat-Ease 9.0.5 Design
Expert to create contour plots and conduct statistical analysis.

Procedure

A yttrium oxide/europium solution concentrate in solution was separated from lamp
waste. The alkalinity of the solution was adjusted with dilute sodium hydroxide
between pH 2.5 to 3.25. Next, the solution was added to magnetically stirred vessel.
Hydrogen or nitrogenwas bubbled through the system until ORP stabilized. Next, 2.5
grams of zinc was added to the mixing vessel. After 0.5–1 h, the reduced europium
solution and dilute solution of 3 M sulfuric acid (between 5 times and 15 times the
stoichiometric ratio of sulfuric acid), degassed with N2 or H2, were mixed together
in a cylindrical vessel and bubbled with hydrogen gas. After between 0.5 and 2 h, the
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solutionwas filtered by vacuumwithMillipore 47mmfilter in a Pall vacuumfiltration
setup. The precipitate was washed with a 0.001 M sulfuric acid. The precipitate was
analyzed by ICP-OES after lithium borate fusion was conducted.

Results and Discussion

Analysis/Results

The starting mixed REO concentrate as well as the precipitate were analyzed by
ICP-OES.

The purity of the final product ranged from 84.01 to 93.85% europium (II) sulfate.
The calculated recovery was lower than desired in the precipitate. The lower than
expected europium (II) sulfate may have been due to competitive reactions or Eu(II)
re-oxidizing due to incomplete isolation from oxygen during transferring or precip-
itation. The purity was determined from ICP-OES by assuming the metals (except
for europium (II) sulfate) appear as oxides or sulfates.

The highest precipitation time (2 h) and lowest amount of sulfate (5x) have the
largest effect on the recovery of europium (II) sulfate. However, the effect is not
statistically significant. According to Le Chatelier’s Principle, a larger concentration
of reactants (sulfuric acid), should increase the quantity of the products (europium
(II) sulfate) in Eq. (4). Preston and Preez [6], found there is a correlation between
precipitation time and recovery–which is what is aligned to our results. de Morais
and Ciminelli [9] suggests that the effect of sulfate concentration is faintly negative
upon the grade and recovery. These results demonstrate a similar effect.

The recovery is maximized with the lowest entrance pH (pH � 2.5). The lower
the pH, the greater amount of hydronium ions in the products of Eq. (3). However, as
the pH increases, the reaction should shift to the left. This intermediate reaction will
lead to more reduced europium and ultimately, more recovery europium (II) sulfate.
However, this plot shows the opposite behavior. Rabie et al. [8] showed that the
higher the pH the higher the recovery of europium (II) sulfate. The best conditions,
determine by Stat-Ease Design Expert 9, are precipitation time � 2 h, sulfate ratio
5X, entrance pH � 2.5, reduction time 0.5 h and an indeterminate answer whether
nitrogen or hydrogen gas are more desirable for this process.
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Circular Cities, E-Mobility
and the Metals Industry—AWorld
in Transition

Christina Meskers, Mark Caffarey and Maurits Van Camp

Abstract The transition to a circular, sustainable society is well on its way. Cities
are the place where this is happening bottom-up, supported top-down by the UN Sus-
tainable Development Goals. E-mobility, circular economy and IoT are happening
today. Circular cities integrate all aspects of life, connecting across people, economic
actors, institutions and geographies. Circular cities are powered by renewable energy
and responsible, sustainable materials; have closed resource cycles and are smart.
The technical, industrial, economic, cultural and social systems meet, interact and
challenge each other. The raw materials industry is an enabler of this transition in
society. It provides materials, technologies and solutions. Concurrently, the industry
itself needs to adapt to be an essential part of the transition to the future society. Using
the e-mobility (batteries) value chain as example, recent and future developments in
mobility and responsible material supply will be illustrated, including the impacts
and challenges.

Keywords Sustainable development goals · Clean (e-)mobility ·Materials value
chain ·Metals industry

Introduction

The current take-make-dispose economy is a linear model of resource consumption:
rawmaterials are employed tomake a product, andwhen this product reached the end
of its useful life, it is disposed, and thus lost. However, with the growing population,
especially in the cities, and the scarcity of natural resources it is not possible to
maintain the current lifestyle. Hence, there is a need for a shift towards a circular
economy that is based on a more sustainable management and efficient use of natural
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Fig. 1 Percentage of people living in cities [3]

resources, in combination with reuse, restoration and regeneration, and elimination
of waste through smart design [2].

For centuries, cities have been the place where people moved in search for a better
future. They are hubs of opportunity for education, innovation and entrepreneurship
and the citizens have direct influence on how the city is governed and organised.
Therefore change can happen fast, compared to the speed of change on a national
level. Today, many people already live in cities (see Fig. 1). In Europe, themajority of
people lives in cities, and in emerging economies like Brazil (85%), Indonesia (50%)
and China (42%), urbanisation is taking place in a rapid pace. Of the 33 megacities
(>10 million inhabitants), two-thirds of them are outside Europe and North America
[7]. Cities also have challenges such as overcrowding, traffic, air pollution, waste
management and income equality. Currently, cities account for 60–80%of the energy
consumption and 75% of the carbon emissions, whereas they only occupy 3% of the
Earth’s Land [6]. Therefore, cities will be the living labs where new concepts and
systems will be developed and adopted first. As cities keep on growing, the need for
a ‘better life’ drives a transition that is taking place today, all around the world. A
transition towards cities that is circular, sustainable, connected and smart.

Guided by the Global Goals for Sustainable Development (see Fig. 2), cities will
use, among others, smart, digital, connected systems for housing, mobility, energy
and resources. This means, i.e. that cities and citizens take action to provide adequate
and affordable housing and public transport, besides reducing the environmental
impact of cities. The latter is done by efficient use of natural resources, reducing
the waste generation, as well as by appropriate waste management and air quality
control. In addition, sustainable cities are about connecting people and people to their
community, by providing access to safe green and public spaces, and with social and
environmental links between urban, per-urban and rural areas.
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Fig. 2 Sustainable development goals [5]

Materials, and the metal materials industry, have a large responsibility in this tran-
sition, as they are part of the solution to the environmental and societal challenges.
Indeed, a sustainable raw materials and recycling industry are essential for the reali-
sation of circular cities as it provides the materials and recycling solutions necessary
to make the transition happen, in a sustainable and responsible manner.

Clean Mobility

Since all the Sustainable Development Goals are connected to each other and repre-
sent a grand challenge that cannot be solved by one actor or sector alone, they require
the collaboration between citizens, government, industry and academia, and other
stakeholders to be achieved. Taking the example of mobility, we see that citizens all
around the world ask for action to create clean air, as the tolerance for pollution is
decreasing rapidly. For example, cities like Oslo, Antwerp and others across Europe
create zones in which only low-emission vehicles are allowed. At the same time,
policymakers make emission norms more stringent. In Europe, new directives are
introduced for even lower CO2 emissions, and low-emission vehicles are awarded
‘super credits’. In Asia, countries like India and China introduced, respectively,
Bharat Stage 6 and China 6, new norms that are revolutionary in terms of emission
standards for vehicles, and which result in an even faster global transition.

Pushed by the legislative changes and societal developments, car original equip-
mentmanufacturers (OEMs) adapt their vehicle portfolio—including both e-mobility
and cleaner internal combustion engine (ICE) vehicles–embracing clean mobility
solutions. The electrification trend has evolved rapidly. Merely, 10 electrified vehi-
cle (EV) models were on the market in 2012, and only 6 years later, this number has
grown to over 50 models.
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Fig. 3 Metals and materials demand from lithium-ion battery packs in passenger EVs [1]

Last year, the sales of EVs reached a record of 1.1 million, and this number is
estimated to further increase to 11 million in 2025 and even to 30 million in 2030
[1]. Bloomberg’s forecast further predicts that by 2040 33% of the global feet will
be electric.

From Battery EVs (BEV) for long or mid-range distances to hybrid or plug-in
hybrid EVs ((p)HEV) to fuel cell EVs (FCEV); the EVs are available in a wide range
of size and shapes to accommodate specific (individual) demands, for light-duty and
heavy-duty vehicles (LDV and HDV), mining vehicles and off-road applications.
Nevertheless, the ICEs will remain an important part of the mobility mix. ICEs
with catalytic converters will need to meet stringent emission norms. The vehicle
technologies use in the future will thus be a mixture of technologies because of the
mixed challenges the society is facing and the clear trend of product customization.
Hence, technological flexibility is key during the clean mobility transition.

Impact of the Mobility Transition on the Metals Industry

The transition towards clean mobility has undoubtedly a huge impact on the mining
and metals industry.

First, the strong growth of EVs entails a dramatic increase in the demand for
battery packs and the materials used to make these see Fig. 3. This includes the
battery material elements such as Li, Co and Ni, while also basic materials such as
Al and Cu are impacted.

To account for this continuous increase of the material demand, both primary pro-
duction and recycling ofmanufacturing scraps and end-of-life products are important
sources of material. Indeed, looking at the supply and demand outlook for 2030, it is
expected that therewill be some imbalances—especially for cobalt, but also for nickel
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on the longer term—when considering only mine production [4]. Thus, recycling of
production scraps and end-of-life products is essential. Today there are many small
electronic devices (cell phones, tablets) containing batteries that are not collected and
recycled. If the batteries from these devices would be collected and recycled, they
would make a valuable contribution to the future materials supply. The challenge
is here not so much technological, recycling processes are in place, as it is about
influencing the behaviour of individual people.

When talking about clean mobility, the entire energy, materials and product value
chain needs to be considered.

For ICE vehicles, the well-to-wheel efficiency is an important metric. Thewell-to-
wheel energy efficiency can be divided into two parts: (i) the well-to-tank efficiency,
i.e. the energy needed to convert fossil fuel into usable fuel (or electricity) and (ii) the
tank-to-wheel efficiency, i.e. the energy needed to transform the fuel (or electricity)
into motive energy. Regarding the tank to wheel efficiency, a BEV is far superior
compared to an ICE: a BEV has a 90% efficiency when converting chemical energy
into motion, whereas an ICE only has an efficiency of 25–30%.Moreover, for a BEV,
there are only CO2 emissions associated with the conversion process of fossil fuel
into electricity. If the BEV is powered by electricity from renewable sources, the
CO2 emissions associated with the well to tank efficiency are further lowered.

For sustainable and clean mobility, we also need to consider the entire materials’
value chain, from (urban) mine to wheel. To mine, refine, produce and recycle the
materials in a responsible, sustainable way is the key task for themetals andmaterials
industry. Itwill transform the industry.The sustainable development goals canbeused
as a long-term compass and way to communicate and connect to other stakeholders
and citizens. Innovative and entrepreneurial people are enablers of the transformation.

To make this more tangible, consider Umicore’s activities. Umicore is a global
material technology and recycling company. It provides the key materials for
rechargeable batteries used in among others consumer electronics and (B)EVs, and
provides the active materials for catalytic converters used in ICE vehicles. Further-
more, it provides recycling solutions for rechargeable batteries and catalytic con-
verters, closing the materials loop. In this way, Umicore has a unique value chain
integration.

Umicore’s approach is to start by ensuring supply via responsible sourcing. This
has two parts.

(1) Responsible sourcing of primary materials using the Sustainable Procurement
Framework for Cobalt. This Framework, the first one of its kind, is third-party val-
idated and aligned with the OECD framework, and assures all upstream practices
are in line with Umicore’s standards. This includes among others no child or forced
labour; focus on environmental protection, health and safety; complying to the law.
The same Sustainable Procurement principles apply for sourcing of lithium, nickel
and manganese.

(2) A closed-loop model, using the recycled metals from our own industrial oper-
ations. Our innovative state-of-the art (recycling) plants with the highest environ-
mental standards may recover high percentage yields of non-ferrous metals which
are then supplied to our production processes. For spent rechargeable batteries the
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non-ferrous metals are Li, Ni, Co and Cu and for spent catalytic converters these are
platinum group metals. Through our know-how we produce best in class materials
technology and product quality (e.g. battery cathode materials) which are then sup-
plied to our customers covering different technology applications for mobility. Once
the materials reach end-of-life and are supplied to us, the loop starts again and again.
This also applies to intermediates and production scrap created along the value chain.
For spent EV batteries, Umicore also has a battery dismantling step in Hanau, where
the battery modules and cells can come back to us to recycle.

Another key aspect is to have sustainable processes and operations. These will
provide the company with the Societal License to Operate. Many dimensions come
together in this key aspect. For example, resource-efficient use ofmaterials (reagents),
energy and water and minimization of emissions. Despite its growth, Umicore man-
aged to considerably reduce energy consumption (−21% vs. 2015 benchmark), and
emissions to air and water (−41% and −69%, respectively vs. 2015 benchmark).
Also, the possibility to put the products from the processes on the market, in other
words, License to Market or License to Manufacture, is included. Legislation such
as REACh, product standards etc., plays a role. A dialogue with various stakeholders
is part of the License to Manufacture. Lastly, the creation of a positive connection to
the wider society and being seen as a part of the community is essential for obtaining
the Societal License to operate. The Sustainable Development Goals and societal
transitions such as circular cities and clean mobility provide an opportunity to con-
nect with the community and individual citizens and stakeholders and show how the
metals and materials industry is, on the one hand, facilitating the transitions by pro-
viding its products and services and on the other hand is participating in the societal
transitions by changing its way of working.
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The Role of Scrap Recycling in the USA
for the Circular Economy: A Case Study
of Copper Scrap Recycling

Phillip J. Mackey, V. Nubia Cardona and L. Reemeyer

Abstract Recycled metals have become a significant source of supply, with a lower
environmental impact than primary metals. Factors such as geography, trade reg-
ulations and economics on domestic recycling and international trade in scrap all
influence the extent of recycling. The role of scrap recycling in the USA and its
contribution to the Circular Economy with respect to metals is discussed. At one
time, almost all the metal scrap arising in the USA was recycled and treated within
the country. Since about the early 1980s, there has been a decline in the proportion
of scrap metal recycled and treated in-country in the USA in favour, due to apparent
cost benefits, of exporting to other countries such as China for treatment. It is con-
sidered that subsequently skills and technology in this area will require re-building
to enable metal scrap to be efficiently treated at home using the best available tech-
nology. With the recent ban by China on certain metal imports, each country will
now need to handle more of its own scrap metal. The opportunities in the USA as a
consequence of this are discussed in the paper. The paper also describes the results of
a case study for copper scrap recycling. As part of this, the technology, energy con-
sumption and GHG emissions are examined in terms of the grade of scrap copper for
selected smelting process routes. It was found that the energy consumption in copper
scrap recycling is far lower than that required to produce copper from as-mined ore,
while at the same time, it is quite dependent on the grade of actual scrap treated.
It is concluded that enhanced copper recycling from secondary materials would be
beneficial to the USA, driven by modern technologies as discussed in the paper, as
well as encouraging policies from the regulators.

P. J. Mackey (B)
PJ Mackey Technology Inc., Kirkland, QC H9J 1P7, Canada
e-mail: pjmackey@hotmail.com

V. N. Cardona
Deltamet Consultants, Pointe-Claire, QC H9R4G8, Canada
URL: https://www.deltametconsultants.com

L. Reemeyer
Resourceful Paths, Vancouver, BC, Canada
e-mail: laurie@resourcefulpaths.com

© The Minerals, Metals & Materials Society 2019
G. Gaustad et al. (eds.), REWAS 2019, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-10386-6_37

319

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10386-6_37&domain=pdf
mailto:pjmackey@hotmail.com
https://www.deltametconsultants.com
mailto:laurie@resourcefulpaths.com
https://doi.org/10.1007/978-3-030-10386-6_37


320 P. J. Mackey et al.

Keywords Copper · Scrap copper · Circular economy · Energy consumption ·
Scrap recycling · Smelting copper scrap and grade of copper scrap



Advancing the State of Prospective
Materials Criticality Screening:
Integrating Structural Commodity
Market and Incentive Price Formation
Insights

Michele Bustamante, Tanguy Marion and Rich Roth

Abstract Broad, screening-style assessments of criticality highlight economically
important materials facing significant threats to secure, sustainable supply. The stud-
ies identifymanyvaluablemetrics influencing the likelihood and impact of constraint;
however, approaches to aggregating these metrics vary and lack unifying, causally
grounded strategies. The present work seeks to advance the state of criticality screen-
ing by targeting this gap with structural commodity market insights. Grounded in the
principle of price as indicative of economic scarcity, the model uses a small number
of high-level metrics to drive changes in future incentive price (i.e., cost of opening
new mines) by influencing structural markets elements in different ways (i.e., shape
of long-run supply, demand, and incentive curves). Metrics like resource cover, ore
grade loss, barriers to entry, secondary supply, end-use substitution and demateri-
alization rates, and all help to approximate changing supply–demand balance and
inform criticality. The approach balances strengths of rapid, broad screening with
insights of more detailed market modeling.

Keywords Criticality · Screening · Supply · Demand

Introduction

Studies of material criticality serve an important role of highlighting economically
importantmaterials facing significant threats to secure, sustainable supply. Criticality
in supply chains can threaten essential sectors, such as national defense, as well as
budding technological developments, such as renewable energydevices and advanced
vehicles. The literature on criticality has grown substantially in the past 10 years
since the National Research Council (NRC) report first introduced the use of a two
dimensional,multi-indicator assessment framework [5]. Since then, frameworks have
expanded, both in terms of indicators used within each dimension and even the
number of dimensions considered. This style of assessment has been quite valuable
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because it enables a broad scope ofmaterials to be considered on the basis of common
factors. This facilitates triaging of more detailed analytical work so that research as a
whole can be conducted efficiently, focusing primarily on those at greatest risk. This
is also particularly important for use in future-looking assessments, where conditions
change rapidly.

Many relevant metrics influencing the likelihood and impact of constraint have
been used. However, since the goal is to deliver a single criticality score upon which
to triage the group being evaluated, themetrics usedmust be aggregated in someway.
Some studies utilize averaging of all metrics within categories [1, 3], some utilize
a weighting scheme informed by stakeholders [2], and still, others utilize different
approaches, such as weighting by number of disruption events caused [4]. Overall,
they vary throughout the literature and lack unifying, causally grounded strategies.
Regardless of the exact method used, these approaches all share a common problem:
reliance on subjective aggregation schemes that are not informed by the way these
features influence the structure of material markets in practice.

The authors of this paper propose a shift toward a new approach that leverages
existing strengths but also targets the aforementioned challengewith broad screening-
style assessments of criticality. The framework is grounded in the principle of price
as indicative of economic scarcity. Although not a perfect indicator, the price is
certainly an important driver of both supplier and consumer behavior and are more
likely to reflect criticality moving forward.

Method

Marketswhich are typically considered as critical are those that have outsized demand
growth, rapidly diminishing existing supply, or limited opportunities for new sup-
ply. Typical criticality metrics seek to address these through a variety of weighting
functions or other approaches, yet are quite subjective in the choices of weights and
seldom pay sufficient attention to interactive effects. Economic price formation the-
ory provides an alternative approachwhere these same criticality concepts are used to
estimate future price movements. Price changes are reflective of the changing market
balances which are often a considerable part of the underlying criticality concerns.

While there aremultiple approaches based on economic theory, a commonmethod
uses an incentivemodel. This takes the form of estimating a need for new or incentive
supply in response to demand growth combined with the loss of existing supply
capacity. Prices are then forecast as the value needed to incentivize enough new
mines to meet the anticipated supply gap.

On the demand side, criticalitymetrics have often attempted to address unexpected
or newly increased rates of demand growth that might arise from new technological
applications or the need for specific function properties of materials that lead to
increased substitution in existing applications.On the supply side, criticality concerns
have focused on two general concepts, rapid decline of the existing supply base and
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insufficient future realizable sources of supply. All of these concepts are explicitly
considered in incentive price formation models.

For criticality assessments to be useful in a prospective fashion, theymust consider
the current state of key drivers and how those drivers are changing. Future supply of
a material is determined by the current state and changes to physical availability, rate
of use, mining and processing technology, and other social and political barriers to
mine openings. Future demand of a material is influenced by end-use volumes and
intensities and amount and qualities of available substitutes.

The proposedmodel uses a small number of high-level metrics to drive changes in
future incentive price by influencing structural markets elements in different ways.
The metrics used are similar to those used in existing studies, but will be combined
in different ways. The metrics are used to create a mock incentive supply curve and
show how it is expected to change over time. Simultaneously, other metrics will
determine how demand evolves in the same time horizon. Assessing the gap that
results from comparing evolving demand and incentive supply curve shape suggests
changing incentive price and can be an important indicator of criticality.

Foundational elements of the model are:

• Incentive supply curve—the supply curve is a foundational element of commod-
ity supply analysis. It is a monotonic, cumulative visualization of the amount of
material available to produce currently and at what cost. Similarly, an incentive
supply curve is a representation of the material available in the next time period,
which could be made available and at what incentive price.

• Demand—quantity currently demanded.

Proposed supply side driving metrics include:

• Ore grade loss—ore grade loss refers to the change in the amount of desiredmineral
present in ore being mined and is the main driver of loss of existing supply.

• Resource cover—resource cover is a measure of how many years of unmined
supply exists and indicates a limit on available new supply.

• Barriers to entry—this includes technological complexity, geographic constraints
and a variety of other factors which limit the ability to bring in new supply as
needed.

• Secondary supply—the need for new supply can be offset by increased availability
of recycled material.

Proposed demand side metrics include:

• New applications are driven by technological change.
• End-use substitution driven by functional properties and economics.
• Dematerialization enabled by technology and design improvements.

Each of these factors is used to forecast the elements of an incentive price for-
mation model. While it is infeasible to actually predict commodity prices based on
these limited, high-level supply and demand metrics, the movements of price are
quite indicative of the ways in which market balances will change and thus provide
a consistent representation of key elements of criticality.
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Remarks

The framework is still being refined, but together themetrics used help to approximate
changing supply–demand balance and inform criticality. However, quantification of
thesemetrics and theway they are combined require careful consideration to avoid the
same pitfalls as prior criticality assessment methods. Once finalized, the framework
is going to be demonstrated using various metals such as copper, lithium, cobalt,
tin, and silver. These results will be presented at the REWAS 2019 conference for
discussion with other experts.
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Mining Value from Waste Initiative:
Towards a Low Carbon and Circular
Economy

Janice Zinck, Bryan Tisch, Terry Cheng and Rory Cameron

Abstract The concept of tailings reprocessing is not new. However, due to the
complexities ranging from S&T to material handling to policy and regulations,
reprocessing successes have been limited. Several factors have been identified
by stakeholders as requirements for success, such as economic considerations,
engineering challenges, and policy and regulatory implications. Innovation underlies
each of these factors. One of the biggest challenges is to reduce the environmental
liabilities associated with mining waste, for which the financial securities may not be
sufficient to ensure adequate protection. The recovery of metal values from tailings
is potentially attractive and economically viable, particularly when combined with
a concomitant reduction in environmental liabilities. Recently, Natural Resources
Canada embarked on a pan-Canadian effort entitled ‘Mining Value from Waste’ to
develop tools, technologies, and policies to de-risk and accelerate demonstration
and full-scale waste reprocessing/repurposing projects with the goal to reduce mine
waste liability and environmental impact, while providing local and national value.

Keywords Reprocessing · Repurposing · Tailings · Recovery · By-products ·
Liability · Bioleaching

Introduction

It is estimated that the liability for managing mine wastes in Canada and the US
exceeds $50 billion [16]. These wastes represent a huge liability for both mining
companies and governments. The liability associatedwith themanagement of tailings
impoundment areas (TIA) alone is significant. Specifically, the cost of remediation
for TIA failures worldwide is estimated to be US$ 6 billion in this decade alone
[2]. In 2016, Mining Watch Canada analysed Auditor General for Canada reports
from three mining jurisdictions, British Columbia, Quebec and Ontario, and stated
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Fig. 1 Tailings types in
Canada by weight (6 billion
total tonnes)

that the total environmental liability for mine site clean-up was estimated to be over
C$7 billion; of which C$4 billion was unsecured by financial securities held by the
provinces [9].

The Kam Kotia mine site near Timmins, Ontario, Canada was considered to be
one of the worst contaminated sites in Ontario. Beginning around 2000, the Ontario
government spent in excess of C$135 million in care, maintenance and remediation
to address this site [17]. Most of this cost was associated with stabilization of the
tailings impoundment and treatment of acidic tailings seepage water.

The Canadian Federal Contaminated Sites Action Plan (FCSAP) is a 15-
year/$4.54 billion programme that was established in 2005 by the Government of
Canada to address the risks that these sites pose to human health and the environ-
ment, and to reduce the associated financial liability. Many of the sites included in
this programme are from mining and contain tailings. Under FCSAP, the estimated
cost to remediate just one site in the Yukon, the Faro Mine, exceeds $1B.

In addition to government liabilities, tailings and other mine wastes pose a long-
term liability to mine operators. Besides holding long-term insurance bonds, mine
operators are actively engaged in developing best practices in tailings management
[8, 11–14] tomitigate the risks associatedwith thesewastes. Furthermore,minewaste
management efforts and objectives are typically formulated around reclamation and
mine closure, not targeted at reaping potential economic benefits through waste
reprocessing and repurposing.

In general, tailings represent over 95% of the rock mass mined and because of
the diversity of ore bodies and technologies employed to process them, the resulting
tailings are very much site-specific. The rate of tailings generated at Canadian mines
is on the order of 200–250 million tonnes per annum, with the cumulative sum of the
tailings from the last three decades amounting to over 6 billion tonnes [1]. Records
indicated that over 6 billion tonnes of tailings were generated in Canada over the last
30 years; of which 90% originated from metal mines with base metals, iron and gold
mines as the major contributors (Fig. 1) [1]. The typical tonnage of tailings generated
in each commodity industry varies largely depending on the primary metal mined.
For example, about 400 tonnes of tailings are generated per kg of gold produced, 125
tonnes per tonne of copper produced, and 2 tonnes per tonne of iron produced. These
ratios will continue to climb as high-grade ores become scarce, while the continuous
advancement of technologies will allow the industry to process lower grade ores [6].
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The cost ofwaste reprocessing is often considered to be prohibitive and the process
problematic. As a result, technologies for metal recovery from wastes are rarely
adopted. However, with increasing environmental pressures and mining costs, the
option for metal recovery frommine waste becomes more attractive, especially when
coupled with the revenue from the recovered metals. With this in mind, there is a
need for technologies that can cost-effectively recover metals from mine wastes.
Some technologies exist to reprocess tailings particularly for metal recovery (e.g.
gold and silver) but a holistic approach to look at tailings as a source of secondary
metals and other valuable industrial minerals has not been undertaken.

Program Rationale

By coupling the high liabilities associated with mine waste management areas and
the decline in easy to access, high-grade ore deposits, the option to reprocess ‘older’
tailings becomes an attractive and potentially economically viable alternative to a
newmine development.With a growing globalmiddle class, it is likely that theremay
be a supply risk for some minerals and metals that will increase in the coming years.
In addition, finding high-grade ores in politically stable regions is more difficult and
permitting time for new projects is lengthening [10], while many historic tailings
contain metal grades higher than currently mined today.

Cheng et al. [6] conservatively estimated that the total metal value in Canadian
gold tailings is on the order of $US10 billion. Eighty per cent of this could be
easily recoverable. Despite the significant metal value contained in mine waste,
reprocessing of these wastes is unconventional. In general, the remainingmetal value
present in tailings is considered a process loss that does not warrant any further effort
to recover. This is mostly due to economics, environmental liabilities and regulation
or technological deficiencies.

The development of a cash-flowmodel, which will become part of the prefeasibil-
ity study tools to provide techno-economic analysis of the selected process options
for a particular tailings site, is underway at CanmetMINING (Natural Resources
Canada). The preliminary model depicts a hypothetical tailings reprocessing project
with 50 million tonnes of gold tailings and an average gold grade of 0.5 g/t. Assum-
ing the mine life of this tailings reprocessing project to be 8 years, with 80% gold
recovery at a gold price of US$700 per ounce, the discounted cash flow rate of return
(DC-ROR) is estimated to be 17%. It is important to note that the cash flow analy-
sis shows DC-ROR is highly sensitive to gold price, gold grade of the tailings and
gold recovery, and is moderately sensitive to reprocessing (operating) cost and least
sensitive to capital investment.
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Mining Value from Waste Program

Launched in August 2018 at the Canadian Energy and Mines Ministers Conference
(EMMC), the Mining Value from Waste programme (Fig. 2) is a pan-Canadian
initiative focused on reducing the environmental, social and economic footprint of
mine wastes, such as tailings, and examining options to obtain value from these
wastes, both by recovering valuable metals and by using the wastes as resources in
other applications. The objective of the project is to develop tools, technologies and
policies to de-risk and accelerate demonstration and full-scalewaste reprocessing and
repurposing projects, with the goal of reducing mine waste liability and providing
value (cleaner environment, jobs, resources, etc.).

While the concept of tailings reprocessing is not new, successes to date have been
limited in Canada and elsewhere due to complexities related to science and technol-
ogy, materials handling, as well as policy and regulations. Mining Value fromWaste
stakeholders recognize that to achieve the goal of developing onsite process demon-
strations (and eventually full tailings reprocessing) will require addressing several
factors including: economic considerations such as reducing capital and operating
costs; engineering challenges related to processing a complex and variable low-grade
feed at a high throughput; and policy and regulatory factors. To address these factors
in an integrated way, and to move from concept to reality, and to a circular and low
carbon economy, requires a multi-disciplinary and multi-stakeholder approach.

In advance of the program launch, a stakeholderworkshopwas held [17] to discuss
current projects being undertaken in the area of waste reprocessing/repurposing and
define areas of collaboration and future work. It was recommended that a holistic
approach be taken, which would include the following:

• Waste reprocessing
• Repurposing options
• Novel materials from waste components
• Processing to eliminate tails and other waste

Fig. 2 Mining value from waste programme concept
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• Tailings and mine waste lifecycle
• Mine waste management options to facilitate reprocessing at a later date
• Policy and regulatory reviews

The program has identified three types of tailings, which pose high risks to the
environment and/or contain high economic values that make them commercially
attractive. These are: (i) reactive sulphide tailings prone to acid mine drainage, (ii)
gold tailings with low sulphide content and (iii) tailings that pose high liability to the
environment (Table 1).

CanmetMINING is already undertaking several projects under the Mining Value
from Waste Programme. These are detailed below.

Reprocessing of pyrrhotite rich tailings [3, 4]: Large quantities of pyrrhotite are
produced during physical separation of nickel ore. The pyrrhotite contains nickel and
cobalt and is highly reactive, producing significant acidic drainage. Reprocessing of
this material will result in lower treatment cost and significant revenue generation.

Achievements include:
• Completion of stirred-tank bioleaching experiments to examine the effect of chem-
ical additives and flotation on sample beneficiation.

• Preliminary techno-economic evaluation (TEA) and genomic characterization

Rare earth elements and scandium from coal ash [5]: Coal and coal ash contain
significant quantities of rare earths and other critical elements. The rare earths and
scandium are relatively readily extractable and could provide a secure source of
critical metals from a waste source.

Achievements:
• Several coal ash sources examined
• Scandium is 70–90% of the contained value and able to leach 30–50% with dilute
sulphuric acid

• Residue can be used in supplementary cementing materials for civil engineering.

Iron removal using biomass-based technologies to produce a saleable prod-
uct: This project emphasizes the removal of iron from base metal mine wastes.
Considering that the base metal tailings can contain high levels of iron oxides that
could be economically exploited upon the development of an efficient iron recovery
technology. This project focusses on the coupling of biomass-based technologies to
facilitate iron removal by magnetization. The magnetic iron produced may be suit-
able as a saleable product, but also as an important sink for trace metal contaminants
in tailings.

Achievements include:
• Successful magnetization of relevant ferric oxide (hematite), hydroxide (goethite),
and sulphate (jarosite) as well as oxidized pyrrhotite tailings in the presence of
biomass at low temperature.

• Detailed characterization of the reactive process during phase transformation.
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Table 1 Tailings types for consideration (From Cheng et al. [6])

Tailings type Economic driver Environmental benefit Technical merit

Reactive sulphide
tailings (e.g.
pyrrhotite-rich
tailings)

High
Reactive sulphide
tailings, especially
those generated
several decades ago,
often contain base
metals/ precious
metals/strategic
metals with metal
grades comparable to
new exploration
projects

High
Reactive sulphide
tailings require
perpetual containment
in costly engineered
cover systems to
avoid AMD
generation. Tailings
reprocessing can
eliminate/reduce the
volume of the reactive
tailings by converting
part of them to benign
residues

High

Gold tailings with
low sulphide content

High
Tailings with gold
grade as low as
0.2–0.3 g/t can be
commercially
attractive provided
that the operating cost
of the novel
reprocessing
technology is
significantly reduced.
(less than $10 per
tonne)

High
Through reprocessing
of the tailings and
recovery of the gold
values, the resulting
residues have great
potential to become
benign tailings, which
can be repurposed for
backfill or
construction use

High

High liability tailings
(e.g. high arsenic
tailings)

High
The liability cost and
the future remediation
cost are very high for
contaminated tailings
sites

High
Bio-mineralization
can be used to
stabilize deleterious
elements such as
arsenic. Microbial
transformation of
arsenic in the
subsurface can
provide a long-term
arsenic stabilization
solution, thereby
protecting the
environment

High
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Demonstration and optimization of the alternative binder technology: This
technology could be used to place enormous quantities of tailings and slag back
underground, thereby decreasing surface liabilities. Further, the alternative binder
‘recipe’ results in significant greenhouse gas reduction and cost savings for themining
industry, due to the replacement of Portland cement.

Achievements include:
• Recipe development for various waste types
• Slag characterization
• Binder strength on par if not greater than Portland cement

Recovery of metal values from gold tailings [7]: The focus of the project is
to develop novel processes to recover metal values, particularly gold from historic
gold mine tailings and to reduce the environmental liabilities associated with these
wastes. The project focusses on the development and deployment of innovative tail-
ings reprocessing solutions, specifically in the areas of reactivation of sulphide min-
erals, recovery of metal values, and removal of contaminants.

Achievements:
• Process flow sheet developed
• Successful gold recovery (>80%) without the use of cyanide

Bioenergy production from mine waste areas [15]: This project examines the
opportunity to use municipal waste and other residues on mines sites to reclaim
mining lands and grow energy crops. It employs the strategy of utilizing one waste
to reclaim another with the aim of generating bioenergy from these sites.

Achievements:
• Successful field trials employing hybrid willows, canola and corn
• Data suggest oilseed production on mine tailings could generate approximately
3600 litres per hectare, and a gross profit of approximately $900 per hectare per
year

• A preliminary bioenergy feasibility study showed a combustion option to be the
best, and that <400 ha of hybrid willow could provide enough electricity to power
a typical water treatment plant.

Conclusion

The Mining Value fromWaste program has the potential to be a game changer in the
way we look at mining. The approach strives for green extraction of metals with the
goal being value generation, along with associated liability and environment impact
reduction. As we look to transition to a low carbon and circular economy, we need
to examine novel approaches to secure mineral and metal resources. Considering
the volume and variety of mine waste available, the opportunity for reprocessing
and repurposing is real and potentially immense. Through collaboration, existing
technical, engineering and regulatory challenges can be overcome to achieve ‘mining
value from waste’.
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Exploring Drivers of Copper Supply
and Demand Using a Dynamic Market
Simulation

Jingshu Zhang, Omar Swei, Richard Roth and Randolph Kirchain

Abstract Several authors have suggested that supplies for key non-renewable
resources may soon cease to expand at the same rate as demand. Inevitably this
would lead to some peak and then decline in production. This work describes the
development and application of a fully dynamic model of the copper market. This
model includes both a probabilistic simulator of future supply expansion based on
published data on copper deposits and a novel model of copper demand that includes
both short-term and long-term elasticity of demand—both due to self-price and alu-
minum price. Using this model in long-term simulations suggests significant copper
reserve depletion would not be expected to occur in this century. The model predicts
a time frame to significant depletion that is more than 50% further out in the future
than previously reported results that did not include these effects.

Keywords Price elasticity · Economics · Criticality
Asworld population grows and,more importantly, gainswealth demand formaterials
of all kinds is growing rapidly. As shown in Fig. 1, the use of some materials has
grown nearly exponentially. In fact, for the material of focus of this paper, copper,
we now produce same amount every 3 years as was produced in the first 50 years of
the last century [1].

The intensity of use is a sign of economic progress and those materials do bring
important benefit through the globe. Nevertheless, that same intensity of use has
raised some concerns of both the environmental and economic sustainability of the
metals and minerals supply [2–4]. Broadly, these concerns are referred to as scarcity,
which in the authors’ opinion often leads to some misunderstanding. Scarcity is
popularly understood to refer to running out of something. In economically driven
markets scarcitywill have an effect long before the last ton is extracted from the earth.
As a material becomes more scarce, generally, its extraction will become more and
more challenging. This increase in extraction cost, as well as the normal allocative
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Fig. 1 Annual global
production in million metric
tons (Mt) of four major
materials: cement, steel,
aluminum, and copper. Note
that, cement and steel are
plotted on left axis.
Aluminum and copper are
plotted on right axis [1]

function of markets, will mean that scarce resources will become ever more costly.
The first effect of scarcity is felt when some application is no longer economical
because the material from which it is made is too expensive.

In the end, this more nuanced appreciation of scarcity leads to the same out-
come—some function can no longer be met with the technologically superior option
because that option is now too expensive. For copper, we could imagine real con-
sequences of this. Would a device become less electrically efficient because it no
longer used copper as a conductor? Would a machine become less thermally effi-
cient because it no longer used copper to transfer heat?

Given the economic importance of copper, it is not surprising that several authors
have explored itsmarket function. For instance, Aguirregabiria andLuengo [5] devel-
oped a dynamic structural model that incorporates information regarding production
delay, unit cost heterogeneity, and market concentration. Because of the preliminary
nature of the available report, no estimates of long-term copper use are provided.

Northey et al. [6] created an agent-level supplymodel based on a detailed database
of copper mines and deposits coupled with a univariate model of future demand.
Using these models, they have conducted a century-long analysis to investigate
scarcity risk at various levels of reserve size. As we will see later, however, they
work has not incorporated price mechanism, and has not allowed for explicit mate-
rials substitution as a result of changing commodity prices.

Glöser et al. [7, 8] have developed a sophisticated copper market model that takes
into account the delay in adjustment of supply and price mechanism and a detailed
physical material flow model. Although this model represents a significant advance,
there is no reported application of it to long-term use or scarcity questions.

We build on these previous works to better understand the scarcity trends in the
coppermarket. Specifically, we develop a novel set of econometricmodels of demand
that provide insight into both short-run and long-run elasticities both for self-price
and substitute-price elasticity. (We limit substitute-price affects to aluminum price
in the analysis presented here.) Figure 2 shows the results of these analyses for the
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Fig. 2 Elasticities of demand for copper in electrical applications, inferred from auto-regressive
distributed lag modeling of past cost use and prices. Short-run elasticities apply to demand shifts
within 1 year. Long-run elasticities apply to demand shifts longer than 1 year out. Self-elasticities
are a response to copper price. Substitute-elasticities are a response to aluminum price

electrical products sector. In this work, short-run elasticities apply to demand shifts
within one year. Long-run elasticities apply to demand shifts longer than one year
out. Self-elasticities are demand responses to copper price. Substitute-elasticities are
a response to aluminum price.

From these elasticities, we see that China and developing world demand is more
responsive in the short term to changes in price (short-run elasticities are larger in
magnitude), but less responsive in the long run (long-run elasticities are smaller in
magnitude).

Additionally, in thismodel, we incorporate algorithms that allow supply to expand
in response to price. This structure is analogous to that proposed by Aguirregabiria
and Luengo, but incorporates not only known projects, but a statistical analysis of
known deposits as reported by the USGS [9–11]. The model considers decisions at
each prospective mine site and evaluates like return on investment. Mines only open
when they would be economically attractive.

By incorporating information on how price would likely alter both future demand
and future supply, we see that the likely future of copper will extend well beyond
some other previous predictions. Specifically, our model predicts that if demand is
assumed to be inelastic and the supply does expand with price, then demand would
roughly equal current reserves by the end of the century. However, we see that price
effects would be expected to decrease future demand by more than 20% compared
to levels one would find from extrapolations based on today’s use. That drop results
from substitution away from copper to other materials like aluminum if copper prices
were to rise. Additionally, we see that economically driven expansion of supply could
easily double available copper compared to today’s economically viable reserves.

In the end, economically sensitive models will increasingly be important tools for
understanding long-term trends in materials use.
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Toward a Solid Waste Economy
in Colombia: An Analysis with Respect
to Other Leading Economies and Latin
America

José J. Rúa-Restrepo, Gloria I. Echeverri and Henry A. Colorado

Abstract This investigation aims to analyze critically the historical situation,
current, and potential trends of the main solid wastes in Colombia, not only from a
detailed and internal point of view, but also in the Latin American countries. To give
a better context and understanding of the issue, some data is also studied in compar-
ison with some leading economies worldwide. Most countries worldwide including
Latin America still work with the linear economy model, where the wastes are not
intended to be minimized, re-used, or considered in the initial design as is in the
circular economy. To implement the circular economy, one of the major challenges
in many countries is the quantification and thus reliable and verifiable data for waste,
therefore being one of themain goals of the current investigation in Colombia, partic-
ularly focused in the main solid wastes. In addition, important clues have been found
in relation with the waste, economy, population, gross internal product, regulation,
and society practices. Results from the current investigation can be used for similar
economies and for countries with comparative waste numbers to Colombia.

Keywords Sustainable economy · Circular economy · Solid waste · Colombia ·
Latin America

J. J. Rúa-Restrepo · H. A. Colorado
CCComposites Laboratory, Universidad de Antioquia UdeA,
Calle 70 No. 52-21, Medellín, Colombia

J. J. Rúa-Restrepo · G. I. Echeverri
Grupo Pluriverso, Universidad Autónoma Latinoamericana
Unaula, Medellín, Colombia

H. A. Colorado (B)
Universidad de Antioquia, Facultad de Ingeniería, Bloque 20,
Calle 67 No. 53-108, Medellín, Colombia
e-mail: henry.colorado@udea.edu.co

© The Minerals, Metals & Materials Society 2019
G. Gaustad et al. (eds.), REWAS 2019, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-10386-6_41

337

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-10386-6_41&domain=pdf
mailto:henry.colorado@udea.edu.co
https://doi.org/10.1007/978-3-030-10386-6_41


338 J. J. Rúa-Restrepo et al.

Introduction

Today, the estimation is that the world generates about 1.3 billion tons yearly of solid
wastes, and it is expected to double this number for 2025with the population increase
[1], which is considered now a worldwide problem [2]. In Europe, the uncontrolled
growing of wastes derived from the world consuming its natural resources faster
has forced that politics are all adapted to promote the use and exploitation of these
wastes with the optimal strategy according to the socioeconomic projections [3].
It is known the relation among the solid waste generation, the population increase,
and the industrial production [4] and Bruvoll and Ibenholt [5]: the increase in the
population has generated an increase in the raw materials and correlation with the
economic level, production, and generated wastes overall. This has been validated
by Berglund and Söderholm [6], using econometrics for a flow analysis of the used
raw materials in the paper industry, showing a relation among the generated waste,
the management, and the economy, for industry and communities [7]. In order to
minimize the waste, because targeting this one to zero is impossible itself by the
thermodynamics laws, the strategy of minimizing the waste has been compared to
recycling [8], finding the first as the more effective solution. The waste minimization
concepts [9] have been collected by the circular economy (CE) model [10], as an
alternative to the take-make-dispose alternative [11] and to take actions to preserve
and make sustainable the available the planet Earth resources [10, 12–16].

Important research of the circular economy has been conducted in Asian nations,
led by China [17–19], which shows a positive interest on the CE as their population
and industrial production numbers have been increased significantly in the last few
years, having a lot of public health issues [15]. Circular economy directly contributes
to the sustainable development [20], but deserve a complete change not only in the
procedures and technical aspects including the exploitation of natural resources,
design, logistics, and manufacturing, but also in the politics and the economic model
[21], and in the society role as well [22].

Organizations such as the Organization for Economic Co-operation and Develop-
ment (OECD) [23] have been informing about the potential world-scale catastrophic
scenario that can overcome a weak take in action and poor regulation in the correct
implementation of the needed environmental and economical politics. The manufac-
turing sector plays a significant position in the accomplishing of these goals [24],
with a main role of the plastic industry as a derived from a very contaminant oil
industry [25], in the last years always being the focus of public attention, since the
derived materials are typically not properly exploited or recycled [26], pero con alto
potencial de aprovechamiento [27].

In particular in Colombia, and in other developing countries in Latin America and
the Caribbean and also in Africa, the problems are even worst because the regulation
is weak, the politicians are not really interested, and also because the waste statistics
are not well-known. The numbers regarding the correct disposition and exploitation
of waste with respect to the total amounts generated constitute the starting point for
the circular economy of plastic materials [28–30].
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In this paper, several data is presented and also other is generated mainly about
the solid waste in Colombia and the main regulations. In addition, comparison with
other nations are presented and most importantly presented in the Latin American
context. Some details of the plastic waste generation and recycling are also discussed
in relation with the Gross Domestic Product (GDP) and the population, all this
conducted in order to set the bases for the calculation of a realistic and reliable
circular economy model.

Materials and Methods

The materials analyzed in this investigation correspond mainly to plastic, organic,
paper, and ordinary solid wastes. In order to establish feasible statistics about these
wastes, not only local but also international databases have been studied, which
include provided and official data. The main sources are detailed below.

American Society of Testing Materials––ASTM

The ASTM-D5231-92 [31] established a characterization methodology for the gen-
erated wastes from the residential and urban areas. Commercial and industrial wastes
are also included. Themean composition determination for themunicipal solid waste
(MSW) starts with the collection and manual classification of wastes for a selected
period of time of minimum a weak. Three main procedures are involved:

• Random sample collection in site.
• Collection time of data.
• Sectoral analysis for the characterization of different parts of the simple.

United Nations for Environmental Protection (UNEP)

UNEP has a detailed procedure for the solid waste management that includes its
characterization and quantification [32]. Among other information, the solid wastes
must be divided into the following types:

• Municipal solid wastes (residential and commercial)
• Construction and demolition wastes
• Industrial solid wastes (nonhazardous)
• Hazardous wastes (industrial, health, laboratory, and construction and demolition
wastes).



340 J. J. Rúa-Restrepo et al.

The collection of information for the must follow the following steps:

• Step 1: Classification of the characteristics to measure
• Step 2: Procedure for sample collection
• Step 3: Waste quantification
• Step 4: Analysis methods.

World Bank (WB)

By the What a Waste [1] source, the World Bank (WB) studies the socioeconomic
model, the demographic growing, the level of life, and the income level, all against
the solid waste generation. The results are clear and reveal that more plastic waste
is generated in the nations with a highest per capita income, where more materials
are consumed and therefore more waste is expected, see Fig. 2. For Fig. 3, it can be
seen how the waste is sectorized, it is also possible to observe the quantity of them
and the classification of them in different types according to the countries analyzed,
and it should be noted that this documentation is the result of the consolidation of
data obtained during several years of research until 2012, including only member
countries of the OECD. Analysis of the flow and econometrics using the Hodrick
and Prescott (HP) can be used to determine the relationship between the flow and
the reduction in the quantity of waste in a measure of time [33].

Hodrick and Prescott analysis use time series for analyze the data, using as a main
parameter the period measured, such as year, each 3 months, and each 6 months,
in order to give an approximation or an estimate of the behavior of the variables
[34]. For the trend estimation, HP filter takes each point of data for every year,
after it builds a trend according to the algorithm [35] and afterward describes the
behavior of the variables and according to the inclination of the curve it is possible
to predict data for ten years in the future. In the research, the data from different
sources (see Fig. 5) is analyzed with HP filter, the variation of the algorithm uses an
alpha of 100, since the data is given annually and the results can be detailed in Figs. 6
and 7, in which a cycle of behavior is presented, and the behavior of the softened
curve explains the model that allows to describe the future data for the selected
variable. Plastics are used as a variable of study.

Results and Analysis

Figure 1 shows a general overview of the OCDE countries for the solid waste data
between 2010 and 2012 from D-Waste Atlas 2013 [36]. Figure 1a shows the solid
waste per capita, which is very high in North America and Australia. Figure 1b
shows the plastic waste generated relative to the total production, high in more
distributed countries and also high in South America. Figure 1c shows the organic
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Fig. 1 Sectorized generation of Global Solid Waste (GSW): a Per capita solid waste generation
(Kg/Año). b Plastic waste (%) regarding to total generation. c Organic waste (%) regarding to total
generation. d Paper and cardboard (%) regarding to total generation. Source D-Waste Atlas (2013)

waste generated, also with a very important contribution from Latin and Central
America. Finally, Fig. 1d shows the paper and cardboard waste generated, very high
in the more developed countries, including USA, Canada, Australia, and Europe.
These maps clearly show two faces: one is revealing an environmental problem, the
other one is an opportunity for innovation and creativeways to use and recyclewastes.
Particularly in Latin America and the Caribbean (LAC), an economics that includes
solutions for the organic and plastic wastes can be a route toward the development.

The Situation with Respect the Leading Economies

The solid waste generation and the global income economy of the country have
been summarized in Fig. 2 with data from World Bank. In this representation, solid
waste was characterized by the type (organics, paper, plastic, glass, metals, and other
solid wastes) and summarized by the type of economy of the country in general:
high, medium-high, medium-low, and low-income country. In general, it is clear
and accepted the inverse relation between the country income and the amount of
waste generated. However, specifically low-income countries produce more organic
waste than high-income countries; and high-income countries produce more plastic
waste. In general, people with better economy have a higher product consumption of



342 J. J. Rúa-Restrepo et al.

Fig. 2 Global waste generated by stream of waste and by economic income. a High income.
bMedium-high income. c Medium-low income. d Low income. Source What a waste (2012)

materials and parts. These graphs also reveal that low-income countries need to work
more in the use of organic wastes, which is better treated in the leading economies.

Figure 3a also supports Fig. 2, since countries as USA and Australia, show the
lowest organic waste generated, but the highest numbers in terms of the plastic and
paper wastes. On the other hand countries with weak economies show the organics
as its main solid waste. Medium-high income countries show a high organic waste
volume, and similar amount of plastic waste among them, with Denmark out of the
trend with just 1 wt% of plastic waste, which is of course a consequence of good
practices not only for recycling and utilization of the generated wastes but also a
decrease in the solid waste generation.

Figure 3b suggests how each country manages its waste given by the numbers
obtained directly from the landfills, with information including the classification and
use of waste. Some countries such as Japan and Denmark have significant numbers
of energy recovery in incineration plants of these wastes. The other part of the pie
is revealed by countries with 100 wt% of wastes disposed of only in landfills, which
suggests no programs and strategies for classification, recuperation and use of the
solid wastes. Countries including Colombia, Costa Rica, and Uruguay, still have an
important open to air landfills, which in most cases is the result of lack of interest
of the government in a better solution. In Colombia, the regulation and politics for
the solid waste management are proved to be not very efficient as there are several
serious and active conflicts with the communities in the areas of interest. Moreover,
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Fig. 3 Waste typology by country regard to income level: high income (HIC), lowmedium income
(LMI) and upper medium income (UMI). a Stream of waste by country. b Solid waste disposal
method. Source What a waste (2012)

the solid waste statistics and the official information provided the governing agencies
is still in many cases in consolidation, as regulation just started to be applied and
therefore in sectors like plastics, not much information is available, and the USA
Environmental Protection Agency (APA) is being taken as a reference but still with
a lot of limitations.

Figure 4 shows waste data for three different agencies in the same year: EPA,
World Bank (WB), Statista. EPA and WB statistics show very close trends in the
flow of waste materials, particularly in plastics and organics. STATISTA data present
significant differences in the same waste types, which can be associated with differ-
ences in the information consolidation by each organization, with differences in the



344 J. J. Rúa-Restrepo et al.

Fig. 4 Solid waste generation in United States according to different sources. SourcesWorld Bank,
EPA and Statista

classification, measurement, and management. From Waste 360, see Fig. 5a, USA
has a particular waste flow with an increasing trend, particularly in plastics. In order
to better understand and compare with Latin American and the Caribbean, the flow
of paper cardboard and plastics were extracted and analyzed by the area under the
curve [10, 37]), and results appear Fig. 5b. Paper and cardboard showed a peak in
2000, and after 2010, it shows a stabilization which is related to the economics of
construction industry. Plastics had an important increase up to 2005, and then also
show a plateau curve. Figure 5b is showing the positive effect of the environmental
politics; as well as recycling, waste utilization, valorization and minimization for
these wastes adopted after 2010 [29, 38, 39]. In addition, time series Hodrick and
Prescott (HP) [40] were used to analyze the waste generation numbers, see Fig. 6.
For paper, plastics, metals, and rubber, there is a trend to decrease the wastes after
2010, perhaps, as a result of improvement in waste management, and also due to a
lack in the economy growth. The HP cycle also allows to predict future numbers, as
a softened curve, see Fig. 7. This curve reveals a constant growing from 1960 with
a slight decrease in the growth after 2010 (Table 1).

The Situation in Latin America

In South America, the data from the Inter-American Development Bank (IDB) for
solid wastes was compared with the information from the Gross Domestic Product
(GDP).

Figure 8a shows a strong relation between the GDP and the generated solid wastes
for different countries in Latin America ordered by the amount of solid wastes. The
two curves have the same trend. Figure 8b shows the wastes per capita generation,
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Fig. 5 Waste generation trend according to EPA andWaste 360.org análisis: aHistorical generation
by material flow. b Area under the curve

with also some relation with the GDP. Brazil is leading in the amount of wastes
generated which is consistent with its largest population of the continent. However,
when thewaste amount is divided over theGDP,Bolivia pass to lead the statisticswith
105 tons/year per million dollars, against lowest one, Venezuela, with 27 tons/year
per million dollars. Figure 8c is a summary of the wastes by type, where organics,
as shown before, are very significant in Latin America. The graph also reveals the
progress in Brazil besides the large industry compared with other Latin American
countries, have a better waste management plans.
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Fig. 6 Hodrick and Prescott analysis for time series of waste generation in Fig. 5. Presenting the
most relevant stream of waste paper, plastics, metals, and rubber

Fig. 7 Examples of softened curve for plastic waste stream

Figure 9 shows waste statistics for Colombia data from WB and BID, which
is very consistent. Both sources share information from The Pan American Health
Organization (PAHO) and the World Health Organization (WHO).

Figure 10 is a summary of the waste utilization rates in Colombia by the type of
waste. A lot of work needs to be done for improving the use of organics, cement and
concrete, and plastics.
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Fig. 8 Solid waste generation by country according to IDB and Waste Atlas: a solid waste versus
GDP. b Solid waste versus per capita GDP. c Solid waste by stream of waste. d Generation radius
versus GDP
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Fig. 8 (continued)

Table 1 Solid waste classification according to WB

Solid waste classification according to World Bank

Organic Food waste, yard (leaves, grass, foliage), trash, wood, process waste

Paper Pieces of paper, cardboard, newspaper, magazines, bags, boxes, pone guides, paper
cups for drinks. Strictly paper is organic, but at least that it is contaminated with
food, it does not classify as organic

Plastic Bottles, cups, bags, all plastic items

Glass Bottles, broken glassware, light bulbs, colored glass

Metal Cans, aluminum paper, pieces of electronics, and others

Others Textiles, leather, rubber, multilayer materials, electronic waste, home appliances,
ash and other inert materials
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Fig. 10 Comparative exploitation rates of waste in Colombia with other countries. Source Tecnalia

The Situation Inside Colombia

In Colombia, there enough legislation and policies about the solid waste manage-
ment andwaste utilization, however, a poor law enforcement and real implementation
mainly at the high-level government make this initiative obsolete. Some of the land-
mark laws and other regulations are listed below.

• Law 99 December 22 of 1993 (Ley 99 de diciembre 22 de 1993). For the creation
of the Environmental Minister [41].

• Law 142 of 1994 (Ley 142 de 1994). For establishing the regimens for the home
public services, which includes the public waste management service [42].

• Decree 605 of 1996 (Decreto 605 de 1996). For an adequate public service of the
waste services [43].

• National policy for the integral waste management, 1997.
• Resolution 201 of 2001 (Resolución 201 de 2001). Establishes the conditions for
the elaboration, update, and evaluation of environmental management’s plans.

• Decree 1713 of 2002 (Decreto 1713 de 2002). Over the final disposition of solid
wastes.

• Decree 005 January 7 of 2003 (Decreto 005 de enero 7 de 2003). To prevent the
sanitary emergency in the city of Medellin.

• Resolution 1045 September 26 of 2003 (Resolución 1045 del 26 de septiembre de
2003). Method for the elaboration of Comprehensive Solid Waste Management
Plans (PGIRS).

• Resolution008of 2004 (Resolución008de2004).Master plan for theMetropolitan
Area of Medellin for the Comprehensive Solid Waste Management.

• GTC86: 2003-10-22.Guide for the implementationofComprehensiveSolidWaste
Management GIR–[44].
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• GTC 53-2: 2004-07-28. Guide for the use of plastic waste [44].

Among the main actors responsible for the national environmental policies and
waste management plans elaboration and implementation, there are the Environ-
mental Minister, the National Planning Department (DANE), the Superintendence
of Public Services, the Single Information System (SUI), System of Environmen-
tal and Economic Accounts (SCAE), and the National Administrative Department
of Statistics (DANE). Corantioquia is an important institution in the state level of
Antioquia. Besides their efforts and the new appearance in high-level documents of
the Circular Economy and other world-class initiatives (CONPES 3874), there is not
an optimal implementation of the goals projected in the laws and the situation of
wastes is still far away from a circular economy. Details of the solid wastes from
Colombia are summarized in Fig. 11 [45], where waste materials in Colombia are
classified as wastes and residual products. Waste is materials or parts that went, until
the end of their useful life as a product. Residual products came from the production
and immediately can be used in the same process, or even commercialized as raw
semi-virgin materials for other products or processes. Figure 12a shows details about
this flow, in which the residual products are produced in highest amount than wastes.
The increase in the waste generated can be associated with an increase in the GDP for
a larger industrial production and consumption, see Fig. 12b. Figure 12c shows the
solid waste disposal growth rate in the main cities in Colombia from 2012, showing
stability in the trend, associated with the beginning of the implementation of diverse
national level strategies in the Compes developing plan (plan de desarrollo Compes).

Conclusion

The presented results showed some differences for the solid waste numbers not only
for the case of Colombia but also for other nations from local and international
databases. Particularly in the case of Colombia, the environmental topics was not
even a topic of discussion in the government 10 years ago, however, even the lack
of technology of the country, there is now an important social and international
pressure for the improvement in the environmental regulations, policies and the
main problem, their implementation. The main problem is that the case of Colombia
is not a particularity, is the situation of if not half, more than half of the countries
worldwide, andwithout a real interest of the government in investment in topics as the
circular economy rather than just mentioning in campaigns, the situation will worsen
with days and the population, pollution, and other derived environmental effects will
increase. With the potential adhesion of Colombia to the OECD, an effort that the
past and current government is pursuing, perhaps the country can progress in the
current situation and give better number for 2020.

This work has provided and also summarizing some of the most representative
data from Colombia in terms of solid wastes, but most importantly with respect to
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(a)

(b)

Fig. 11 Generation and classification of Waste in Colombia a solid waste generation. b Residual
products generation. Environmental accounts (Environmental system of information-Colombia,
2017) [45]

leading economies and Latin America. It is clear than today more than before wastes
had a profound impact in the economy of a country, and appropriate resources must
be involved in order to adapt all the country statements and align the industrial and
residential sectors in order to implement the circular economy model. In the case of
Colombia, organic and plastic wastes represent an opportunity also generating new
industries, which certainly is convenient for an economy mostly based in agriculture
and raw materials sells. Finally, the study presented here has revealed a lack of
communication in the data managed by the official agencies in Colombia, which
certainly is affecting the implementation of correct strategies and plans to decrease
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Fig. 12 Waste and collection rate. a Comparative between residual products and solid waste
2012–2015. b Flow rate residuals waste and GDP c waste disposed versus collection rate
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the negative consequences of the non-properly managed wastes, and its adverse
influence in the public health. This also diminishes the economic competitiveness
of the country with respect to other economies and certainly bad preparation for
environmental contingencies. A better plan is needed, and the circular economy is
the way, with all society sectors working together.
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Cobalt Criticality and Availability
in the Wake of Increased Electric Vehicle
Demand: A Short-Term Scenario
Analysis

Danielle Beatty, Xinkai Fu, Michele Bustamante, Gabrielle Gaustad,
Callie Babbitt, Randolph Kirchain, Richard Roth and Elsa Olivetti

Abstract Understanding cobalt criticality and availability is necessary as lithium-
ion battery demand, particularly for electric vehicles, is projected to increase expo-
nentially throughout the next decade.With these increases in demand, supply concen-
tration and mining limitations could have a significant impact on cobalt-dependent
firms, sectors, and emerging technologies. Increased recycling, cobalt refining capa-
bility, and possible substitution away from cobalt in high demand sectors form the
basis of modeling scenarios; these scenarios are created to identify the implications
of changes in the cobalt supply-demand balance to 2030. Based on these, cobalt faces
a tight but not impossible short-term market, where recycling and additional cobalt
sources should be pursued and will become increasingly important out to and past
2030.

Keywords Cobalt metal · Availability · Criticality · Scenario analysis · Supply ·
Demand · Electric vehicle
Understanding cobalt criticality and availability is necessary as lithium-ion battery
demand is projected to increase exponentially throughout the next decade. Lithium-
ion batteries, concentrated in consumer electronics and electric vehicles (EVs), are
currently the largest cobalt demand sector (accounting for 53% of the global cobalt
demand). The market for electric vehicles is expected to see significant increases
between 2020 and 2026, as costs for electric vehicles equalize with those for tradi-
tional ICE vehicles. Along with cost, country-specific policy decisions are limiting
the production and sale of traditional vehicles in favor of a more sustainable alterna-
tive, such as electric vehicles. High complex annual growth rates for electric vehicle
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sales are projected globally and electric vehicle demand (sales) could reach over
twenty-nine million vehicles in 2026.

With these increases in demand, supply concentration and mining limitations
could have significant impact on cobalt-dependent firms, sectors, and emerging tech-
nologies. Increased recycling, cobalt refining capability, and possible substitution
away from cobalt in high demand sectors form the basis of modeling scenarios;
these scenarios are created to identify the implications of changes in the cobalt
supply-demand balance to 2030. Four distinct scenarios are considered, including
substitution away from cobalt in the superalloy demand sector, decreased mining
efficiency due to political instability in the highly concentrated cobalt supply chain,
increased mining efficiency in all cobalt mines worldwide, and secondary supply
from electric vehicle batteries reaching their end of life.

Due to the projected increase in demand over the coming decade, lithium-ion
batteries will continue to be the largest end-use sector of cobalt. With expected
lifetimes between eight and twelve years and high cobalt recovery rates at end of
life, EV lithium-ion batteries will provide a significant source of secondary supply
for cobalt. Due to relatively high recycling rates (up to 50%), recycling programs of
small consumer electronics may also play a future role in secondary cobalt supply.
Short-term projections indicate that battery recycling is not currently economically
or systematically developed to make an impact on cobalt supply up to 2030. Despite
this, recycled cobalt from used batteries will be a significant cobalt source in the long
term, potentially matching seventy percent of primary supply by 2030.

Superalloys are the largest sector of non-battery demand, accounting for sixteen
percent of total demand (when batteries are included) and thirty-four percent of total
non-battery demand; smaller demand sectors include hard materials, catalysts, and
magnets. To explore demand sector dependence on cobalt, a scenario involving stag-
nated superalloy demand is developed. Although superalloys constitute the second
largest sector of cobalt demand, this scenario results in only a small decrease in
non-battery demand for cobalt. Despite this, if the market is tight enough even small
changes may play a large role in the cobalt supply-demand balance in the short term.

Primary supply of cobalt is heavily geographically concentrated, both for min-
ing/production and processing of the mined materials. Current estimates put approx-
imately sixty percent of all mined cobalt production in the Democratic Republic of
Congo (DRC); this value is expected to reach upwards of sixty-five percent before
2030. No more than five percent of primary cobalt is supplied by any other country.
Fifty-eight percent of the produced cobalt is processed in China; ninety-one percent
of this originates in the DRC. Alongwith these heavy supply concentrations, primary
cobalt supply is also restricted by its by-product status: cobalt is mined mainly as a
by-product of nickel, copper, or platinum group metals and very few mines produce
cobalt as their primary source of revenue. Because of this, cobalt supply may not
respond to the expected increases in cobalt demand; heavy supply concentration may
also effect the supply-demand balance in the short term. To explore this, two sce-
narios are developed to assess the effects of both increases and decreases in primary
supply.
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Mine location, ownership, and metal by-product status may all effect cobalt min-
ing efficiency globally. To assess additional cobalt primary supply, cobalt mining
efficiency is increased for all mines globally; results indicate that increased mining
efficiency as a result of increased cobalt demand, could supply up to twenty percent
more cobalt by 2028. To explore significant cobalt supply decreases, supply is limited
for three mines in the DRC; a scenario such as this could arise with political insta-
bility in this copper-belt region. While over seventy mines are currently producing
cobalt, limiting the production in only three could show a thirteen percent decrease in
cobalt supply within the next decade. Supply levels from currently operating mines
are unlikely to meet the exponential increases projected for cobalt demand from the
electric vehicle market. To meet this supply-demand gap, many additional mines are
expected to open or increase cobalt production within the next decade.

There are a number of additional areas of interest that are likely to affect the cobalt
supply-demand balance, both in the short term and out past 2030. These include the
degree of integration of firms along the cobalt supply chain and the potential for
hedging and speculation to influence supply. Other sources of cobalt should also
be taken into account, including potential undersea cobalt resources, and secondary
supply from consumer electronics; evolution of electric vehicle battery chemistry
should also be considered when assessing cobalt demand in the long term.

Based on the scenarios explored, cobalt faces a tight but not impossible short-term
market. Political instability in the DRC, low values of secondary supply entering
the market, and demand increases in the battery and non-battery sectors increase
the gap between supply and demand. However, high values of cobalt recovery and
secondary supply from EVs bring supply within reach of demand to 2030. With
extreme demand increases and continued geographical supply concentration over
the next decade, secondary supply from cobalt-containing products reaching end
of life and additional new cobalt resources may be necessary for supply to meet
demand. Recycling, cobalt refining capability, possible substitution away from cobalt
in high demand sectors, and additional cobalt resources should be top priorities both
politically and technologically in the years to come.
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Distribution and Chemical Species
of Chromium in the EAF Dust
from Stainless Steel Plant

Zhi Li, Guojun Ma and Xiang Zhang

Abstract Electric Arc Furnace (EAF) dust generated in the production process of
stainless steel is a hazard to the environment and human health due to its large
amounts of toxic substances, such as Cr(VI). Cr in the EAF dust is mainly in the
form of a residue according to sequential extraction procedure test, and only small
amounts of Cr are mobility. Although the formation mechanism of the EAF dust
has been gradually understood, the distribution and chemical species of Cr in EAF
dust are rarely studied. In this paper, the distribution and chemical species of Cr in
EAF dust were studied. The results show that Cr(III) and Cr(VI) are mainly present
in the small particles. After sputtering about 140 s with Ar+ ion beam, the Cr(VI)
on the surface of dust particles disappears, and the content of Cr(III) reaches 100%,
indicating the Cr(VI) in the EAF dust comes from the oxidation of lower valent
Cr-containing substances and enrich on the surface of the dust particles.

Keywords EAF dust · Cr(VI) formation · Cr distribution · Stainless steel

Background

Chromium comes from chromium ore, which is widely used in metallurgy, refracto-
ries, and chemistry. The component of the chromium ore used in metallurgy industry
containsCr2O3 ofmore than 46%andCr/Fe of 2, respectively [1].Due to its corrosion
resistance, chromium is widely used in the product of stainless steel in the form of
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Fe–Cr alloy. Stainless steel is classified into chromium stainless steel, chrome nickel
stainless steel, chrome nickel molybdenum stainless steel and chromium manganese
nitrogen stainless steel according to its chemical composition. In consideration of
reducing production cost and the consumption of nickel, the chromium stainless steel
becomes one of the most developed varieties. According to the corresponding stan-
dards [2–4], the content of chromium is higher than 10.5 wt% in chromium stainless
steel.

In China, the production of stainless steel has increased from 7.3 million tons
in 2001 to 24.93 million tons in 2016 [5]. With the increase of product of stainless
steel, the environmental problems in the vicinity of the stainless steel plants have been
concentrated. One of the concerns is the disposal of EAF dust, which is considered
as one kind of carcinogenic materials as it contains 0.14–0.6 wt% Cr(VI) . It exceeds
the limit values of many countries [6]. Typically, 18–33 kg of dust generate per
ton stainless steel produced [7]. The dust generated through the homogeneous or
heterogeneous nucleation because of the splash of liquid steel and slags directly fly-
off from the charge aswell as volatilization ofmetals [8]. However, the distribution of
Cr in the dust, especially Cr(VI) , in different particle size has been rarely studied. As
the hazards of waste depend on the concentrations of hazardous elements as well as
its particle size since the small dust particles are easier to spread in air and dissolve
in water [9], more attention should be paid to the control and collection of small
particles of dust.

In consideration of the mobility of metals in the EAF dust, some regulations
should be satisfied during the treatment process of EAF dust. Some researchers [10,
11] utilizedTCLP to determine the toxicity ofEAFdust and found that EAFdust is the
hazardous waste due to exceeding the regulation limits of Cr. However, the mobility
of the Cr-containing species and chemical fractionation are still required to study.
To understand this, the sequential extraction method was adapted according to the
procedure of Ma et al. [10], namely F1-soluble, F2-exchangeable species, F3-bound
to carbonates, F4-bound to amorphous Fe–Mn oxides, F5-bound to crystallized Fe
oxides, F6-associated to organic matter and sulfides, and F7-residual which bound
to spinel group minerals and silicates.

In this paper, various techniques, such as Inductively Coupled Plasma (ICP), X-
ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy (SEM), and
thermodynamic calculation, have been used to study the distribution and chemical
species of Cr in the EAF dust from stainless steel plant, in order to understand the
formation of Cr(VI) in the EAF dust.

The Existence Form of Cr in EAF Dust

By studying the process of smelting Fe–Cr alloys, Ma [7] and Sedumedi et al. [12]
reported that Cr(III) is hard to be oxidized since the smelting process is carried out in
a reducing atmosphere and the oxygen partial pressure in the smelting furnace is less
than 10−8 atm. However, while the oxygen partial pressure increases in the off-gas
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duct, the oxidation of Cr(III) may occur. Compared with the total amount of Cr(VI)
generated in acidic slag and alkaline slag [13], it indicates that alkaline media would
promote the formation of Cr(VI).

According to Cheng et al. [14], the Cr oxidation dynamics analysis indicates that
Cr2O3 is the main oxidation product at low temperature, which will be decomposed
to CrO and CrO3 with the increase of temperature. At high temperature, CrO3 is the
mainproduct. In theEAFdust,Crmainly exists in the formsofCr(III) andCr(VI) , and
Cr(VI) is in the forms of CrO3, Cr2O7

2− and CrO4
2− [15]. However, Peng and Peng

[8] reportedCr exists in the form ofCrO and FeCr2O4 byXRDanalysis.Ma et al. [16]
made a thermodynamic equilibrium calculation of Cr–Fe–Zn–Mn–Al–Ca–Ni–O–Cl
system, which includes main components in the EAF stainless steel dust. The results
indicated that Cr is in the form of FeCr2O4 with temperature higher than 1327
°C, and would transform into Cr2O3 when temperature is lower than 1327 °C. The
evolutionary behavior of Cr inCr–O2 systemwith alkaline oxideswas also simulated,
demonstrating that CrO4

2− is easily formed with the existence of alkaline oxides.
In order to further study the variation of Cr–Fe–C–O system with temperature,

oxygen partial pressure and carbon content, the predominance area of Cr in the
Cr–Fe–C–O system was calculated in Fig. 1. From the Fig. 1, the increase of temper-
aturewillmake the predominance areamore complex. In 1700 °C,CrO(l) is generated
when P(O2) > 10−6.2 Pa, and Cr3O4(s) would be generated with the increase of the
oxygen partial pressure. When the oxygen partial pressure continues to increase to
10−5.8 Pa, Cr2O3(s) is generated. The Cr is stable in the form of FeCr2O4(s) with the
oxygen partial pressure more than 10−4.5 Pa. Cr(VI) would be produced when the
oxygen partial pressure reaches 9.77 Pa. In the process of stainless steel smelting, the
equilibrium oxygen potential of carbon is related to carbon content and temperature
(Eq. 1) [17]:

lg
(
PO2/P

θ
) � −2lgω[C] − 0.28ω[C] − 14558/T − 3.6752 (1)

The temperature of stainless steel smelting is about 1600 °C, and carbon content
at the endpoint ω[C] � 0.04–0.08% [18]. When the endpoint carbon content is
controlled at 0.04%, the oxygen partial pressure is 2.23 Pa calculated by Eq. (1).
Combined with Fig. 1, the Cr is mainly in the form of FeCr2O4(s) in the EAF dust.

Experimental

The EAF dust from a domestic stainless steel plant is rufous with small particles and
easy to be accumulated. The chemical composition of the EAF dust was analyzed
by Inductively Coupled Plasma (IRIS Advantage ER/S, Thermo Elemental, USA)
shown in Table 1. It shows that the EAF dust has high levels of Cr, and more than 4
wt% alkaline oxides.
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Fig. 1 Predominance area of Cr in the Cr–Fe–C–O system

Table 1 The chemical composition of EAF dust (wt%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O MnO Cr NiO Zn Cd Pb

12.56 3.52 49.93 1.96 1.21 2.29 1.20 1.98 8.20 2.35 1.28 0.004 0.30

Phase and Microstructure Analysis of EAF Dust

X-ray diffractometer (X’Pert PRO MPD) was used to analyze the crystalline phases
of the EAF dust with Cu Kα radiation, tube voltage 40 kV, tube current 40 mA,
2θ scanning range 10°–70° and continuous scanning mode. The microstructures of
EAF dust were observed by Scanning Electron Microscopy (PHILIPS XL30 TMP)
with an energy dispersive spectrometer. Before sample preparation, the EAF dust
particles was placed in the oven at 110 °C to dry for 2 h, and then it was placed on
the conductive tape and observed after spraying gold.

Distribution of Cr in Different Particle Size

The EAF dust was sieved by the dry method with ultrasonic vibrating screen (ZD-
250A). The sample was sieved into five different particle sizes of >40, 30–40, 10–30,
5–10, <5 μm. The content of Cr was analyzed by ICP, and the content of Cr(VI)
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0.4g anhydrous Dry samples 30 ml leaching solution+30 
ml buffer solution

Stir 60min at 90~95
water bath

leachate

20ml leachate to be tested 2ml agent

Determine the absorbance 
value

Calculate the content of 
Cr(VI) in the dust

Placed in 250ml conical flask, and adjust the 
pH to 7.0 ~ 8.0

Cooled to room temperature and filtered

Take 20ml leachate, adjust the pH to 1.5 ~ 2.5 with
 10% H2SO4

Leave 5~10min until appear violet

Fig. 2 The steps of determining the content of Cr(VI) in the EAF dust

in the dust of different particle size was analyzed by the EPA method 3060A. The
specific steps of measurement of the content of Cr(VI) in the EAF dust are shown
in Fig. 2. In this experiment, the standard curve equation is y � 0.6974x + 0.001, R2

� 0.9994 (y is the concentration value of Cr(VI), x is the absorbance value).

Chemical Species of Cr in EAF Dust

Table 2 is the typical seven extraction procedure for residual elements. After each
extraction step, themixture was centrifuged at 2500 rpm for 10min. The residual was
then washed with 10 ml ultrapure water and centrifuged repeatedly. The supernate of
each extraction step was used to determine the concentrations of heavy metals with
ICP.
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Table 2 The steps of the sequential extraction procedure

Chemical species Description of extraction process

F1. Soluble Place 2.00 g dust samples into 10 ml of water with
horizontal shaking for 30 min at room temperature

F2. Exchangeable species Add 10 ml 1 N Mg(NO3)2 into the residue from F1
for 1 h at room temperature

F3. Carbonate Add 10 ml 1 N NaAc to the residue from F2
buffered to pH value is 5 with acetic acid for 5 h

F4. Amorphous iron manganese oxide Add 10 ml 0.25 mol/l NH2OH·HCl and 0.25 mol/l
HCl to the residue from F3 for 30 min in a water
bath at 50 °C

F5. Crystalline iron manganese oxide Add 10 ml 4 mol/l HCl to the residue from F4 for
30 min in a water bath at 95 °C

F6. Organic matter and sulfides Add 5 ml 30% H2O2 and 5 ml 0.02 mol/l HNO3 to
the residue from F5 for 6 h in a water bath at 85 °C

F7. Residue The residue from F6 step is digested for the analysis
of related heavy metals

Formation of Cr Species in EAF Dust

Peng and Peng [8] found that Fe and Si are unevenly distributed because the EAF
dust particle grows bymechanical deposition. And Cr deposits on the surface of large
dust particles by electrostatic interaction. However, electron probe can only analysis
the bulk composition of the dust particles. A XPS (ESCALAB 250) was used to
investigate the elements distribution on the surface of dust. The high kinetic energy
Ar+ ion beam was employed to sputter the surface of the dust particles continually,
and then to analyze the surface elements of dust at interval.

Results and Discussion

Phase and Microstructure of EAF Dust

Figure 3 is the crystalline phases of EAF dust. It can be seen that Cr(III) is mainly
in the form of FeCr2O4. This assists with the thermodynamic calculation on the
predominance area of Cr species in the Cr–Fe–C–O system. In addition, Fe3O4 and
NiO are also found in the EAF dust.

Figure 4a shows a typical spherical particle in EAF dust with a particle size of
about 8 μm. The energy spectrum analysis shows that it is CaO·SiO2, which may be
derived from the splash of the slag. In addition, a large number of well-crystallized
particles (as shown in Fig. 4b) can be found in EAF dust. These particles are mainly
composed of Fe, Cr, and O, which can be inferred to be Fe(Fe, Cr)2O4 by energy
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Fig. 3 Crystalline phases of EAF dust

Fig. 4 Microstructure of EAF dust (a spherical dust; b octahedron crystal; c cube crystal)

spectrum analysis. According to Peng and Peng [8], if there are not enough solid
particles to agglomerate in a heterogeneous nucleation manner, the metal volatilized
from the molten bath can form EAF dust by homogeneous nucleation, which means
that volatized substances collide and bond each other. When the particles grow into
about 0.02–1.0μm, they are heterogeneously nucleated andmechanically aggregated
to form dust [8]. The formation of regular octahedral spinel particles in Fig. 4b may
be formed by the vaporization of Fe and Cr elements at high-temperature zone of
the smelting furnace and reaction in the off-gas pipe. Cube-shaped particles can also
be observed (Fig. 4c). It is a Ni–Fe–Cr–K–Al–O based material (4.67% Ni, 39.12%
Fe, 9.01% Cr, 6.85% K, 2.25% Al, and 38.10% O).
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Table 3 The particle size distribution of EAF dust

Particle size (μm) <5 5–10 10–30 30–40 >40

Percent (wt%) 58.8 5.9 26.4 1.1 7.8

Fig. 5 The amount of Cr in
different particle size

Distribution of Cr in Different Particle Size

The distribution of particle size is shown in Table 3. The particle size of EAF dust is
mainly less than 5 μm (up to 58.8 wt%), there are only 8.8 wt% EAF dust of which
the size is larger than 30 μm.

The result about the amounts of Cr(III) and Cr(VI) in different particle size is
depicted in Fig. 5, interpreting the Cr(III) and Cr(VI) trend to accumulate in the
small particles and they both have same tendency with the change of particle size.
From the thermodynamics and dynamics analysis in the Cr–Fe–C–O system [13,
14], Cr(III) is easier to be oxidized while the oxygen partial pressure is higher than
9.77 Pa.When the EAF dust reaches into the off-gas pipe, the oxygen partial pressure
would be higher than 9.77 Pa, indicating that the oxidation of Cr(III) would happen.
From Table 1, there are alkaline media in the duct which can promote the oxidization
of Cr(III) [16]. In addition, the smaller dust particle has larger specific surface area,
which is easier to absorb Cr(III) and make the reaction between Cr(III) and oxygen
to form Cr(VI) . Therefore, Cr(VI) has the same tendency to accumulate in the small
particles.
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Fig. 6 Fractionation of Cr in
EAF dust

Chemical Species of Cr in EAF Dust

Figure 6 shows the fractionation of Cr in EAF dust. It indicated that Cr tightly bound
to stable phases extracted mainly in crystalline Fe–Mn oxide, sulfides and spinel
group. More than 97% Cr are bound to spinel and there are only 0.0743% chromium
extracted from F1 to F3 steps, which is mobile when EAF dust contacts with water
or the pH value changes. This is further demonstrated that Cr is mainly presented
in the spinel phase in the form of Cr(III). However, it is still paid more attention to
that the Cr(III) species can transform into Cr(VI) species with the present of CaO
and oxygen. It seems that the best way to treat these Cr-containing dusts is to recycle
them back to the stainless steelmaking process through the existing technologies.

Formation of Cr Species in EAF Dust

The change of content of surface element is depicted in Fig. 7. Except O(32 wt%),
F(10 wt%) and Si(12 wt%), the contents of elements are lower than 4 wt% on the
surface of EAF dust. With the increase of Ar+ sputtering time, the contents of Fe, Cr
and O on the surface have an increasing trend, and other elements, such as Zn and Cl,
do not change significantly. During the smelting process, the rupture of CO bubbles
results in that the molten steel and slag are splashed to form the core of the dust
particles. With the particles flowing up, the temperature decreases and the oxides
with high smelting points would be condensed first. With the principle of nucleation,
these oxides would become the crystallization nuclei. And then nuclei continue to
grow through homogeneous or heterogeneous nucleation. Fe and Cr aremainly in the
form of oxides with high smelting points, and they would become the nuclei of dust



370 Z. Li et al.

Fig. 7 The surface element concentration of EAF dust varies with Ar+ sputtering time

Fig. 8 The change of
content of Cr at different
sputtering times

causing the surface content of Fe and Cr is lower than the ones inside. The contents
of Zn and Cl did not change much, indicating that they are evenly distributed during
the whole process of grow of dust.

At different Ar+ sputtering time, the contents of Cr and Cr-containing composi-
tions have been analyzed by XPS. Figure 8 is the change of content of Cr at different
sputtering time, indicating that the content of Cr(VI) decreases gradually with the
increase of the sputtering time, on the other hand, the content of Cr(III) increases.
When the sputtering time is 140 s, the content of Cr(VI) on the surface is nearly
zero.

As the smelting process of stainless steel requires decarburization reaction, the
smelting furnace is mainly in high temperature and reduction atmosphere, Cr(III) is
difficult to be oxidized. According to the thermodynamics calculation and dynamics
analysis [13, 17], if the oxygen partial pressure is higher than 9.77 Pa at high tem-
perature, the Cr(VI) would be generated. It proves that Cr(VI) would derive from
the oxidization of Cr(III). Part of Cr form Cr2O3 or FeCr2O4 as the nuclei and grow
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through homogeneous or heterogeneous nucleation. And while the particle size of
Cr2O3 is large, the dust will be formed by mechanical deposition. With the oxygen
partial pressure become high gradually in the off-gas duct, the Cr(III) on the surface
is easier to be oxidized to Cr(VI) . Thus, with the increase of sputtering time, the
Cr(VI) on the surface disappears firstly, and the content of Cr(III), which is not
oxidized inside, is getting higher and higher until content of Cr(III) is 100%.

Conclusions

(1) The Cr contained in EAF dust is mainly in the form of FeCr2O4. The amount of
Cr(VI) would decrease with the increase of size of EAF dust particle because
the smaller dust particle has larger specific surface area, which is easier to make
the oxidation reaction of Cr(III) to form Cr(VI) .

(2) Cr in EAF dust is mainly in the form of Cr(III) existing in spinel residual.
(3) The contents of Cr(VI) and Cr(III) have opposite trend, with the increase of

Ar+ sputtering time. The former would decrease from 40 to 0%, and the latter
would increase from 60 to 100%. Since the oxygen partial pressure becomes
higher and higher from smelting bath to off-gas duct, the Cr(III) on the surface
would be oxidized to Cr(VI) .
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Effect of Coal Ratio on Preparation
of Si–Ti–Fe Alloy by Carbothermic
Reduction with Coal Fly Ash

Kun Wang, Yan Liu, Song Qi, Jun Hao, Zhi-he Dou, Li-ping Niu
and Ting-an Zhang

Abstract With the development of electric power industry, the discharge of coal
fly ash increases year by year. At present, one problem of coal fly ash is low-value
utilization. The improper treatment of coal fly ash will also cause harm to air, water,
and soil as well as human health. To test a process including high-value utilization
and reduction of environmental pollution, a Si–Ti–Fe alloy was prepared in an inter-
mediate frequency induction furnace by carbothermic reduction using coal fly ash
as raw material. Coke was used as reducing agent. In this paper, the effect of coal
ratio on metal recovery rate, composition, and microstructure was studied. The suit-
able coal ratio was proposed for future process development which could expand the
utilization of coal fly ash.

Keywords Coal ratio · Si–Ti–Fe alloy · Coal fly ash · Carbothermic reduction

Introduction

Coal fly ash is mainly derived from thermal power plants and is a major industrial
solid waste [1]. With the development of electric power industry, the discharge of
coal fly ash increases year by year. Such a large amount of coal fly ash has not been
treated in time, so it can only be piled and stored [2]. However, it will cause water
and soil pollution, lead to occupancy of vast lands [3], disrupt ecological cycles, and
cause serious pollution of environment [4]. At present, the method of coal fly ash
treatment is often low-value application and the valuable metals in coal fly ash are
not fully extracted, recovered, and utilized [5, 6].
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Comprehensive utilization of coal fly ash has been studied when environmental
and resource problems have been paid more attention around the world [7]. There-
fore, in order to improve the valuable utilization value of coal fly ash, a great many
efforts have been undertaken recently to study coal fly ash. For example, the coal
fly ash could be used in mine backfill materials and soil amelioration [8, 9], foam
glass recovery [10], filler in polymers [11], glass ceramics [12], CO2 capture and
wastewater treatment [13], mullite ceramics [14], etc.

Besides the above applications, in recent years, researchers and entrepreneurs pay
more and more attention to extract valuable metals from coal fly ash. The recovery
of valuable metals from coal fly ash is mainly divided into two methods: physical
and chemical methods [15]. The physical method generally uses magnetic separation
to recycle iron oxide in coal fly ash. Chemical methods include leaching, sintering,
gas–solid reaction, and direct reduction. Lin [16] uses a chemical recovery method to
extract Al2O3 and SiO2 from coal fly ash. Result shows that the chemical enrichment
method can reduce the silica content in raw materials and the obtained materials
can be used for alumina production. Pickles [17] uses the plasma method for metal
recovery in coal fly ash. The result shows that 90% iron can be recovered by this
method.

Apart fromwet extraction, many domestic and international researches have been
done on the extraction of valuable metals from coal fly ash by smelting at high
temperature. In the 1990s, Zhang and Qiu [18] proposed the use of coal gangue to
manufacture aluminum–silicon–iron alloy by an electrothermal process and verified
its feasibility, which has significant social, environmental, and economic benefits.
Yang et al. [19] studied carbothermic reduction for manufacturing aluminum–silicon
alloy and proposed that the suitable reaction temperature of carbothermic reduction
with Al2O3, SiO2 for making aluminum–silicon alloy was 2000–2100 °C.

In order to extract the valuable metals silicon, titanium, and iron in coal fly ash,
a Si–Ti–Fe alloy for steelmaking deoxidizing agent was prepared in an intermediate
frequency induction furnace by carbothermic reduction. Coal fly ash was used as raw
material, and coke powder was used as reducing agent. The effect of different coal
ratios on the metal recovery rate was studied. The composition and microstructure of
the alloy and slagwere analyzed, which could provide the basis for further optimizing
the experimental in future.

Experiment

Experimental Materials

The coal fly ash used in the experiment is from Henan Province, and the main
components of it are shown in Table 1.

The phase compositions of coal fly ash are analyzed by X-ray diffractometer, and
the result is shown in Fig. 1.
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Table 1 The main components of coal fly ash (%)

Composition SiO2 Al2O3 Fe2O3 CaO K2O

Content 59.74 25.71 4.01 2.88 2.10

Fig. 1 The X-ray diffraction pattern of coal fly ash

Table 2 The main components of coke (%)

Compositions Fixed carbon Volatiles Ash Moisture

Content 74.78 5.12 19.1 1.0

The result shows the existence of two forms of SiO2 in coal fly ash. Part of SiO2

exists in the form of quartz, and the other is combined with Al2O3 to form a mullite
phase. No free Al2O3 exists. There are no obvious diffraction peaks of other metal
oxides, so their content must below.

Coke fromHebei Provincewas used as reducing agent. The components are shown
in Table 2.

Experimental Method

The coal fly ash and coke powder were mixed evenly according to stoichiometric
ratio and pelletized in pelletizer. The pellets were manufactured with a diameter of
5–10 mm shown in Fig. 2. The intermediate frequency induction furnace was used to
smelt the dried pellets. After feeding was done, keep warm and smelt for a period of
time. The metal and slag were separated after cooling completely, and the Si–Ti–Fe
alloy product was obtained.
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Fig. 2 Dried pellets used in the experiment

The slagwas analyzed byX-ray diffractometer (XRD) . The chemical composition
analysis was used for the alloy components. The microstructure of the alloy was
analyzed by scanning electron microscopy (SEM).

Experimental Equipment

The equipment used in the experiment are as follows: mixer, pelletizer, drying oven,
high purity graphite crucible, and intermediate frequency induction furnace. The
type of intermediate frequency induction furnace used in the experiment is SPZ-160,
which is shown in Fig. 3.

Results and Discussion

Description of Experimental Phenomena

After the induction furnace was turned on, and the temperature had reached about
2073 K, pellets were added slowly. They pulverized and then melted to form a hot
bath. The pellets floated on the surface of themolten pool and then rapidly pulverized
as more pellets were added. A lack of powder produced by the pulverization was
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Fig. 3 SPZ-160 intermediate frequency induction furnace

Fig. 4 The experimental phenomena, metal, and slag after cooling solidification

entrained out of the crucible along with the gas, which may be unreacted carbon
powder.

Throughout the whole feeding process, the surface of the molten pool was in a
state of rolling with a lot of smoke. Many large bubbles constantly floated to the
molten pool surface and combusted with bright flames, as shown in Fig. 4a. It can be
judged that CO gas was generated during the reaction process. In Fig. 4b, the end of
the reaction, the smoke, and CO bubbles gradually decreased. When the experiment
was over, the crucible was taken out with crucible forceps to cast the molten bath
into the preheated crucible mold. After cooling, the metal and slag were separated
as shown in Fig. 4c, d. Figure 4d shows that the separation of metal and slag is very
well.
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Fig. 5 The metal recovery
rate of different coal ratios
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Effect of Coal Ratio on Metal Recovery Rate

Figure 5 shows the metal (Si+Ti+Fe) recovery rate of different coal ratios. In Fig. 5,
with the increase of coal ratio, the metal recovery rate increases first and then
decreases. Under the condition of coal ratio 0.8, the metal recovery rate was the
highest. The reason for decrease of metal recovery rate at high coal ratio may be that
many high melting point compounds such as SiC and TiC were formed in the early
stage of smelting, which hindered the reduction reaction.

Effect of Coal Ratio on Si–Ti–Fe Alloy Composition

Figure 6 shows Si–Ti–Fe alloy composition with different coal ratios. In Fig. 6, the
aluminum content in the alloy is less than 1%. Aluminum can be generated only by
reaction between alumina and carbon when the temperature is higher than 2223 K. It
is difficult to reach such a high temperature in an intermediate frequency induction
furnace; therefore, alumina is hardly reduced to generate aluminum, so the aluminum
content in the alloy is very low.

Iron has the highest content in alloy which fluctuates at around 50%. From ther-
modynamic calculation, it is known that when the temperature is larger than 900 K,
the standard Gibbs free energy of all possible reactions in the Fe2O3–C system is
less than 0, which means that iron oxides begin to react with carbon. Therefore, iron
is the most easily reduced metal in coal fly ash.

The silicon dioxide content in coal fly ash is nearly 60%, so the reaction of
silicon dioxide with carbon has a great influence on the silicon content in alloy. As
shown in Fig. 6, the silicon content fluctuates between 30 and 43%. As the coal ratio
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Fig. 6 The Si–Ti–Fe alloy
composition of different coal
ratios
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increases, the silicon content in the alloy increases first and then decreases. This
is because silicon dioxide reacts with carbon first to generate silicon carbide. The
generated silicon carbide reacts with silicon dioxide to generate silicon. When coal
ratio is high, more silicon carbide is generated and the amount of silicon dioxide
involved in reaction decreases; therefore, less silicon is generated. In addition, the
volatilization of silicon at high temperature also led to a reduction in recovery.

The thermodynamic calculation result shows that titanium dioxide reacts with
carbon to produce titanium carbide at a low temperature, the initial reaction tem-
perature of which is 1580 K. However, titanium dioxide reacts with carbon to form
titanium at an initial reaction temperature of 2050 K. Therefore, in order to reduce
the generation of titanium carbide and increase the recovery rate of titanium, the
feeding temperature should be much higher than 1580 K, which is determined at
about 2073 K based on previous studies. Titanium content in alloy is between 6
and 7.2%. A small amount of titanium dioxide reacts with carbon to form titanium
carbide that has a high melting point of 3413 K and exists in the slag.

The Microstructure of Si–Ti–Fe Alloy

Figure 7 shows the microstructure analysis of Si–Ti–Fe alloy. The SEM surface
scanning results clearly show the phase interface of the alloy. The black and dark
gray areas are silicon-rich phase. The gray-white area is iron-rich phase. Both above
elements have a large distribution area, which also indicates that the contents of
silicon and iron elements in alloy are very high. The narrow needle-like and reticular
area is the titanium-rich phase. It indicates that titanium may combine with silicon
and iron to produce the silicon–titanium–iron phase in alloy. It can be seen from the
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Fig. 7 The microstructure analysis of Si–Ti–Fe alloy

surface scanning results that only a small amount of aluminum exists in the alloy
indicating that alumina is very hard to reduce for aluminum preparation. There is
also a small amount of carbon in the alloy, possibly in the form of carbide.

The XRD Analysis of Slag

Figure 8 shows the XRD analysis result of slag. The result shows that Al2O3 and
MgO are contained in slag, and the peaks of them are very strong, which could reflect
that the reduction effects of Al2O3 and MgO are not good. Fe–Si phase also exists in
slag; it is because of incomplete separation of metal and slag. Moreover, the carbide
produced in carbothermal reaction is eventually contained in slag. In later research,
the characteristics of the slagwill be studied to achieve the purpose of comprehensive
utilization.
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Fig. 8 XRD analysis of slag
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Conclusions

In this paper, the effect of coal ratio on the metal recovery rate and compositions
was studied by carbothermic reduction with fly ash. The microstructure of alloy and
composition of slag were analyzed. The conclusions are as follows:

(1) Appropriate increase of coal ratio is beneficial to increase the metal recovery
rate, but too much coal ratio produces much carbide and inhibits metal recovery
rate.

(2) Components and microstructure analyses show that the aluminum content in
alloy is very low, indicating that it is difficult for alumina reacting with carbon
to produce aluminum.

(3) Comprehensive consideration of metal recovery rate and experimental cost, the
suitable coal ratio recommended is 0.8, the reaction temperature is 2073 K, and
the reaction time is 60 min. The suitable experimental condition can be used for
utilization of coal fly ash at larger scale.
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Effect of Contact Time on the Recovery
of Metals from the Mining Effluent
of Lateritic Nickel by Chelating Resin
Dowex XUS43605

Isadora Dias Perez, Jorge A. Soares Tenório and Denise C. Romano Espinosa

Abstract The generation of mining waste has been the subject of environmental,
economic, and social concern. Thus, alternative and sustainable methods of metal
treatment and recovery are desired. This paper focuses on the application of ion
exchange technology for the recovery of metals from the mining effluent of lateritic
nickel by chelating resin Dowex XUS43605. Chelating resin was chosen due to its
ability to capture transition metals. 1 g of Dowex XUS43605 with 50 mL synthetic
solution in 250 mL flask is shaken, in a speed of 200 rpm. The synthetic solution
has nine types of metals, such as Al, Co, Cr, Cu, Fe3+, Mg, Mn, Ni, and Zn. Batch
technique was employed to examine the effects of contact time (1–7 h) when solution
was adjusted at pH 1.5 at 25 °C. The present work demonstrates that the chelating
resin showsnegligibly higher selectivity for copper ions compared to the othermetals.
Themetal ions (Al,Co,Cr,Mg,Mn, andZn) present in the solutionwere not adsorbed.

Keywords Ion exchange · Batch adsorption · Transition metals

Introduction

Theuse ofmetals is related to the industrial production ofmilitarymaterials, batteries,
building materials, and electronic equipment [1]. Copper, iron, and nickel are among
the most widely used metals in the world due to their versatility. As a consequence, it
is believed that demand for these metals, as well as their prices, will increase. In this
way, the mining companies face the challenge of perfecting the production processes
in order to meet future demand. In some cases, a completely new process may be
proposed [2].

In mining limonite nickel ore, a liquor is generated after atmospheric leaching.
This liquor is composed mainly of nickel, copper, and iron, as well as aluminum,
cobalt, chromium, manganese, magnesium, and zinc [3]. There are separation tech-
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niques that allow the recovery of metallic ions, e.g., chemical precipitation, reverse
osmosis, solvent extraction, and ion exchange with solid adsorbents [4]. The choice
of separation technique for a specific treatment involves the analysis of operating
costs, environmental impacts, process selectivity, and effluent characteristics to be
treated [5]. In thiswork, the ion exchange using chelating resinwas chosen. Chelating
resins present a degree of selectivity for some transition metals, especially divalent
metal ions, which were not available for conventional (cationic and anionic) [6].

Commercial chelating resins have been widely used in the recovery study of
metals, mainly nickel and copper. Commercial resins Dowex M4195, Amberlite
IRC748, IonacSR-5, andPurolite S930maybementioned [7].Chelating resin chosen
was Dowex XUS43605 with functional group: hydroxypropylpicolylamine (HPPA).
HPPA is composed of two nitrogen atoms and one oxygen atom as electron donors
[8].

In order to recover metals present in a synthetic solution, the present work intends
to evaluate the influence of contact time on the adsorption capacity of resin.

Materials and Methods

Resin

The resin adopted for this research was the chelating resin Dowex XUS43605, which
has hydroxypropylpicolylamine (HPPA) ligand supported by a polymeric backbone
of styrene (St) cross-linked with divinylbenzene (DB) [9]. Table 1 shows the resin
characteristics.

Prior to use, the resin was washed with acid solution (4 mol/L HCl) and deionized
water at 60 °C, to remove all impurities. The procedure was repeated two times to
ensure that the resin was in the protonated form and ready for use. Finally, the resin
was dried in an oven at 60 °C for 2 h.

Synthetic Solution

Analytical grade reagents were used to prepare the multicomponent solution, and
all metals concentrations of Al [as Al2(SO4)3·17H2O], Co [as CoSO4·7H2O],
Cr [as Cr2(SO4)3·8H2O], Cu [as CuSO4·5H2O], Fe [as Fe2(SO4)3·8H2O], Mg
[as MgSO4·7H2O], Mn [as MnSO4·H2O], Ni [as NiSO4·6H2O], and Zn [as
ZnSO4.7H2O] are equal 500 ppm. The metals were dissolved with distilled water.
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Table 1 Characteristics of commercial resin Dowex XUS43605 [10]

Manufacturer Dow Chemical Company

Matrix Macro styrene

Size 320 µm

Functional groups HPPA

Visual aspect

Contact Time Tests

A batch technique was employed to examine metals sorption from multicomponent
solution. The contact time was determined through tests using synthetic solution.
50 mL of solution in pH 1.5 was agitated with 1.0 g resin, varying contact time in a
range 1–7 h, in a speed of 200 rpm at 25 °C.

The adsorption capacity at equilibrium (qe) was calculated by Eq. 1 [11]:

qe � (Co − Ce)

M
× V (1)

where qe is the adsorption capacity at the equilibrium (mg/g), Co and Ce are the
initial and equilibrium metal concentration (mg/L),M is the amount of resin (g), and
V is the volume (L) of metal solution used for sorption experiments, respectively.

The percentage removal of metal in equilibrium was calculated by Eq. 2 [5]:

% � (Co − Ce)

Co
× 100 (2)

For all the experiments, the resin and solution separation was done by filtration
through a millipore 20 µm filter paper. The remaining metals in the solution were
quantified by fluorescence spectrometry energy dispersive (EDX).
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Results and Discussion

Effect of Contact Time

The relationship between contact time and the adsorption capacity of the metals
present in the multicomponent solution was evaluated in order to examine the time
required to obtain equilibrium [12]. To obtain equilibrium reaction, it is necessary
that the contact time between resin and metal is sufficient. At equilibrium, adsorbate
concentration in the solution remains constant and no change in the rate adsorption
capacity [13].

According to Veli and Alyüz [14], the contact time is considered as one of the
most important factors affecting the adsorption efficiency. So, the contact time was
evaluated and the samples were collected in the range of 1–7 h. The effect of contact
time on adsorption capacity at equilibrium is shown in Fig. 1.

As shown in Fig. 1, it may be assumed that the aluminum, cobalt, chromium,man-
ganese, magnesium, and zinc metals were not extracted by the Dowex XUS43605.
The adsorbed metals were only copper, iron, and nickel. The adsorption of Cu, Fe3+,
and Ni is justified by the selectivity order of the resin: Cu2+ >> Ni2+ > Fe3+ > Zn2+

> Co2+ > Cd2+ > Fe2+ to pH < 2.0 [15].
Adsorption of Al, Co, Cr, Mg,Mn, and Znmay not have occurred for two reasons:

non-resin selectivity and concentration. It is known that adsorption capacity (qe) is
related to metal concentration in solution. Thus, the capacity value is proportional to
the ion concentration. In the literature, qe is reported due to the increase of metal con-
centration in solution [16]. According to Adebowale et al. [17], the relation between
themetal concentration increase and adsorption capacity increase is justified by extra
motive force, which is caused by higher metal concentration around the active resin
sites. Therefore, the adsorption of Al, Co, Cr, Mg, Mn, and Zn was not favored due
to concentration value. It is possible that for different experimental conditions, such
as metal concentration, these metals are to be adsorbed.

Fig. 1 Effect of contact time
on adsorption capacity at
equilibrium by Dowex
XUS43605 chelating resin
(conditions: 1.0 g of resin;
50 mL; pH 1.5; 25 °C)
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Fig. 2 Effect of contact time
on percentage removal of
metal in equilibrium by
Dowex XUS43605 chelating
resin (conditions: 1.0 g of
resin; 50 mL; pH 1.5; 25 °C)
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According to Fig. 1, the maximum adsorption for Cu, Fe3+, and Ni occurred in
the first hour of tests, reaching the equilibrium at 1 h. The rapid adsorption of these
metals occurs due to the amount of available resin sites, since in the final phase of
equilibrium, there is a reduction of the concentration of metal ions in solution and
available resin sites [18]. Thus, it was verified that the saturation of resin by the Cu,
Fe3+, and Ni happened in 1 h.

It was verified that the adsorption capacity for copper was 30 mg of copper/g
of resin, approximately, for all contact time studied. For iron and nickel, the values
obtained were 4 mg of iron/g of resin and 9.6 mg of nickel/g of resin, respectively.

Observing these results and the mass of adsorbed metal per gram of resin, it was
concluded that the selectivity order predicted by the literature is true and that the
resin has more affinity for copper, followed by nickel and iron.

While Fig. 1 relates contact time with adsorption capacity, Fig. 2 indicates per-
centage removal of metal by versus contact time.

It was found that the maximum adsorption of the Cu, Fe3+, and Ni by chelating
resin was in 1 h, approximately, corresponding to 95%, 13%, and 37% extraction,
respectively. After 1 h, the resin was saturated. So, the increase in the contact time
had an irrelevant effect on the percentage of Cu, Fe3+, and Ni removal, since from
1 h, the percentage adsorbed reached the equilibrium.

The reason for which copper has been more adsorbed by Dowex XUS43605 is
related to its electronic configuration. Cu has incomplete 3d orbital in the electronic
configuration and behaves as a Lewis acid. In this way, this metal is able to form
chelatewith aLewis base,which donates electron pairs. In accordancewithWolowicz
andHubicki [19], copper has sorption affinity for chelating resins containing nitrogen
atoms in the functional group and Dowex XUS43605 has two nitrogen and one
oxygen as donor atoms [8]. Consequently, the rate of extraction of the copper will
be higher than iron and nickel.

Observing Fig. 2, it is clear that there are two main stages. The first one is rapid
and adsorbs more metal, and the second one is slow and adsorbs less metal [20,
21]. It is worth mentioning that the identification of the stages was reported by
several authors in the literature considering only the visual behavior of the adsorption
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capacity versus contact time [22]. Therefore, the results obtained for the Cu, Fe3+,
and Ni demonstrated that for 1 h of reaction, the equilibrium was reached. Thereby,
after the equilibrium, the extraction percentage did not increase with the increase
of contact time. This fact may be related to resin saturation and that the adsorption
happened on the surface of the chelating resin [23, 24].

Liebenberg et al. [9] proposed copper recovery from bioleaching solution using
chelating resin Dowex XUS43605, which corresponds to the same one of the present
work. Bioleaching solution was composed of 974 ppm Ni, 34 ppm Co, 267 ppm Fe,
16 ppm Zn, 27 ppm Mg, 776 ppm Al, and 690 ppm Cu. The authors evaluated the
contact time between resin and bioleaching and identified that 80% of copper could
be recovered in 2.5 h.

Comparing the results obtainedbyLiebenberg et al., itwas verified that the equilib-
rium reached at the present work was 1.5 h faster. The difference between the results
can be due to the concentration of each metal, since the solution of the present work
has metals in the same concentration (500 ppm).

Conclusion

After the experiments, it was possible to conclude the following:

• Dowex XUS43605 was not able to recover all the metals present in the solution;
• Al, Co, Cr, Mg, Mn, and Zn remained in solution;
• Cu, Fe3+, and Ni were the only adsorbed metals;
• The resin showed more affinity for Cu;
• Cu was the most extracted metal corresponding to 95%;
• The contact time investigated were sufficient to reach the reaction equilibrium of
Cu, Fe3+, and Ni.
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Experimental Study on Phosphorus
Vaporization for Converter Slag by SiC
Reduction

Y. K. Xue, S. H. Wang, D. G. Zhao and C. X. Li

Abstract The phosphorus vaporization experiment of converter slag was carried
out in laboratory with SiC as reducing agent. The results show that 2CaO·SiO2 and
3CaO·SiO2 are the main phases in the final slag. After phosphorus vaporization
operation, the dendritic Fe phase and a large number of C phases were distributed
in the phosphorus vaporization slag excepted the above phase. The experimental
result shows that phosphorus vaporization rate decreased with increasing the basicity
in the slag. Phosphorus vaporization rate first increased and then decreased with
increasing FeO in the slag and reached the maximum when the content of FeO was
20–25%. Phosphorus vaporization rate showed an upward trend with the increase of
nitrogen flow rate and tended to be slow when the nitrogen flow rate was 0.4 m3/h.
Phosphorus vaporization rate increased with increasing the reaction temperature,
and the growth rate became gentle when the temperature was more than 1600 °C.
Excessive addition of SiC will not obviously increase the phosphorus vaporization
rate.

Keywords Converter · Final slag · Phosphorus vaporization

Introduction

Converter slag is a subsidiary product of steelmaking, and its output accounts for
about 10–15% of converter steel output [1–4]. The annual output of converter slag
is over 100 million tons if the annual output of converter steel is 700 million tons
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in China. In China, only Fe element in the converter slag was extracted and reused;
other beneficial elements are treated as metallurgical solid waste [5–9]. It does not
meet the concept of environmental protection and energy consumption saving. Most
of the elements in the converter slag are beneficial components, and there are many
applications in agriculture, construction, and environmental protection after treat-
ment [9–11]. However, due to the treatment cost and related industry standards, the
reuse rate of slag in the domestic converter is less than 30% [12]. The reuse of
converter slag in the metallurgical field, especially in the converter, is an efficient
and direct treatment method, and has become a key concern of steel enterprises and
university researchers in recent years [13].

ProfessorWang Xinhua first proposed a double-slag steelmaking process for con-
verters in China, in which a final slag with low phosphorus and high basicity during is
formed and can be recycled in the next furnace. Similarly, in order to obtain ultralow
phosphorus steel, duplex process converter was adopted, and dephosphorization and
decarburization operations are carried out in dephosphorization furnace and decar-
bonization furnace, respectively. In the process, the slag produced in the decarbur-
ization furnace can be recycled in the dephosphorization furnace and the amount of
slagging agent was reduced by about 50% [14]. The final slag was recycled directly
in some enterprises and it was harmful to steel quality.

The phosphorus vaporization process of converter slag proposed that the slag
was stirred sufficiently during slag splashing process; if the slag was treated by
reducing agent added before slag splashing, dephosphorization reaction proceeds
sufficiently for the good kinetic conditions and the relative vacuum conditions. As
the dephosphorization product P2 exists in the form of gas, the process is called
phosphorus vaporization process. Carbon is often used in the final slag reduction
experiment as reducing agent [15]. Cheng Steel Co. has adopted the double pro-
duction mode of “Vanadium-transfer converter + steel-making converter”, and the
semi-steel produced in the vanadium-refining converter was transported to steelmak-
ing converter. The basicity of final slag in the steel-making converter is very high
for the low Si content. To realize the recycling use of the slag in the steel-making
converter, SiC is selected as the dephosphorization agent, and laboratory tests are
carried out.

Experiment Scheme

Experimental Materials

The final slag in the experiment is taken from the 100-ton semi-steel converter of
Cheng Steel Co., and its composition is shown in Table 1. CaO, SiO2, MgO, P2O5,
and other chemical reagents were added to the final slag to meet the composition
requirement of experimental slag. The composition ofMnO and FeO in experimental
slag was adjusted by adding MnCO3 and Fe2O3.
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Table 1 Chemical composition of BOF slag in experiment

BOF slag CaO
(%)

SiO2
(%)

MgO
(%)

Al2O3
(%)

MnO
(%)

P2O5
(%)

S
(%)

FeO
(%)

Total
(%)

Initial compositions 43.2 12.09 8.06 1.49 2.47 2.51 0.11 26.66 96.59

Composition adjustment 44.73 12.69 8.34 1.54 2.56 2.60 0.11 27.42 100.00

Table 2 Chemical composition of SiC in experiment

Dephosphorization
agents

SiC
(%)

Free C
(%)

SiO2
(%)

H2O
(%)

S (%) Others
(%)

Total
(%)

SiC 55 28.1 8.2 0.3 0.1 8.3 100

In the experiment, SiC powder was used as reducing agent and its composition is
shown in Table 2. All of the materials above are broken down to below 100 mesh by
jaw crusher.

Experimental Equipment

The main equipment used in this experiment is SL63-7CD-type 50 kW vacuum
carbon tube resistance furnace and its maximum working temperature is 2273 K.
This equipment is graphite heating body and vertical vacuum resistance furnace.
The experiment was carried out under circulating flow nitrogen which was measured
by rotor flowmeter. MgO crucible was used in this experiment. Slag and SiC pow-
der were heated, melted, and dephosphorized in MgO crucible. Double-platinum
rhodium thermocouple was used to measure temperature, and WT-702 tempera-
ture control instrument was used to control temperature. The temperature difference
between the molten pool and the thermocouple is measured by the blank experiment.
Then the temperature of the molten pool is controlled by the indicated temperature
of the thermocouple. The temperature was controlled within 5 °C.

Experimental Methods

In the experiment, the holding time was fixed at 10 min. The main parameters of slag
basicity, FeO content, nitrogen flow rate, reaction temperature, and SiC amount were
changed to study the influence on phosphorus vaporization rate. The amount of SiC
added into the slag is expressed in the form of equivalent multiple. One equivalent
is the SiC amount which was required to reduce all Fe2O3 and P2O5 in the slag.

The experimental slag after adjustment was melted at high temperature and hold
enough time before the experiment to ensure the homogeneous distribution of mate-
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rials. After the experimental slag was prepared, phosphorus vaporization experiment
was carried out in the laboratory. The experimental steps were listed as follows.

The experimental slag and SiCwere put into theMgO crucible and stirring evenly,
and the total weight was controlled in 120 mg. The system of the vacuum carbon
tube resistance furnace was vacuum to about 100 Pa and the high-speed nitrogen flow
was introduced into the furnace from the bottom of the resistance furnace until the
nitrogen was filled with the furnace. Then, the nitrogen flow was stably controlled
at the experimental level. The vacuum carbon tube resistance furnace was heated to
experimental temperature under the program setting. The crucible was put into the
vacuum carbon tube resistance furnace after preheating, and then kept for 10 min.
The crucible is taken out from the furnace and water-cooled to room temperature to
obtain phosphorus vaporization slag samples.

The compositions of the experimental slag and the phosphorus vaporization slag
were tested by XRF analysis. Then, the sample of experimental slag and the phos-
phorus vaporization slag were prepared and determined by S-3400 N observation
and energy spectrum analysis to observe mineral phase change. XRD ray diffraction
was used to test the phase composition of slag.

Results and Discussion

Electron Image and XRD Results of Phosphorus Vaporization
Slag

The backscattered electron images are shown in Fig. 1.

Fig. 1 Backscattered electron images of final slag and phosphorus vaporization slag
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Table 3 EDS of each phase in converter slag

Final slag C
(%)

O
(%)

Mg
(%)

Si
(%)

P
(%)

Ca
(%)

Fe
(%)

Mn
(%)

Rm �
CaO/SiO2

Spectrum 1 2.59 36.47 0.27 16.46 2.58 40.04 1.29 0.31 1.59

Spectrum 2 2.54 30.97 5.77 1.94 1.83 31.64 23.54 1.77 10.66

Phosphorus
Vaporization slag

C O Mg Si P Ca Fe Mn Rm �
CaO/SiO2

Spectrum 1 11.53 23.94 0.57 15.7 2.98 42.48 2.23 0.56 1.77

Spectrum 2 7.46 24.96 0.95 1.17 0.39 33.15 30.94 0.98 18.51

Spectrum 3 8.77 23.95 9.3 8.74 0.34 9.5 34.31 5.09 0.71

Spectrum 4 70.4 20.34 4.11 0.59 0.42 2.61 1.12 0.41 2.89

Fig. 2 X-ray diffraction patterns of final slag sample and phosphorus vaporization slag

In contrast to two electronic images, it is found that the dark gray phase and
the light gray phase are the main phases in the experimental slag and the phos-
phorus vaporization slag. Combined with data in Table 3, it can be concluded that
2CaO·SiO2 and 3CaO·SiO2 were the main phase of dark gray and light gray. In the
phosphorus vaporization slag, there was white iron phase containing carbon, and
also the black C phase without reduction appeared.

The results of X-ray diffraction are shown in Fig. 2, and the results were consistent
with the above conclusions.

Results and Analysis on Single Factor

The calculation method of dephosphorization rate is as follows:

Dephosphorization rate � %0
P2O5

− %t
P2O5

%0
P2O5

× 100% (1)

in Formula (1):
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Fig. 3 Influence of basicity
on phosphorus vaporization
rate
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%0
P2O5

—— P2O5 content in slag samples before phosphorus vaporization;
%t

P2O5
—— P2O5 content in slag samples after phosphorus vaporization.

(1) Influence of basicity on phosphorus vaporization rate

Phosphorus vaporization rates obtained under different basicities are as shown in
Fig. 3.

The linear relationship between basicity and dephosphorization rate in Fig. 3
shows that the phosphorus vaporization rate fluctuates with the increase of basicity
but decreases as a whole. Therefore, it can be inferred that the optimum basicity
for phosphorus vaporization of molten slag should be kept at no more than 2, and
increasing basicity is not conducive to phosphorus vaporization. According to the
research results of some scholars, P is mainly dissolved in the phosphorus-rich phase
of 2CaO·SiO2 and 3CaO·SiO2 in the form of 3CaO·PO4. Phosphorus needs to be
transported from the inner of 2CaO·SiO2 and 3CaO·SiO2 to the surface and react
with carbon. Toomuch phosphorus-rich phase is not conducive to dephosphorization.

(2) Influence of FeO content on phosphorus vaporization rate

Phosphorus vaporization rates obtained under different FeO contents are as shown
in Fig. 4.

According to the curve in Fig. 4, the maximum phosphorus vaporization rate
appeared when the FeO content was in the range of 22–25%.When FeO content was
higher or lower than this value, the phosphorus vaporization rate showed a gradually
decreasing trend. The melting point of slag was reduced with FeO increasing which
acted as a flux and the mass transfer rate in phosphorus vaporization rate was pro-
moted. However, FeO in the slag can react with SiC, and excessive FeO content in
slag will compete with P2O5 for SiC, which is adverse to phosphorus vaporization
reaction.
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Fig. 4 Influence of FeO
content on phosphorus
vaporization rate
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Fig. 5 Influence of nitrogen
flow rate on phosphorus
vaporization rate
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(3) Influence of nitrogen flow rate on phosphorus vaporization rate

Phosphorus vaporization rates obtained with different nitrogen flow rates are shown
in Fig. 5.

As shown in Fig. 5, increasing the flow rate of nitrogenwas somewhat beneficial to
phosphorus vaporization up to 0.4m3/h. Above this value, therewas little influence of
the nitrogen flow rate. The partial pressure of P2 in the circulating nitrogenwas almost
zero and P2 produced in the dephosphorization process injected into vacuumchamber
of the circulating flow rate which promoted phosphorus vaporization reaction.

(4) Influence of reaction temperature on Phosphorus Vaporization rate

There were phosphorus vaporization rates under different reaction temperatures, as
shown in Fig. 6.



398 Y. K. Xue et al.

Fig. 6 Influence of reaction
temperature on phosphorus
vaporization rate
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Fig. 7 Influence of SiC
addition amount on
phosphorus vaporization rate
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According to Fig. 6, phosphorus vaporization rate of the slag showed an upward
trend with the increase of experimental temperature. When the temperature raised
from 1400 to 1720 °C, phosphorus vaporization rate increased from 23 to 39%,
raised by 16%. It is analyzed that the kinetic conditions of slag were improved
for the increasing slag temperature and the reaction interface increased effectively.
The phosphorus vaporization reaction is an interfacial reaction, and the uniformed
mixture of slag and SiC promotes the phosphorus vaporization rate.

(5) Influence of SiC addition amount on phosphorus vaporization rate

There were phosphorus vaporization rates influenced by different SiC amounts, as
shown in Fig. 7.

From Fig. 7, it can be seen that phosphorus vaporization rate of slag gasifica-
tion increased with the SiC amount. When the SiC was 1.5 times the equivalent,
phosphorus vaporization rate reached the maximum, and the continued increasing
of SiC had no obvious effect on phosphorus vaporization rate. The reaction areas of
dephosphorization were increased with the increase of SiC amount, but SiC existed
as solid solution state for the highmelting pointwhichwas unfavorable to phosphorus
vaporization reaction.
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Conclusion

(1) According to the analysis of electron microscopy and energy spectrum,
2CaOSiO2 and 3CaOSiO2 were the main phases in the final slag and the phos-
phorus vaporization slag reduced by SiC. After the phosphorus vaporization
reaction with SiC, iron phase containing carbon and black C phase without
reduction appeared in the phosphorus vaporization slag.

(2) The single factor test shows that the increase of basicity is not conducive to
phosphorus vaporization reaction. The best FeO content for phosphorus vapor-
ization reaction was 22–25%. Phosphorus vaporization rate which increased
with nitrogen flow rate increasing remained stable when the nitrogen flow rate
was 0.4 m3/h. The increasing of temperature was beneficial for the increase of
phosphorus vaporization rate. The increasing amount of SiC can increase phos-
phorus vaporization rate, and phosphorus vaporization rate tends to be stable
when the amount of SiC reaches 1.5 times equivalent.
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Differential Scanning Calorimeter
of Spent Lithium Iron Phosphate
Batteries Cathode Plate

Yafei Jie, Shenghai Yang, Yongming Chen, Zhiqiang Liu, Fang Hu,
Nannan Liu and Yanqing Lai

Abstract The recovery of spent lithium iron phosphate batteries (LFPBs) has sig-
nificant meaning in resource recycling and environmental protection. In order to
investigate the effect of thermal treatment on the spent LFPBs cathode plate, in this
paper, the thermogravimetric-differential scanning calorimetry (TG-DSC) of spent
LFPBs cathode plate is researched. TG-DSC results indicate that two stages ofweight
losses and a stage of weight gain appear during the heating process with a weight
change of −3.7, +1.0, and −2.4%. DSC curve showed two endothermic peaks at
165.6, 657.5 °C and two exothermic peaks at 475.6, 532.2 °C. XRD results indi-
cate that LiFePO4 is oxidized to Li3Fe2(PO4)3 and Fe2O3 during the heating process
and the electrode material could be easily separated from aluminum foil due to the
pyrolysis of the binder. SEM-EDS results indicate that the agglomeration degree
of cathode powders decreased after the TG-DSC test, the mole fraction of C and F
decreased from 23.98 and 7.03% to 1.06 and 0.32%, which was due to the pyrolysis
of binders and conductive additive.
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Introduction

Rechargeable lithium-ion batteries (LIBs) have been commercialized formany years,
due to their superior performance including high energy/power densities, long cycle
life, memoryless effect and environmentally friendly property [1, 2]. Olivine-type
lithium iron phosphate (LiFePO4) and many other cathode materials have been
applied to large electric vehicles, hybrid electric vehicles, and other power tools in
recent years due to their inherent merits, including longer cycle life, high safety, and
low cost [3]. However, the span of lithium iron phosphate batteries is about 3–5 years,
when their effective capacity drops to 80% of the original capacity. An increase in
consumption of LFPBs means increasing amounts of spent batteries [4]. According
to statistics from China Automotive Technology and Research Center (CATARC),
spent batteries from electric vehicles (EVs) will reach 120–170 thousand tons by
2020. LiFePO4 batteries do not contain mercury, cadmium, lead or other toxic heavy
metals, and thus they are often called eco-friendly green batteries. However, this
does not mean that LiFePO4 batteries are completely non-polluting products, as they
contain metals, toxic electrolytes, organic chemicals and plastics, which can also
lead to serious safety and environmental problems if not properly disposed of [6].
According to statistics, LiFePO4 batteries typically contain 1.1% Li by weight. As
a lithium-containing resource, recycling of spent LiFePO4 batteries is important not
only for the treatment of waste but also for the recovery of useful materials. Among
the currently available recovery techniques for processing spent LiFePO4 batteries,
two main types have been widely deployed. One is the direct regeneration of the
waste cathode material, the other is based upon strong acid leaching to recover the
individual compound form [4, 5, 7]. The direct regeneration technology is sensitive
to the presence of impurities and the direct regeneration of spent LiFePO4 cathode
materials is only possible with strict impurity control. Therefore, recovering the indi-
vidual compound form is considered to be the most effective way to recycle spent
LiFePO4 batteries, especially the selective extraction of lithium salt, in which ther-
mal pretreatment is critical. According to themelting points of PVDF and aluminum,
thermal treatment techniques separate active materials from aluminum foil. Thermal
analysis technology can be used to study how the material weight and thermal effect
change as the temperature changes. Therefore, in this work, the TG-DSC techniques
are performed to investigate the effect of thermal treatment on the spent LFPBs
cathode plate.

Experimental

Materials

The spent LFPBs were discharged to avoid self-ignition by immersing them in 10
wt% NaCl solution for 24 h. Then those discharged batteries were further manually
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dismantled and separated into cathode plates anodes plate, separators and shells.
Finally, the cathode plates were cut into small pieces with a size of approximately
3 * 3 mm, which were used as experimental materials for TG-DSC test.

TG-DSC Analysis

TG-DSC test was performed on STA449F3 analyzer (Netzsch, Germany). Samples
(around 64.1 mg) were placed into the tray of the thermal analyzer, then heated from
room temperature up to 850 °C at the heating rate of 10 °C/min. All measurements
were carried out under the measured mixture of gas (20% O2 + 80% Ar2), with a gas
flow of 100 ml/min.

Characterization

The crystalline phases of spent LFPBs electrode materials were determined by X-ray
diffractometer (XRD, Rigaku D/max-2500). The surface morphology and qualita-
tive constituent were examined by scanning electron microscopy (SEM, TESCAN
MIRA3 LMU) equipped with an energy dispersive spectrometer (EDS, Oxford X-
Max20).

Results and Discussion

TG-DSC Analysis of Spent Cathode Plate

As seen inFig. 1, theTGcurve shows two stages ofweight losses and a stage ofweight
gain during the heating process with a weight change of −3.7, +1.0 and −2.4%. The
weight change happens in three temperature ranges, 36–190 °C, 380–486.5 °C and
486.5–540 °C, respectively. The DTG curve shows six obvious mass loss drops in
the low-temperature range, at 100.4 °C, 112.6 °C, 121.4 °C, 145.2 °C, 151.7 °C, and
159.6 °C, respectively. The DSC curve shows a small endothermic peak at 165.6 °C.
Therefore, combinedwith physicochemical properties of organic and inorganic com-
pounds added in the cathode plate [8], it could be concluded that the volatilization,
decomposition, and hydrolysis of organic compounds and lithium salts mainly occur
in the low-temperature range. In the high-temperature range, the DTG curve shows
distinct weight gain peak at 486.5 °C, and the DSC curve shows an exothermic peak
at 475.6 °C, which indicates the oxidation reaction of the LiFePO4. This corresponds
with previous work on the effect of heat treatment on the spent LiFePO4 electrode
[9] and the phase transformation during the heating process shown in Fig. 3. The
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Fig. 1 TG-DSC-DTG
analysis of cathode plate

DTG curve shows a distinct mass loss peak at 527.4 °C, and the DSC curve shows
an exothermic peak at 532.2 °C, which indicates the oxidative decomposition of the
binder. This correlates with previous work on the decomposition of PVDF [10, 11].
Finally, there is an endothermic peak around 657.5 °C attributed to the dissolution
of aluminum foil, which is confirmed by the melting point of Al at 660 °C.

Characterization of Cathode Plate Before and After TG-DSC
Test

The XRD patterns of spent LFPBs electrode materials are shown in Fig. 2. The
composition of untreated electrode materials is LiFePO4, and the dark grey electrode
material (inset of Fig. 2) is coated on aluminum foil, making separation difficult.
There is a significant phase change in the cathode sheets after the TG-DSC test as
shown in Fig. 3. The electrode materials are composed of Li3Fe2(PO4)3 and Fe2O3,
a change of color of the electrode material from dark grey to brick red suggests
the oxidation of Fe2+ to Fe3+ during the TG-DSC test, thus the oxidation of the
electrode materials during the heating process is expected to follow reaction Eq. (1).
Besides, the electrode material could be easily separated from aluminum foil due to
the pyrolysis of the binder.

12LiFePO4 + 3O2 → 4Li3Fe2(PO4)3 + 2Fe2O3 (1)

In order to further investigate the change of cathode plate during the heating
process, its morphology and elemental compositions were studied by SEM-EDS.
Figure 4a, b showed the SEM images under different magnifications of untreated
electrode materials, the primary particles had a distribution size of 50–200 nm with
an oval and circular shape. Due to the existence of binders, the cathode powder was
agglomerated. Fromelementalmapping of Fe, P,O,C, F for untreated electrodemate-
rials, it can be seen that Fe, P, and O elements are uniformly distributed in the spent
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Fig. 2 XRD patterns of
untreated spent LFPBs
electrode materials

Fig. 3 XRD patterns of
spent LFPBs electrode
materials after TG-DSC test

LFPBs electrode materials, a small amount of C and F are irregularly distributed,
and Al does not exist. Figure 5a, b shows the SEM images under different magni-
fications of electrode materials after TG-DSC test. When compared with untreated
electrode materials, the agglomeration degree of cathode powders decreased signifi-
cantly. Meanwhile, various sizes of the small irregular particle were observed on the
large grains, which seemed to be rough. The elemental mapping of C, F and Al are
also changed, in which C and F elements content decrease and almost disappear, and
a small amount of Al element appears. Correspondingly, the EDS images of spent
LFPBs electrode materials before and after TG-DSC test are shown in Fig. 6. The
untreated cathode materials are mainly composed of P, Fe, O, C, and F. The mole
fractions of C and F in Fig. 6a are 23.98 and 7.03%, which indicates that fluorocar-
bon materials, such as binders and conductive additive, make-up cathode materials.
Figure 6b shows the elemental composition of the cathode powders after TG-DSC
test are mainly O, P and Fe, the mole fractions of C and F are 1.06 and 0.32%, far
less than those in untreated cathode materials. A possible explanation is due to the
decomposition of PVDF during the thermal treatment. The mole fraction of Al is
0.14%, which may come from aluminum foil. It is corroded by fluorine-containing
gases.
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P Fe O

C F Al

(a) (b)

Fig. 4 SEM images of untreated spent LFPBs electrode materials, elemental mapping of Fe, P, O,
C, F, Al for untreated electrode materials

Conclusion

1. In the range of 36–190 °C, the TG curve shows a stage of weight losses, which is
due to the volatilization, decomposition, and hydrolysis of organic compounds
and lithium salts. In the range of 380–486.5 °C, the TG curve shows a stage of
weight gain, and the DSC curve shows an exothermic peak at 475.6 °C, which
indicates the oxidation of the LiFePO4. In the range of 486.5–540 °C, the TG
curve shows a stage of weight losses, and the DSC curve shows an exothermic
peak at 532.2 °C, which indicates the oxidative decomposition of the binder.
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(a) (b)

P Fe O

C F Al

Fig. 5 SEM images of spent LFPBs electrode materials after TG-DSC test, elemental mapping of
Fe, P, O, C, F, Al for electrode materials after TG-DSC test

There is an endothermic peak around 657.5 °C attributed to the dissolution of
aluminum foil.

2. During the heating process, the LiFePO4 is oxidized to Li3Fe2(PO4)3 and Fe2O3,
as confirmed by XRD. The color of the electrode material changes from dark
grey to brick red due to iron oxidation. The electrode material could be easily
separated from aluminum foil by vibrating screen due to the pyrolysis of the
binder.

3. The morphology and elemental composition analysis indicated that the agglom-
eration degree of cathode powders decreased obviously after the TG-DSC test,
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Fig. 6 EDS images of spent
LFPBs electrode materials,
a before TG-DSC test,
b after TG-DSC test

the mole fraction of C and F decreased from 23.98 and 7.03% to 1.06 and 0.32%,
which was due to the pyrolysis of binders and conductive additive.
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Study of Precursor Preparation
of Battery-Grade Lithium Iron
Phosphate

Li-li Zhang, Wei-guang Zhang, Ting-an Zhang, Qiu-yue Zhao, Ying Zhang,
Jing Liu and Kun Wang

Abstract In this paper, ferric sulfatewas extracted from titaniumwhitewaste acid as
the iron source of lithium iron phosphate precursor. The ferric sulfate obtained from
titanium white waste acid, ammonium phosphate tribasic, and ammonia hydroxide
were used as raw materials through liquid precipitation method to obtain iron phos-
phate as the precursor of lithium iron phosphate. Under the premise of ensuring the
synthesis of FePO4·2H2O, the effects of the pH, synthesis temperature and reaction
time on the particle size of the resulting productwere investigated. The results showed
that high purity amorphous FePO4·2H2O with a median diameter of 38.4 μm was
acquired through the condition of pH � 2, T � 25 °C, and t � 12 h, which meets the
requirements for preparation of lithium iron phosphate and realizes high value-added
utilization of discarded resources.

Keywords Iron phosphate · Precursor · Lithium iron phosphate ·Median diameter

Introduction

Olivine-type LiFePO4 has many advantages such as environmental friendliness, low
price, excellent safety performance, thermal stability, and cycle performance andmay
be the most promising material for power battery and energy storage system [1–3].
FePO4 as a precursor of LiFePO4 has a similar structure to LiFePO4. Therefore, it is
only necessary to add a lithium source when synthesizing LiFePO4. The process is
simple and controllable, and the rawmaterials are green and environmentally friendly,
so the effective preparation of FePO4 has attractedwide attention of researchers [4, 5].

The synthetic methods of FePO4 include precipitation method [6–11], solid
phase method [12, 13], sol-gel method [14, 15], hydrothermal method [4, 16–20],
microemulsion method and microwave radiation method [21]. However, these meth-
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ods have high production costs, complicated process, and high equipment require-
ments. The particle size of FePO4 prepared by somemethods is too large and uneven.
These factors restrict the large-scale production and application of LiFePO4. It is of
great significance to find a method for preparing the product with small particle
size, which is economical in raw materials, simple in process, mild in production
conditions and simple in operation.

In this paper, the micron-sized FePO4 precursor with relatively uniform particle
size was prepared by liquid phase precipitation method using Fe2(SO4)3 which is
separated and extracted from titaniumwhite waste acid, (NH4)3PO4 andNH3·H2O as
startingmaterials. Comparedwith other previous reports, the experimental procedure
with low energy consumption is handy and requires low equipment. The obtained
FePO4 with relatively uniform distribution has a small median diameter. It proved
that the product is completely suitable for the industrial production of LiFePO4.
In this reaction, the Fe2(SO4)3 was used as the iron source and the (NH4)3PO4

was used as the phosphorus source. In addition to the preparation of the micron-
sized FePO4·2H2O precursor, it not only solves the environmental pollution problem
caused by the titaniumwhite waste acid, but also realizes the high-value utilization of
the valuable metal in the titanium white waste acid. Under the condition of ensuring
the synthesis of FePO4·2H2O, the effects of the pH, the synthesis temperature and
the reaction time on the particle size of the resulting product were investigated.

Experiments

Reagents and Apparatus

(NH4)3PO4 (analytical grade, Sinopharm Chemical Reagent Co., Ltd., China) and
Fe2(SO4)3 (separated and extracted from titanium white waste acid) were used to
prepare in this investigation. The pH of the reaction solution was adjusted by ammo-
nium hydroxide (analytical grade, Sinopharm Chemical Reagent Co., Ltd., China)
solutions. Water used in this work was deionized.

The concentration of iron ions in Fe2(SO4)3 solution and the concentration of
phosphate in (NH4)3PO4 solution are measured by an inductively coupled plasma
atomic emission spectrometry (ICP-AES, prodigy XP). The pH of the reaction solu-
tions was measured by a digital pH meter (PHSJ-3F). The particle size of FePO4

samples was obtained using laser particle size analyzer (Mastersizer 3000). The
morphology of the samples was observed by a scanning electron microscopy (SEM,
SU8010). The thermal characterization of the sample was measured by differential
scanning calorimetry and thermal gravimetry (DSC-TG, STA449 F3). The thermal
scans were performed with a heating rate of 10 K/min up to a temperature of 800
°C in an air stream. The phase of FePO4 sample which was calcined at 500 °C for
6 h was determined by X-ray diffraction (XRD, PW3040/60) using Cu Kα radia-
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tion and 0.02° scanning step. The fired sample Fourier-transform infrared spectra of
extraction was obtained by an infrared spectrometer (FT-IR, Nicolet iS50).

Experimental Procedures

Deionized water produced by an ultra-pure water production system was used to
prepare all solutions. (NH4)3PO4 (analytical grade) crystalline solids were dissolved
in deionized water to make phosphate stock solutions for the production of FePO4,
Fe2(SO4)3 solution (separated and extracted from titanium white waste acid) was
added to deionized water to dilute solution to make iron stock solutions. The stock
solutions were standardized by an inductively coupled plasma (ICP) emission spec-
trometry. Ammonium hydroxide (analytical grade, Sinopharm Chemical Reagent
Co., Ltd., China) was diluted into a solution of ammonia hydroxide by water at a
volume ratio of 1:4 and the dilute solution of ammonia hydroxide was used in this
experiment.

Amorphous FePO4 was synthesized by spontaneous precipitation from the solu-
tion of Fe2(SO4)3 and (NH4)3PO4, using the dilute solution of ammonia hydrox-
ide. The solution of Fe2(SO4)3 containing 0.625 mol/L iron and the solution of
(NH4)3PO4 containing 0.938 mol/L phosphorus were prepared. To the solution of
Fe2(SO4) containing 0.625 mol/L iron was added the solution of (NH4)3PO4 con-
taining 0.938 mol/L phosphorus, in the 1:1 volume ratio. The mixed solution of
Fe2(SO4)3 solution containing 0.625 mol/L iron and (NH4)3PO4 solution containing
0.938 mol/L phosphorus was vigorously stirred at 600 r/min by magnetic stirring
(T09-1S). Then the dilute solution of ammonia hydroxide was added to the mixed
solution at 25 °C. After a while, precipitate started to gradually form after the addi-
tion of the dilute solution of ammonia hydroxide. The dilute solution of ammonia
hydroxide is continuously added to the reaction solution so that the pH of the reaction
solution measured by a digital pH meter is 1.8, 2.0, 2.2, 2.4, and 3.0, respectively.
After the solution has reacted for a while, the precipitate was collected on a filter
paper, washed several times and dried in an oven at 55 °C for 24 h. Then the reac-
tion temperature and reaction time of the experiment were changed and the above
experiments were repeated.

Results and Discussion

Effect of pH

The pH of the reaction solution was set to 1.8, 2.0, 2.2, 2.4, and 3, respectively. The
precipitated product was obtained from the reactions which were carried out for 4 h
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Fig. 1 Effect of pH on the
particle size of the
precipitated product

at 25 °C. Influence of pH on the particle size of the precipitated product was studied
and the result is shown in Fig. 1.

It can be seen clearly from Fig. 1 that the median particle size of the product
decreases as the pH increases in the range of pH 1.8–2.0 of the reaction solution.
Compared with the median particle size of pH 1.8–2.0 of the reaction solution, the
smallest particles of the product with a median diameter of 68.4 μm was acquired
under the condition of pH � 2. It is not clear why the median particle size of the
product decreases with the increase of pH in the range of 1.8–2.0. This needs further
exploration and discussion. As the pH increases in the range of pH 2.0–3.0 of reaction
solution, the median particle size of the product also increases. This is because the
concentration of free Fe3+ and PO4

3− in the reaction solution and the supersaturation
of the reaction solution are determined by the pH of the reaction solution. With
the increase of pH, the concentration of free Fe3+ and PO4

3− increases, and the
supersaturation of the reaction solution increases. A large number of crystal nuclei
are formed instantaneously, and there is not enough time to grow, leading to the
formation of finer precipitates. Primary particleswith larger surface energywere easy
to agglomerate into secondary particles. The size of secondary particles increases
with the decrease of the size of primary particles. Therefore, it is necessary to set the
pH of the reaction solution to 2.0 in order to synthesize precipitates with a smaller
median size.

Effect of Temperature

Under experimental conditions of pH � 2, the reaction solution was placed at 25 °C,
40 °C, 50 °C, 60 °C, and 70 °C for 4 h, respectively. The effect of synthesis temper-
ature on the particle size of the precipitated product obtained was studied. The result
is shown in Fig. 2.
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Fig. 2 Effect of synthesis
temperature on the particle
size of the precipitated
product

Figure 2 compares the influence of the synthesis temperature on the particle size
of the precipitated product. As can be seen from Fig. 2, the intermediate particle
size of the precipitated product is smaller at 25 °C and increases with the increase
of temperature. When the temperature reaches 50 °C, the median particle size of
the precipitated product reached the maximum. Then, as the temperature continues
to rise, the median diameter of the precipitates product decreases. This is because
the synthesis temperature not only affects the nucleation rate and growth rate of the
product, but also affects the interaction between primary particles of the precipitated
product. When the temperature is relatively low, relatively few nuclei are formed,
and these nuclei are easy to develop into large primary particles which are not easy to
aggregate. Therefore, the secondary particles agglomerated by the primary particles
have a smaller particle diameter. When the temperature rises initially, due to a large
number of nuclei and quick rate of nucleation, the primary particles have no time
to grow up causing the formation of small primary particles. Subsequently, these
primary particles are clustered into larger secondary particles. When the tempera-
ture continues to increase, the high temperature accelerated the Brownian motion
of molecules in solution so the adsorption effect between primary particles were
destroyed resulting in a reduction of the median size of secondary particles formed
by the aggregation of these primary particles. At the same time, the solubility product
constant of FePO4 increases with the increase of temperaturemaking for the decrease
of system oversaturation, but these factors are not conducive to the formation of a
crystal. Considering the above factors, the reaction temperature of the following
experiment was determined at 25 °C.
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Fig. 3 Effect of reaction
time on the particle size of
the precipitated product

Effect of Time

The precipitated product was obtained from the reactions which were carried out
for at 25 °C and pH � 2. Influence of the synthesis time ranging from 1 to 12 h on
the particle size of the precipitated product was discussed and the result is shown in
Fig. 3.

Figure 3 shows the effect of reaction time on the median particle size of the
product. A conclusion can be drawn from Fig. 3 that the median particle size of
the product decreases gradually with the extension of reaction time. In the range
of 0–2 h, the median particle size of the product changes relatively and the change
tends to be stable within 2–4 h, and finally the particle size shows a downward trend.
The reason for these changes is that the reaction time affects the growth rate of the
crystal and interaction between the small particles. Within 1–2 h, due to the delayed
growth of the crystal nucleus in the short time, a large amount of fine precipitation
was generated. The secondary particles formed by aggregation of smaller particles
are larger. However, these larger secondary particles will rapidly become smaller
secondary particles under stirring. Within 2–4 h, the crystal nucleus grow slowly
with the prolongation of the reaction time. The effect of stirring on the secondary
particles is not great, so themedian size of the secondary particles of the product does
not change much. In the 4–12 h period, with the further extension of reaction time,
the primary particles grow rapidly. The surface energy of these primary particles
decreases and the agglomeration decreases, so the secondary particle median size of
the products decreases rapidly. Therefore, the reaction time is set to 12 h, which is
suitable for the finer products.
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Fig. 4 SEM micrograph of
the sample obtained by pH �
2, 25 °C, 12 h

Table 1 The comparison of
measured and theoretical
values of iron phosphate

Name P (%) TFe (%) P/Fe
(mol)

Measurements of sample 16.27 29.92 0.98

Theoretical value of iron
phosphate

16.59 29.97 1

The Analysis of Iron Phosphate Sample

This work further analyzed the iron phosphate sample which was obtained under pH
� 2, 25 °C, 12 h. Figure 4 is the SEM image of the sample. It can be seen from
Fig. 4 that the particles of iron phosphate sample are agglomerated from very small
primary particles.

The mass fractions of phosphorus and iron element in the FePO4·2H2O obtained
using the optimized experimental conditions were shown in Table 1. It can be seen
from Table 1 that the mass fractions of iron and phosphorus are 29.92% and 16.27%,
respectively, which are consistent with the theoretical values.

Figure 5 is the TG-DTA curve of FePO4·2H2O prepared experimentally. The DSC
curve shows that there is an obvious endothermic peak between 130 and 210 °C,
which is the endothermic peak of the sample losing the crystalline water and there
is no obvious peak after that. The TG curve indicates that the mass loss rate of the
sample is 19.256% from 30 to 210 °C, which is very close to the theoretical mass
loss of 19.270% when FePO4·2H2O loses crystalline water. In summary, the sample
obtained is FePO4·2H2O.

After the sample was calcined in an air atmosphere at 500 °C for 6 h, the corre-
sponding product was analyzed by XRD and infrared and the results were shown in
Figs. 6 and 7. The XRD spectra are consistent with the standard spectra of FePO4,
indicating that the sample is free of impurities. It can be inferred from the infrared
spectrum that the peak of 973.16 cm−1 is the stretching vibration between phos-
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Fig. 5 TG/DSC curves of
the FePO4·2H2O obtained by
pH � 2, 25 °C, 12 h

Fig. 6 XRD spectrum of
crystalline FePO4 obtained
by heating the sample at
500 °C for 6 h under air
atmosphere

phorus and oxygen bonds and the peaks of 633.90 and 590.60 cm−1 are symmetric
bending vibrations between phosphorus and oxygen bonds. It shows that there is no
impurity in the sample.

Conclusions

(1) In this paper, the micron-sized FePO4·2H2O precursor with relatively uniform
particle size is prepared by liquid phase precipitation method using Fe2(SO4)3
which is separated and extracted from titanium white waste acid, (NH4)3PO4,

and NH3·H2O as starting materials.
(2) Under the premise of ensuring the synthesis of FePO4·2H2O, the effects of the

pH, synthesis temperature and reaction time on the particle size of the resulting
product were investigated. Compared with previous reports, the smallest amor-
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Fig. 7 Infrared spectrum of
crystalline FePO4 obtained
by heating the sample at
500 °C for 6 h under air
atmosphere

phous FePO4·2H2O with a median diameter of 38.4 μm was acquired through
the condition of pH � 2, T � 25 °C and t � 12 h, respectively. The results
show that FePO4·2H2O samples are suitable for further study as a potentially
inexpensive material for the production of LiFePO4.
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Study on Vacuum Pyrolysis Process
of Cathode Sheets from Spent
Lithium-Ion Batteries

Weilun Li, Shenghai Yang, Nannan Liu, Yongming Chen, Yan Xi, Shuai Li,
Yafei Jie and Fang Hu

Abstract Spent lithium-ion batteries(LIBs) contain lots of valuable metals such as
nickel, cobalt, and lithium, together with organic solvents, binders, and other toxic
materials. Therefore, recycling of spent LIBs is of great importance for comprehen-
sive resource recovery and environmental protection. In this study, vacuum pyrolysis
was used to dispose of the cathode sheets of LIBs. The effects of pyrolysis temper-
ature and vacuum degree on the separation of cathode sheets and phase transition
of valuable metal of cathode active powder were investigated in detail. The results
showed that the effective separation of active powder and Al foil can be achieved
under the optimized conditions of pyrolysis temperature of 600 °C and a vacuum
degree of 1000 Pa, and the recovery rate of cathode active powder reached 98.04%.
In the temperature range of 450–650 °C, with the increase of pyrolysis temperature,
the XRD patterns of the cathode active powder showed that the characteristic peak
of Li[NixCoyMn1-x-y]O2 gradually weakened and eventually disappeared.

Keywords Vacuum pyrolysis · Spent lithium ion batteries · Cathode sheets ·
Recovery rate · Phase transition

Introduction

The cathodes, anodes, and electrolytes are elements of LIBs rich in valuable metals.
The most valuable element is high-quality cathode material composed of cobalt,
lithium, nickel oxide. Taking the power ternary battery as an example, the average
contents of lithium, nickel, and cobalt are 1.9%, 12.1%, and 2.3%, respectively.
It is much higher than the corresponding metal grade in the original ore and has
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significant resource characteristics [1]. In addition, LIBs contain toxic materials such
as separators, organic solvents, and binders, which may cause environmental risks.
Therefore, the recycling of spent LIBs has the dual significance of comprehensive
resource recovery and environmental protection.

There are mainly two routes for recovery of spent LIBs: pyrometallurgy and
hydrometallurgy. Hydrometallurgy is widely adopted by many enterprises in China
[2]. The disposal process generally includes four stages: pretreatment [3], leach-
ing [4–6], purification and separation [7, 8], and product preparation [9–11]. In the
hydrometallurgy recovery process, the components of spent LIBs are complicated,
so it is necessary to pretreat the spent LIBs to separate and enrich the valuable materi-
als. Pretreatment is mainly divided into mechanical crushing [12], solvent extraction
[13, 14], alkaline dissolution [15] and heat treatment [16] according to different sep-
aration techniques. Li [17] combined mechanical crushing and ultrasonic cleaning in
spent LIBs disposal process, and the recovery rate of element cobalt was 92%. But
this strategy causes partial loss of element cobalt due to the presence of the binder.
Contestabile et al. [18] used an organic solvent NMP to achieve effective separation
of cathode material and Al foil. However, this method is susceptible to the type of
binder and battery winding method, and organic solvents are expensive and volatile.
Therefore, it would cause environmental pollution during the disposal process and
would be challenging to implement an industrial scale. Chen et al. [19] treated the
electrode active material with a NaOH solution to avoid the introduction of Al3+ in
the next separation steps. It was found that 99.9% Al was dissolved under optimized
conditions of 5 wt% NaOH solution and the liquid-to-solid ratio of 10:1 at room
temperature for 4 h. However, this method increases the content of impurity ions
in the solution and the amount of acid in the subsequent treatment and also causes
difficulty in the treatment of the alkali solution.

Based on the above disadvantages, some scholars have proposed heat treatment
methods to accomplish the separation of cathode active powder and Al foil. Sun and
Qiu [20] used vacuum pyrolysis to treat cathode sheets of spent LIBs. The results
demonstrated that the active powder on the cathode sheets can be effectively removed
at 600 °C, vacuum degree of 1000 Pa for 30 min.

The above studies examined the effect of pyrolysis temperature on the separation
effect of the cathode sheet but did not investigate in detail the effects of various
heat treatment conditions on the separation effect of the cathode sheets, the phase
transition of the cathode active powder. To investigate this topic, this study used a low-
temperature vacuum tube furnace for the heat treatment of the cathode sheets under
a hermetic vacuum atmosphere. The effects of pyrolysis temperature (450–700 °C)
and vacuum degree (100–2000 Pa) on the separation of the cathode sheets and the
phase transition of the valuable metal were systematically investigated.
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Experimental

Experimental Materials

The experimental raw material spent ternary LIBs were provided by Hunan Reshine
New Material Co., Ltd. All the solutions were prepared in deionized water.

Experimental Procedure

A flowsheet of the procedure was illustrated in Fig. 1.
The main experimental procedure steps are as follows:

(1) Dismantling and separation: To avoid the unsafe factors (self-ignition and short-
circuiting), LIBs were discharged in the 10 wt% NaCl solution for 24 h. LIBs
were disassembled into cathodes, anodes, organic separators and shells by man-
ual dismantling, then the cathodes were cut into long sheets of length × width
� 6 × 4.5 cm and which are stored in vacuum state.

(2) Vacuum pyrolysis: The experimental setup is shown in Fig. 2. Five pieces of
cathode scraps were weighed and placed into the special corundum ark, then the
ark was placed into a tubular furnace. The temperature of the tubular furnace
was raised to a preset temperature with a heating rate of 10 °C/min in a preset
vacuum degree. After the experiment, the Al foil and the cathode active powder
were obtained by Taylor standard sieves (0.147 mm) vibrating and screening
for 10 s. After weighing, the cathode active powder obtained by heat treatment
was characterized, the crystalline phases were determined by X-ray diffrac-
tometer (XRD, Rigaku D/max-2500), the surface morphology and qualitative
constituent were examined by scanning electron microscopy (SEM, TESCAN
MIRA3 LMU) equipped with an energy dispersive spectrometer (EDS, Oxford
X-Max20).

The formula for calculating the yield of the cathode active powder is as follows:

cathode active powder yield � m1

mα0
× 100% (1)

Wherein, m1 is the mass (g) of the cathode active powder of the sieve after screen-
ing, and m is the mass (g) of the cathode electrode before heat treatment. In addition,
the cathode electrode of the raw material is uniformly coated during the experiment.
So a current collector is selected as a standard set, and completely separated after
the heat treatment to obtain the cathode electrode active material and the aluminum
foil, and α0 is the ratio (%) of the cathode electrode active powder to the cathode
electrode sheet before heat treatment.
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Fig. 1 The flowsheet of the experimental process
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Fig. 2 Connection diagram of cathode scraps heat treatment equipment (1. small vacuum tube
furnace; 2. heating rod; 3. corundum ark; 4. corundum tube; 5. mixing box; 6. intake valve; 7.
vacuum gauge; 8. outlet valve; 9. two-way air conduction valve; 10. vacuum pump; 11. NaOH
solution; 12. float flowmeter)

Results and Discussion

Separation of Cathode Active Powder and Al Foil

Effect of Pyrolysis Temperature

Under the pyrolysis vacuum degree of 1000 Pa and pyrolysis time of 30 min, the
different pyrolysis temperatures(450–700 °C) for the separation of cathode active
powder and Al foil were investigated.

The macroscopic morphology and SEM images of the cathode sheets and Al foils
obtained at different pyrolysis temperatures are shown in Fig. 3. It can be seen from
Fig. 3 that when the temperature rises to 500 °C, the cathode material on the cathode
sheets begins to fall off. As the temperature further rises to 600 °C, the cathode sheets
separation becomes easier, which indicates that the rise of temperature is favorable
for removal of the binder in the cathode sheets. However, when the temperature rises
to 650 °C, ablation at the current collector boundary occurs because the pyrolysis
temperature is close to the melting temperature of the Al foil. The Al foil becomes
brittle, which can be a barrier to the separation of the cathode active powder from
the Al foil. When the temperature up to 700 °C, the cathode active powder and
the Al foil are co-melted due to the melting of the Al foil, and the separation of
the cathode active powder from the Al foil cannot be achieved. At the same time,
the SEM was used to observe the morphology of the Al foil obtained at different
pyrolysis temperatures. The results demonstrated that the macroscopic appearance
of the Al foil looks flat, but the high-resolution SEM image shows that there are a
large number of corrosion holes on the surface, and severe corrosion as the pyrolysis
temperature increases. In addition, Fig. 3e2 shows a large number of non-separation
cathode material adhered to the Al foil, Fig. 3e3 shows that the corrosion holes in
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the Al foil disappear and the entire surface is covered by a layer of sheet material.
The above analysis results of Fig. 3e2, e3 show that the pyrolysis temperature has
a significant effect on the corrosion of the Al foil. As the pyrolysis temperature
increases, the electrolyte LiPF6 decomposes to form HF [21], and the generated HF
gas is highly corrosive and reacts with the Al foil to corrode the Al foil.

The cathode sheets obtained at different pyrolysis temperatures were sieved by
vibration, the recovery rate of the cathode active powder was calculated, and the Al
content in the powder was measured to examine the ease of separation of the cathode
sheets after heat treatment and the corrosion of the Al foil. As is shown in Fig. 4,
the cathode active powder recovery rate increases with increasing temperature from
to 600 °C, which means the cathode sheets are more and more easily stripped off
as the temperature increases. Subsequently, the recovery rate of the cathode active
powder rapidly decreased from 98.04% at 600 °C to 67.24% when the temperature
was increased to 650 °C, which indicates that the temperature was too high. The
surface of the cathode sheets was ablated leading to the difficulty of the stripping

of the cathode sheets. Meanwhile, the Al content in the cathode active powder
increased from 0.06% at 600 °C to 1.28% at 650 °C, indicating that the Al foil is
heavily corroded, and resulting in a large amount of elemental Al entering the cathode
active powder. The above results further confirm the conclusions drawn from Fig. 2.
Therefore, the optimum pyrolysis temperature is 600 °C.

Effect of the Vacuum Degree

Under the pyrolysis temperature of 600 °C and pyrolysis time of 30 min, the effects
of vacuum degree (100–2000 Pa) for the separation of cathode active powder and Al
foil were investigated.

The macroscopic morphology of the cathode sheets and Al foil obtained under
different vacuum degrees and the SEM images of the Al foil are shown in Fig. 5.
It is known from Fig. 4a1–2 that the black cathode active powder adheres to the
aluminum foil. As can be seen from Fig. 5b1–2, the cathode sheet is ablated in a large
area, which is not conducive to the separation of the cathode active powder from
the Al foil at 100 and 500 Pa. As can be seen from Fig. 5a, b, the black cathode
active materials have not separated from Al foil. When the vacuum degree drops
to 1000 Pa, the cathode sheet ablation phenomenon disappears and the surface of
Al foil is clean after vibration screen. Then when the vacuum degree continues to
be reduced to 2000 Pa, a small amount of cathode active material remains on the
Al foil after screening and stripping. Above results indicate that excessively high
and low vacuum degree is not favorable for the decomposition of the binder on the
cathode sheet, which weakens the stripping effect of the cathode sheet. In addition,
the SEM images (Fig. 5a3–d3) show that the chemical corrosion of the Al foil surface
aggravated with the increase of the vacuum degree. As the vacuum degree decreases,
the electrolyte decomposes more severely, releasing more HF, which intensifies the
corrosion of aluminum foil.
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Fig. 3 Macroscopic andSEMmicromorphology of cathode sheets andAl foils at different pyrolysis
temperatures: 450 °C (a1–3), 500 °C (b1–3), 550 °C (c1–3), 600 °C (d1–3), 650 °C (e1–3), 700 °C
(f1–3)
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Fig. 4 Effect of pyrolysis temperature on the recovery rate and Al content of cathode active powder

Fig. 5 Macroscopic morphology and SEMmicromorphology of cathode sheets and Al foils under
different vacuum conditions: 100 Pa (a1–3), 500 Pa (b1–3), 1000 Pa (c1–3), 2000 Pa (d1–3)
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Fig. 6 Effect of vacuum
degree on the recovery rate
and Al content of cathode
active powder

The cathode active powder recovery rate and Al content under different vacuum
degrees are shown in Fig. 6. As can be seen from Fig. 6, as the vacuum degree is
reduced from 100 to 1000 Pa, the recovery rate gradually increases, which indi-
cates that a high vacuum degree does not favor the stripping of the cathode active
powder. When the vacuum degree continues to decrease to 2000 Pa, the recovery
rate decreases, which is caused by the low vacuum degree being unfavorable to the
decomposition of the binder in the cathode sheets. The above results are consistent
with the analysis results in Fig. 6. Therefore, a comprehensive selection of 1000 Pa
is the optimal vacuum for the experiment.

Phase Transition of Valuable Metals in Cathode Active Powder

Effect of Pyrolysis Temperature

Under the pyrolysis vacuum degree of 1000 Pa and pyrolysis time of 30 min, the
different pyrolysis temperatures(450–700 °C) for the phase transition of valuable
metals in cathode active powder were investigated.

The results of XRD and SEM analyses on the cathode active powder and
the untreated powder obtained at different pyrolysis temperatures are shown in
Figs. 7 and 8. As can be seen from Fig. 7, the untreated cathode material phase is
LiNixCoyMn1-x-yO2. In the temperature range of 450–600 °C, the diffraction peaks of
LiNixCoyMn1-x-yO2 becomeweaker andweaker with the increase of temperature and
the diffraction peaks of NiO and other phases appear at the same time. The diffraction
peak of Li[NixCoyMn1-x-y]O2 disappears at 650 °C, but the diffraction peaks of NiO
and other phases increase, which indicates the pyrolysis temperature has a significant
effect on the phase transition of the valuable metal. As the temperature increases, the
valuable metal in the cathode active powder is gradually reduced by a carbonaceous
material such as acetylene black and binder. When the temperature continues to rise
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Fig. 7 XRD patterns of cathode active powder obtained from different pyrolysis temperatures

to 700 °C, the intensity of the diffraction peaks decreases, and the diffraction peaks of
LiNixCoyMn1-x-yO2, LiAlO2, and Ni appear simultaneously. Because the pyrolysis
temperature is too high, causing theAl foil to dissolve. The dissolved substances react
with lithium in the cathode active powder to form LiAlO2 adhering to the surface of
the material, which affects the reduction of the valuable metal. The decomposition
mechanism of the positive active material is complicated, and the decomposition is
incomplete at 700 °C, so the diffraction peaks of LiNixCoyMn1-x-yO2 are So, the
diffraction peaks of the ternary appear again

Figure 8 shows the SEM images of the untreated raw material and the obtained
cathode active powder at different pyrolysis temperatures. As can be seen from
Fig. 8a, the powder crystal is agglomerated severely due to the presence of the
binder, and a large number of small crystal grains are dispersed around the agglom-
erated crystal. Subsequently, the cathode sheets were subjected to vacuum pyrolysis
at 450 °C. The obtained cathode active powder crystal was uniformly dispersed, but
a large amount of floc organic matter was still present on the surface. When the tem-
perature rises to 600 °C or more, the floc on the surface of the cathode active powder
is significantly reduced, and the crystal surface is denser than that of 450 °C, which
indicates that the increase of pyrolysis temperature is beneficial to the decomposition
of the binder.

Finally, the backscattered and EDS scans of the pyrolysis products at of 700 °C
were performed individually. The results are shown in Fig. 9. As can be seen from
Fig. 9, two different brightness crystal forms exist in the SEM backscattering pattern.
The results of the EDS surface scan show that nickel, cobalt, and manganese are dis-
tributed in the bright region of the backscattering image, and aluminum is distributed
in another dark region. This indicates that the phase represented by the bright region
in the backscattering pattern is LiNixCoyMn1-x-yO2, the phase represented by the
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(a1) (a2)

(b2)(b1)

(c1) (c2)

(d1) (d2)

(e1) (e2)

Fig. 8 SEM images of cathode active powder obtained from different pyrolysis temperatures: raw
materials (a1-2), 450 °C (b1–2), 600 °C (c1–2), 650 °C (d1–2), 700 °C (e1–2)
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Fig. 9 SEM-EDS spectrum of cathode active powder obtained by vacuum pyrolysis at 700 °C

dark region is LiAlO2, and LiAlO2 is basically adhered to the surface of the cathode
electrode material.

Effect of the Vacuum Degree

Under the pyrolysis temperature of 600 °C and pyrolysis time of 30min, the effects of
vacuum degree (100–2000 Pa) for the phase transition of valuable metals in cathode
active powder were investigated. The XRD patterns and SEM images of the cathode
active powders obtained under different vacuum degrees and the untreated powders
are shown in Figs. 10 and 11.

As can be seen from Fig. 10, the untreated material contains the
LiNixCoyMn1-x-yO2 phase. The characteristic peak of LiNixCoyMn1-x-yO2 in the
cathode active powder is weakened at 100 Pa, and at the same time, characteris-
tic peaks of intermediate reduction phases such as NiO appeared, which may be
caused by the reduction of the cathode material by the carbonaceous organic matter
during the pyrolysis process. In addition, with the continuous change of the vacuum
degree, the characteristic peak intensities of the LiNixCoyMn1-x-yO2 and NiO phases
in the pyrolysis products did not change significantly, indicating that the change
of the vacuum degree had no significant effect on the phase transformation of the
pyrolysis products.

The SEM images of the cathode active powder under different vacuum degrees
are shown in Fig. 11. Figure 11 shows that the grain morphology of 100 and 1000 Pa
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Fig. 10 XRD patterns of cathode active powder obtained from different vacuum degrees

is similar, and the spherical shape of the ternary cathode material is maintained. The
floc is adhered to the surface of the particles, indicating that the binder, acetylene
black and other organic substances are not all removed. The grain morphology of the
products at 2000 Pa is slightly different but the spherical morphology of the ternary
material is maintained.

Conclusion

(1) Under the optimized conditions of pyrolysis temperature of 600 °Cand a vacuum
degree of 1000 Pa, the binder was decomposed in large quantities to achieve
efficient separation of the active powder and the Al foil current collector, and
the cathode active powder recovery rate reached 98.04%.

(2) Pyrolysis temperature has a significant effect on the separation of cathode sheets
and phase transition of valuable elements in cathode active material. In the tem-
perature range of 450–650 °C, as the pyrolysis temperature increases, the char-
acteristic peak of LiNixCoyMn1-x-yO2 in the cathode active powder gradually
weakens and disappears, and the intermediate NiO phase appears. When the
pyrolysis temperature reaches at 700 °C, the LiAlO2 phase is formed to coat the
cathode electrode active material surface. At the same time, the results of SEM
images show that with the pyrolysis temperature increases, the floccules on the
surface of the cathode material are less and less, and the binder is removed more
and more thoroughly.

(3) Vacuum degree has a significant effect on the separation of cathode sheets, but
the effect on the phase transition of valuable elements in cathode active mate-
rial is not obvious. Excessively high and low vacuum degrees are not favorable
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(a1) (a2)

(b1) (b2)

(c1) (c2)

Fig. 11 SEM images of cathode active powder obtained by different vacuum degrees: 100 Pa
(a1–2), 1000 Pa (b1–2), 2000 Pa (c1–2)

for the decomposition of the binder on the cathode sheet. With the contin-
uous change of the vacuum degree, the characteristic peak intensities of the
LiNixCoyMn1-x-yO2 and NiO phases in the pyrolysis products did not change
significantly.

Acknowledgements We are grateful to Anhui Province Research and Development Innovation
Project forAutomotivePowerBatteryEfficientRecyclingSystemand theResearchFundProgramof
State Key Laboratory of Rare Metals Separation and Comprehensive Utilization (No. GK-201806)
for providing financial support.



Study on Vacuum Pyrolysis Process of Cathode Sheets … 435

References

1. Sinolink Securities. Deep research report on power lithium battery recycling industry [EB/OL].
Shanghai, 01 July 2017. http://www.sohu.com/a/153650710_355061

2. Chen Y, Liu N, Hu F, Ye L, Xi Y, Yang S (2018) Thermal treatment and ammoniacal leaching
for the recovery of valuable metals from spent lithium-ion batteries. Waste Manag 75:469

3. Chagnes A, Pospiech B (2013) A brief review on hydrometallurgical technologies for recycling
spent lithium-ion batteries. J Chem Technol Biotechnol 88(7):1191–1199

4. Meshram P, Pandey BD, Mankhand TR (2015) Recovery of valuable metals from cathodic
active material of spent lithium ion batteries: leaching and kinetic aspects. Waste Manag
45:306–313

5. Li L, Dunn JB, ZhangXX, Gaines L, Chen RJ,Wu F et al (2013) Recovery of metals from spent
lithium-ion batteries with organic acids as leaching reagents and environmental assessment.
J Power Sources 233(233):180–189

6. Jha MK, Kumari A, Jha AK, Kumar V, Hait J, Pandey BD (2013) Recovery of lithium and
cobalt from waste lithium ion batteries of mobile phone. Waste Manag 33(9):1890–1897

7. He J, Liu J, Li J, Lai Y,WuX (2016) Enhanced ionic conductivity and electrochemical capacity
of lithium ion battery based on PVDF-HFP/HDPE membrane. Mater Lett 170:126–129

8. Zhu SG, Wen-Zhi HE, Guang-Ming LI et al (2012) Recovery of Co and Li from spent lithium-
ion batteries by combination method of acid leaching and chemical precipitation. Trans Non-
ferrous Metals Soc China 22(9):2274–2281

9. Li J, Zhao R, He X, Liu H (2009) Preparation of licoo 2, cathode materials from spent lithi-
um–ion batteries. Ionics 15(1):111–113

10. ChenY,TianQ,ChenB, ShiX,LiaoT (2011) Preparation of lithiumcarbonate from spodumene
by a sodium carbonate autoclave process. Hydrometallurgy 109(1):43–46

11. Weng Y, Xu S, Huang G, Jiang C (2013) Synthesis and performance of
Li[(Ni1/3Co1/3Mn1/3)1-xMgx]O2 prepared from spent lithium ion batteries. J Hazard Mater
246–247(4):163–172

12. Shin SM, Kim NH, Sohn JS, Yang DH, Kim YH (2005) Development of a metal recovery
process from Li-ion battery wastes. Hydrometallurgy 79(3):172–181

13. Shuva MAH, Kurny A (2013) Hydrometallurgical recovery of value metals from spent lithium
ion batteries. Am J Mater Eng Technol 1(1):8–12

14. Hanisch C, Haselrieder W, Kwade A (2011). Recovery of active materials from spent lithium-
ion electrodes and electrode production rejects 85–89

15. Ferreira DA, Prados LMZ, Majuste D, Mansur MB (2009) Hydrometallurgical separation
of aluminium, cobalt, copper and lithium from spent Li-ion batteries. J Power Sources
187(1):238–246

16. Paulino JF, Busnardo NG, Afonso JC (2008) Recovery of valuable elements from spent Li-
batteries. J Hazard Mater 150(3):843–849

17. Zeng X, Li J (2014) Innovative application of ionic liquid to separate al and cathode materials
from spent high-power lithium-ion batteries. J Hazard Mater 271(271):50–56

18. Contestabile M, Panero S, Scrosati B (2001) A laboratory-scale lithium-ion battery recycling
process. J Power Sources 92(1):65–69

19. Chen L, Tang X, Zhang Y, Li L, Zeng Z, Zhang Y (2011) Process for the recovery of cobalt
oxalate from spent lithium-ion batteries. Hydrometallurgy 108(1):80–86

20. Sun L, Qiu K (2011) Vacuum pyrolysis and hydrometallurgical process for the recovery of
valuable metals from spent lithium-ion batteries. J Hazard Mater 194(11):378–384

21. Ravdel B, Abraham KM, Gitzendanner R, Dicarlo J, Lucht B, Campion C (2003) Thermal
stability of lithium-ion battery electrolytes. J Power Sources 119:805–810

http://www.sohu.com/a/153650710_355061


Waste Tire Rubber Powders Based
Composite Materials

Carlos F. Revelo, Mauricio Correa, Claudio Aguilar and Henry A. Colorado

Abstract This investigation shows results for use of waste tire rubber powdered
materials fabricated in composites by using polyurethane resin as a binder mate-
rial. With this powders, processed at industrial scale for a recycling local company,
rubber-based tiles were produced for several applications. The use of these materials
is a solution that gives a valorization to the tires after use in many countries giving
relief for an increasing problem worldwide with the tire use. Several concentrations
and particle size distributions were investigated and tested. Tension and density tests
were conducted in order to evaluate the flexible tiles for diverse applications. Scan-
ning electronmicroscopy, Fourier-transform infrared spectroscopy, thermogravimet-
ric analysis, and dynamic mechanical analyzer techniques were used to evaluate the
microstructure of the samples. Weibull distribution analysis has been also included
in order to analyze the variability of composite samples and thus characterize the
manufacturing process at the industrial scale.
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Introduction

Tires are a complex part with several very different materials inside difficult to sep-
arate and energy consuming process has to be involved in order to recycle them.
Because of the scale of the problem, many solutions and processes have to be devel-
oped in order to use a large amount of generated tires after the life cycle. This
problem is even worst in developing countries were a combination of weak environ-
mental policies, soft regulation enforcement, and lack of proper technology work
together to worsen the situation [1].

Every year, around 1.4 billion of new tires are sold in the world, which in a
short period of time will be as waste [2]. About 4 billion of waste tires are being
uselessly stockpiled in landfills worldwide [3], which are associated now with health
problems, and to adverse environmental and economic effects, associated with the
contamination [3–5], which represent big challenges in engineering to provide the
appropriate solutions via new products and waste minimization strategies driven by a
green manufacturing. Among the applications for these wastes, gym rubber flooring
[6], athletic rubber tracks [6], and asphalt-rubber pavement [7], concrete [8], mortars
[9], combinations rubber-thermoplastics [10], and composites [11]. Piszczyk et al.
[12] modified polyurethane foams with recycled rubber, for which the thermos-
mechanical behavior has shown competitive results improving the density, thermal
stability, and compressive strength.

The current investigation has been conducted over the development of flexible
floors by using tire rubber waste from the tires sold in Colombia in combination with
a flexible and inexpensive resin. These inexpensive and unutilized materials, such as
rubber fromwaste tires in combination with resins, can function as additives [13, 14]
and participate in the reactions to form new materials. The composite was fabricated
using a polyurethane resin as a binder of the ground rubber particles in a hot press
machine. The presented process is not only positive for the environment, but also
good for a local Colombian company who is commercializing these materials.

Experimental

Waste tire rubber in four different granulometries (4 mm, 2 mm, No 20 mesh
(0.841 mm), No 30 mesh (0.595 mm)) was supplied by Prismacaucho S.A.S from
Colombia.Rubberwasgroundfirst processed in a line process containing agrinder for
the particulate material. A primary and secondary grinding conducted to tailor differ-
ent granulometry. The rubber grinding process is shown in Fig. 1. The polyurethane
resin (pre-polymer) used does not require a catalyst to favor the bonding process of
the rubber particles.

The preparation of the mixtures was conducted mechanically, with resin mixtures
kept in a low proportion with respect to the rubber in order to increase maximize the
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Fig. 1 Rubber grinding process. a Car tire waste, b primary and secondary grinding, c industrial
linear vibrating sieve shaker, and d 30 mesh ground rubber

Table 1 Sample formulation fabricated using different waste contents and particle sizes

Ref. Sample name Formulation

S1 W20—2.5 mm C/R 20—2.5 mm

S2 W10—2.5 mm C/R 10—2.5 mm

S3 W20—4.0 mm C/R 20—4 mm

S4 W10—4 mm C/R 10—4 mm

S5 W20—No. 20 C/R 20—No. 20

S6 W10—No. 20 C/R 10—No. 20

S7 W20—No. 30 C/R 20—No. 30

S8 W10—No. 30 C/R 10—No. 30

rubber used, and to reduce the amount of polyurethane involved in the process. The
formulations are shown in Table 1.

The mixtures were mechanically processed by making rubber sheets with a hot
press machine, with a uniform material and temperature distribution on the surface,
see Fig. 2. The main process parameters were the temperature for the upper and
lower plates was 150 °C and 130 °C, respectively. The applied pressure was 1500
psi. Once the rubber-resin sheets were obtained, test pieces were cut with a die-cutter
for tensile tests according to ASTM D638. Five test pieces were die-cut for each of
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Fig. 2 Flexible tile fabrication, a hot press and rubber waste batch, b rubber particles with the
binder on the mold, c flexible tiles after the processing, d samples ready for the tensile tests

the 8 different formulations mentioned, for a total of 40 specimens (see Fig. 1d), all
thereafter subjected to tensile tests.

From the rubber sheets designed, cuts of square pieces of approximately 3 cm
side were made for density tests in accordance with ASTM D792. Density tests
were conducted for all samples based on the weight, dimensions and the buoyancy.
For these tests, a high precision Mettler Toledo balance that followed Archimedes’
principle was used [15]. In these calculations, the density of water was taken to be
1.0 g/cm3.A set of 5 sampleswere tested for each composition.The twomethodswere
used because in the traditional industry both are frequently used with the problem
that they can show very different results.

Tensile tests (stress anddeformation)were performed for the die-cut samples using
a Shimadzu AG250KN universal testing machine at a heat speed of 50 mm/min. For
this analysis, 5 samples for each formulation were tested. At the end of this test, a
photographic record of the fractures of each test tube was made as shown in Fig. 6.

Themicrostructure of samples and rawmaterials was also investigated using scan-
ning electron microscopy (SEM). Samples were also analyzed with energy dispersed
spectroscopy (EDS). All samples after the drying process were mounted on a carbon
tape and gold sputtered with a Hummer 6.2 system, at conditions of 15 mA AC for
30 s, in order to make a thin film of Au of about 2 nm. The SEM used was a JEOL
JSM 6700R in a high vacuum mode.
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Analysis and Results

Density results obtained by the measurement of dimensions-weight (dimensional
method) and also by the Archimedes balance (Archimedes method) are presented in
Fig. 3. In the dimensional method (continuous line), the density of all the specimens
had a similar behavior obtaining values close to 1 g/cm3. It is known that this macro
method idealizes thematerial as amaterial free of irregularities, taking the dimensions
of the piece of the maximum volume it reached in the process. On the other hand, the
Archimedes method (dotted line) shows an increase in density for all formulations
compared to the dimensionalmethod, giving values close to 3 g/cm3. The formulation
with the highest density value was M4 (4.89 g/cm3). Statistically, this formulation
does not present the same trend as the other samples.

Figure 4 shows the results of the tensile strength. The M3 formulation is the one
with the highest stress (1.70 MPa). Other formulations with higher values of stress
were M1 and M2, with values of 1.49 MPa and 0.70 MPa respectively. These forma-
tions are characterized by having a larger grain size in their formulation, which con-
tributes to develop greater tensile stress. On the contrary, as the grain size decreases,
the stress tends to decrease as it was observed in the other formulations (M4, M5
M6, M7, and M8). The maximum values for the tension stress were summarized in
Fig. 5a.

Fig. 3 Density results
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Fig. 4 Stress-strain curve

Fig. 5 Mechanical test results. a Tensile stress and b maximum elongation

The maximum elongation results from compression test are shown in Fig. 5b. In
these results, the M6 formulation was highlighted, which obtained the highest value
among the other formulations (161.82 mm). This formulation has a suitable amount
of rubber, it has a small grain size (20 mesh) which favors a better adhesion between
rubber particles to the polyurethane resin.

Figure 6 summarizes the samples after the tensile tests. From these images is clear
that formulationsM7 andM8havemultiple fractures, which has been associatedwith
thematerial combination, as these formulations contained a low level of polyurethane
resin. Thus, the rubber composite did not have a good amount of binder and thus
leading in a weaker material.
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Fig. 6 Fracture of specimens after tensile stress

In general, all the SEM images did not reveal macro defects, therefore, confirming
an adequate process. Homogeneous surfaces are observed with the presence of some
white spots, characteristic of the polyurethane resin and some impurities, and a
minimum number of pores on the surfaces. It is highlighted the M7 formulation
shows the presence of some irregular shapes agglomerated in the surface. The good
adhesion and impregnation of the resin to the rubber is reflected in the homogeneity
of the surface as well (Fig. 7).

Conclusion

The experiments conducted in this research proved a very scalable and simple process
able to use a large amount ofwaste tire rubber. Theflexible properties of the composite
enable this to be used in multiple application where impact loads are common,
such a floor tiles used in gyms or kinder gardens, very versatile rubber-based tiles
easy to install and tailor its mechanical behavior by using high performance resins
[16, 17] with fibers [18, 19] or particles [17]. Nanocomposites are also a promising
field to explore with this composites particularly as structural material [20, 21].
From the University–Industry collaboration, it was really positive the experience as
the use of combined facilities to develop products benefit the production sector in
the country.
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Fig. 7 SEM images for all rubber-resin formulations
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