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PREFACE

“The challenges facing engineering today are not those of isolated locales, but of the 
planet as a whole and all the planet’s people. Meeting all those challenges must make the 
world not only a more technologically advanced and connected place, but also … more 
sustainable, safe, healthy, and joyous….”

- National Academy of Engineering Grand Challenges Committee (2009)

This book collects selected papers presented at REWAS 2013: Enabling Materials Resource 
Sustainability, co-located with the 2013 TMS Annual Meeting. 

REWAS 2013 follows in the footsteps of previous REWAS conferences organized by TMS; 
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successful Sustainable Materials Processing and Production symposium held at the 2010 
TMS Annual Meeting and the Materials and Society plenary session, “Linking Science and 
Technology for Global Energy Solutions” at the 2011 TMS Annual Meeting.
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science community to the broader, interdisciplinary topic of sustainability by making the 
link between technology, metrics, modelling, education, and the role materials play in the 
transition to a sustainable society.  

REWAS 2013 again brings together the metallurgical and materials science community on 
the one hand and other stakeholders from across the materials and product life cycle on the 
other hand. By pulling in practitioners and educators from outside the TMS community 
we hope to further foster interdisciplinary approaches and system thinking to contribute to 
materials sustainability in relation to other societal challenges. 
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energy, water, buildings, materials, electronics, transport, and the trends, drivers, challenges 
and opportunities to achieve sustainability will be explored. One parallel session track 
will address Enabling sustainability through … with talks on metals and materials 
processing, recycling technology, product design, and (thermodynamic) modeling and 
simulation. A special session is dedicated to Battery Recycling. Another parallel session 
track focuses on Understanding sustainability through...  tools to understand the progress 
toward sustainability, large systems modeling and design. An additional session in this 
track focuses on the integration of sustainability and cross-disciplinary research in and 
between universities and companies, and on the communication of sustainability to the 
general public.

We hope that these proceedings capture the breadth and depth of REWAS 2013: Enabling 
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symposium.
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All this would not have been possible without the support, contributions, ideas, and 
encouragement of the following
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Division, Light Metals Division, Materials and Society Committee, and the  Recycling and 
Environmental Technologies Committee.
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A big thanks to you all.
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“sustainable” world”, JOM, 61 (11) 2009, pp. 17-18.
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Materials and Society Symposium”, JOM, 62 (8) 2010, pp. 20-23
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Sustainable Materials Processing and Production proceedings included in EPD Congress 2010 proceedings
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Abstract

Modern life would not be possible without copper. The high worldwide demand for copper raises 
several questions for the copper industry in terms of economic and ecological considerations 
regarding the main product copper as well as the by-product iron silicate. The future challenge 
for copper smelters is to increase the yield by reducing the copper losses and to obtain the iron-
silicate as a marketable by-product. This can be achieved by further treatment of the slag. A 
newly developed slag cleaning technology has been evaluated in a specially designed pilot 
furnace integrated into an industrial process. Applying a magnetic field across a DC field
improves stirring, thereby fostering the settling of entrained copper droplets. The results showed 
that a 30 % to 50 % reduction of the Cu content in the iron silicate product is feasible, depending 
on the composition of the incoming copper slag. This makes the process economically attractive. 

Introduction – Current Stage of Technology 

Submerged Arc Furnaces (SAF) have been utilized in copper production for several decades 
now. They are used for cleaning the slag produced, downstream of flash smelters or converters. 
The residual copper content in the slag is reduced and the final product iron silicate is used for 
road construction and river embankments. The main areas of application correspond to the 
locations of the copper producers in South America and Europe, but also increasingly in the 
Southern Africa region and parts of the Asian region. The furnaces customarily used are those 
developed from submerged arc furnaces for ferroalloy manufacture, i.e., round alternating
current furnaces with three electrodes and equipped with proven and reliable electrode columns. 
Although the furnaces are adapted individually to the requirements, it can be said that on average 
they have a shell diameter of approx.. 10,000 mm and a power of approx. 10 MVA. At the 
prompting of SMS Siemag, a reappraisal of the furnace shape has taken place during the last few 
years. An ever greater number of slag cleaning furnaces are being designed as rectangular 
furnaces, with three or six electrodes in line depending on the power, since in many cases a 
better ratio of furnace hearth volume to rated power is thus achieved, particularly in combination 
with ISA smelter plants. Even though these latest copper slag cleaning furnaces often attain a 
final copper content in the slag of only 0.70 wt%, an overall appraisal shows that in many 
furnaces the average final copper content is around 1.00 wt%, not least because of the fluctuating 
quality of the raw materials charged in practical application.
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Motivation

Over the past few years the prices for copper have risen sharply, in fact by an average of 100 %
compared with the price level at the time the many round copper slag cleaning furnaces were 
built some 20 years ago. But it is not only the copper that is in the limelight; the increasingly 
significant question is being raised as to what should happen with the slag produced. Is disposal 
at dumping sites required or is further utilization possible? In parallel with the rising prices for 
copper as a metal, the requirements for residual materials have also increased, with a view to 
them being re-used as recyclable materials. On principle, a pure iron silicate rock is expected to 
be obtained, and not residual slag. Environmental requirements are also becoming stricter. Now 
that raw materials are becoming scarcer, it is becoming increasingly important in society to 
ensure that resources are conserved, which means that metal losses in slag need to be minimized 
even further. This, however, must remain economically feasible. The question therefore arises as 
to how the slag cleaning process can be further improved, with good payback conditions and 
with enhanced usability and operational reliability achieved by reducing the fluctuations in 
product quality described above.

Idea – Physical background

The settling behavior of the slag limits the reduction of the metal losses in the slag. Small copper 
droplets remain "suspended" in the slag, while larger ones are deposited as a result of gravity 
separation. Figure 1 shows the REM image of slag from a conventional copper slag cleaning 
furnace.

Figure 1: REM image of conventional copper slag (cCu = 1.14 wt%; X: 500)

Even though a certain amount of retention time of the slag in the furnace is necessary, the 
increase in the dwell time over and above a certain magnitude will only result in minimal 
improvements in settling behavior. Enlarging the size of the furnaces accordingly can even cause 
a negative effect, i.e., skull build-ups and cold zones in the furnace, leading in turn to operational 
problems. The correct approach therefore has to be one of producing as many large copper 
particles as possible in the slag, in other words to reduce the quantity of small particles. A new 
route became apparent for the first time in 2006 – the combination of a conventional slag 
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cleaning furnace with a downstream electromagnetic stirring reactor. Figure 2 illustrates the 
suggested process route published in the patent of SMS Siemag WO2006/131372 A1.

Figure 2: Suggested combination of conventional slag cleaning furnace and electromagnetic stirring 
reactor [1]

In physical terms, the Lorenz force is used, which arises and affects the particles when these are 
present in a direct-current field that is intersected at right angles by a magnetic field. This effect 
can be understood more easily by applying the well-known three-finger rule, or Fleming's rule. 
The effect in question is independent of whether or not the particle is magnetic, and copper of 
course is non-magnetic. The copper particles are therefore made to rotate and, owing to differing 
velocities of the particles, this rotational movement causes the particles to collide and 
conglomerate, thus enabling them to be deposited once they have agglomerated to a bigger grain 
size. This briefly described physical process makes an innovative furnace technology necessary 
and the layout of such a furnace can be seen in Figure 3.

Figure 3: Layout of the innovative electromagnetic stirring reactor [2]

The new concept requires the move away from an AC - SAF towards a DC - SAF which is 
divided into two zones. In the first zone of the rectangular furnace the electromagnets are 
surrounded by the yoke of the shell, so that a force is applied which also penetrates the cell width 
and the refractory lining. Therefore, the furnace shell must also be constructed partly from non-
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magnetizable special steel. In the second stage, no electromagnetic stirring is applied and the 
copper droplets are sedimented. 

First steps

Since the new process was physically coherent and appeared to be feasible, it very quickly 
became the subject of intensive further development. The route towards a pilot furnace first 
progressed via simulations and laboratory trials. Some of the work took place simultaneously.
The assumptions made were confirmed and the initial small trials showed positive results
(Figure 4). 

Figure 4: Experimental set-up for the laboratory scale trials carried out by Prof. Warczok at Universidad 
de Chile

The laboratory furnace had a holding capacity of 30 kg and the tests confirmed the initial 
assumptions that copper droplets coagulated due to electromagnetic stirring.
Nevertheless, a new process also necessitates trials on a larger unit. Such a unit was erected in 
Chile after a short construction period at the Anglo American copper plant in Charges (Figure 5).
The first larger-sized trials were conducted in 2007 in a furnace with a capacity of 1 t/h. 

Figure 5: Image of the first large-scale pilot furnace at the Anglo American copper plant

The material charged was converter slag. Although a tendency towards effective slag cleaning 
became apparent, this unit proved to be operationally reliable and stable only to a limited extent, 
and the electrical system in particular became a bottleneck and prevented lengthy furnace 
campaigns. The target was to integrate the furnace realistically into an industrial plant. Already 
at that time, a possible commercial-sized installation was envisaged and therefore the scale-up
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factor was not intended to be as large as in the Chilean plant. One of the main problems of the 
plant in Chagres was the distance between Europe and Chile. It was difficult and expensive to 
operate trials by a larger team and the possible reaction time for personal contact and exchange 
of experience and advice was too long.

Ideal partner

Based on the experience with the mini-plant in Chile and the laboratory trials, a newly designed 
pilot facility should be installed. In light of the problems observed, a larger-scale pilot plant in 
Europe was the preferred option. By consistently maintaining earlier contacts, initial discussions 
with Aurubis, previously Norddeutsche Affinerie, soon led to cooperation in this field, as there 
had been a good level of exchange and a close relationship between the two partners for several 
years. This working environment was a result of continuous modernization work and ongoing 
maintenance of the existing facilities. Aurubis operates two slag cleaning furnaces from SMS 
Siemag, a 9 MVA - SAF built at the end of the 1970s operating in the primary copper production 
line, and an 8 MVA - SAF built in 1989, operating in the recycling line. Many factors favored 
trials on the planned new process under the most realistic possible conditions. To a large extent, 
Aurubis works as a custom smelter, meaning that the delivered raw materials are processed into 
copper or copper products on the basis of TC/RCs. In this way, trials can be carried out on 
various compositions of copper ores and slag. Another reason was the experienced operating 
personnel and metallurgists, a well-established development department with its own 
laboratories, a sophisticated logistics system and the necessary space for a new, small furnace 
installation acting as a pilot plant close to the existing SAF. Intensive planning on a mutual basis 
was made possible by geographical proximity, since a distance of 400 km is like a Sunday stroll
for two global companies like SMS Siemag AG and Aurubis. The cooperation proved to be an 
ideal partnership, not least in view of the short distance between Düsseldorf, where SMS Siemag 
AG is located, and Hamburg, where Aurubis AG is located. Both companies also value the high 
environmental acceptability of their plants and thus, in spite of strict environmental standards at 
the Hamburg location, there were no problems with operating licenses. The aim was to fully 
integrate a pilot plant into the industrial process.

Hamburg pilot plant design

The planning thus began in the years 2008/2009. It quickly became clear that only a permanently 
installed pilot plant in a fixed bay would meet the needs regarding safety, slag handling and 
environmental protection. Although this necessitated a somewhat higher expenditure on planning 
than had initially been assumed, it finally created the possibility to test the process under very 
real practical conditions as well as to examine individual components in a purposeful manner. 
The main challenge, however, was the electromagnet. The difficulty did not lie in providing a
magnetic force of the approx. 200 Gauss required by means of an electromagnet. Instead, the 
great technical feat was to ensure that this could be done in the middle of an air gap of 1400 mm.  
A competent partner in this venture was SMS Elotherm GmbH in Remscheid, close to Cologne, 
along with SMS Meer, another member of the large SMS group. The main specialization of 
Elotherm is hardening and heating by means of magnetic forces. Although this is not SMS 
Elotherm’s standard field, intensive consultations, simulations and calculations finally resulted in 
a large, 3.5 t heavy electromagnet in a U-shape with dimensions of approx. 2.5 m x 2.0 m. It 
comprises compressed air-cooled main and auxiliary coils and variable power control. The 
height of the magnet can be precision-adjusted at the vessel, so in practice various height 
positions can be examined and an optimum alignment between the electrode and the copper 
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matte bath can be achieved. In order to avoid any loss of magnetic power or undesired 
magnetization of individual components, the entire furnace shell was ultimately constructed from 
stainless steel [3], [4].
The aim was to achieve an average throughput of 2t/h of slag up to a maximum of 3 t/h. For this, 
a DC rectangular furnace was designed, equipped with two electrodes on electrode arms with 
hydraulic regulation, a bottom electrode and an inside hearth diameter of approx. 2700 mm x 
600 mm. The power supply was provided by the works network via an 825 kVA transformer and 
a rectifier for each electrode, thus enabling a highly variable power input. The complete plant 
was erected in a currently unused, partially enclosed bay. Charging is performed with specially 
converted ladles which are conveyed by the existing special-purpose lift trucks from the slag 
tapping area of the SAF to the stirring reactor and then charged by crane.  The crane driver 
performs the charging. The aim here is to achieve a constant mass inlet flow. As a semi-enclosed 
slag cleaning furnace, the furnace is designed with an overflow, i.e., causing the inflowing slag 
to displace the cleaned slag present in the furnace. The system is completed by an emergency 
overflow and a matte taphole, which is also used at the end of the trial to empty the furnace.
For reasons of simplification, in this pilot furnace the bottom electrode was constructed as a 
carbon block in the bottom lining, with a graphite electrode screwed into it so as to enable the 
current to be directed upwards again laterally through the brick lining. The plant control system 
was designed as a semi-automatic system, with elaborate monitoring technology and data 
recording. A screenshot of the operating surface is shown in Figure 6.

Figure 6: Image of the furnace control system developed jointly by Aurubis and SMS Siemag

The HMI was developed jointly by Aurubis and SMS Siemag and thus adapted optimally to the 
plant. The control system was further extended on several occasions in subsequent steps. The 
analysis results from introduced and outflowing slag are utilized for the control and planning of 
further operation. In spite of only partial automation, the operation of the pilot plant requires 
only four or five people per shift. The offgas is extracted from the charging side and the slag 
launder and conducted via pipeline to a central waste-gas cleaning system belonging to Aurubis. 
The refractory lining was produced by using several grades of bricks in cooperation with RHI, 
Vienna.
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Hamburg campaigns

The pilot plant in Hamburg was operated in campaigns. The duration of each campaign was 8 to 
10 days, including the heat-up phase for 2-3 days and the operating period. During the operating 
period the furnace was fed with slag from the industrial slag cleaning furnace semi-continuously 
via crane.

Figure 7: The pilot plant was embedded into the industrial process with a semi-continuous feed via crane

Over a period of at least more than two years, 10 campaigns were conducted (Figure 8). Between 
each campaign, time is required to evaluate and determine the obtained results as well as to make 
necessary changes and improvements to the pilot plant.

Figure 8: Timeline for campaigns conducted in the pilot plant

As indicated above, the time interval between two campaigns was reduced by one month to 1-2
months after campaign IV. Significant changes/improvements in terms of operating the pilot 
plant are

� Optimizing energy input by developing a power control software tool
� Optimizing the material flow and decreasing the downtime period of rectifiers by 

relocating the slag overflow launder 
� Increasing the idle time of the slag launder by optimizing the geometry
� Installation of a coke charging device
� Optimized temperature control via a thermo-camera system

These factors gradually increased the overall Power-ON time from 70 % during the first 2 
campaigns to > 90 % after campaign V. During 1566 hours of operating time 647 ladles of slag 
were treated. Consequently, this amounted to 1294 chemical assays of slag feed material and 
overflow iron silicate product.
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Parallel to the test trials in the pilot plant in Hamburg, the obtained results were evaluated by 
CFD simulation. The optimized interaction between simulation and physical test work provided 
the opportunity to select relevant parameters which were subsequently tested in the trial 
campaign (Figure 9).

Figure 9: CFD simulations made it possible to select parameters, which were then tested in the 
trial campaigns.

The investigated parameters can be divided into three groups, with several sub-items for each 
group:

� Magnetic field application
o Position
o Operating mode
o Magnetic force

� Slag feed parameters
o Copper concentration
o Magnetite concentration
o Iron silica ratio
o Slag basicity

� Process parameters
o Retention time
o Temperature
o Power supply between the 2 electrodes

Latest results

All investigated parameters focus on one determining indicator – the remaining copper content in 
the overflow product iron silicate. To evaluate the relative efficiency of copper separation, a
comparison to a reference status without any enhanced magnetic stirring is required. Figure 10
shows the histogram for the obtained results without enhanced stirring and with applied 
enhanced stirring. Since the copper separation depends on the copper concentration of the feed 
material, it is necessary to compare both measurement series with respect to average and 
standard deviation before determining the differences of the achieved results. The comparison of 
these two parameters showed no significant deviation between the two investigated states.
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Figure 10: Comparison of results obtained without enhanced stirring and with applied enhanced stirring
[5]

On the x-axis the copper concentration of the overflow is divided into 14 histogram classes. The 
axis is scaled to the average copper content (Ref.) of the produced iron silicate product from the 
industrial process. Each class represents a change to the reference level of 6.25 %. The primary 
y-axis shows the relative frequency distribution for the investigated series of measured data,
while the cumulated percentage is plotted on the secondary y-axis.
The reference status without enhanced stirring shows a broad distribution of relative frequencies
over the observed classes. The highest frequency, 20 % each, is obtained in the classes - III and -
IV according to a decreased copper level in the final product of 18.75 % and 25.00 %. A
reduced copper concentration more than 30 % can be observed for 17.4 % of the analyzed 
charges.
The graph for the enhanced magnetic stirring shows an accumulation of values in the classes - V
and below. The relative frequency of copper concentration in the iron silicate product is nearly 
tripled compared to the status without enhanced stirring to 47.9 % of the investigated charges. In 
general, the results obtained during the application of the magnetic field show a smaller variety 
of the achieved Cu concentration in the overflow.
The red dotted line illustrates the difference between the cumulative percentages for both 
measurement series. Assuming that a reliability of the gained copper concentration of 90 %
would be sufficient for industrial operation, it is evident that without enhanced stirring the results 
are comparable to the reference state and it would need the enhanced stirring to get to even better 
results. Summarizing these results, it can be stated that the application of a magnetic field led to
a significantly lower copper concentration in the remaining iron silicate product.
Consequently, the achieved result raises other questions in terms of dependencies of operating 
parameters. Several parameters like temperature, concentration of magnetite, slag basicity and 
others were taken into account, but one main influencing factor remained – the copper 
concentration of the feed material.
Figure 11 illustrates the average copper separation between the overflow iron silicate product 
and the feed material. A description in the form of a histogram was chosen in this case as well.
The difference is that on the x-axis the classification of the copper concentration for the feed 
material is used. On the y-axis the average copper separation was determined for each process 
status on the one hand and for each histogram class on the other hand.
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Figure 11: Comparison of copper separation without and with enhanced magnetic stirring depending on 
the copper concentration of the feed material [5]

The driving force of separating copper from the feed material increases with a rising copper 
concentration. This means that even at high copper concentrations in the feed, sufficient 
separation to low copper concentrations in the overflow iron silicate product is feasible. 
Determining the copper separation ratio between the enhanced stirring status and the status 
without stirring, the value is > 1 for every histogram class. This means that independently of the 
copper concentration of the feed material, the application of the magnetic field leads to a better 
copper separation than the reference without enhanced stirring. At low copper concentrations 
(- IV) in the feed, copper can be separated by applying the magnetic field, while this was not 
observed without the additional stirring.

Summary & outlook

The principle of increased copper separation from slag by applying a magnetic field across a DC 
field was evaluated during 10 campaigns in a pilot-scale operation. Even at a high copper 
concentration V, VI) in the feed material, sufficient copper separation was observed, just as it 
was for low concentrations - IV, - V). Summarizing the determined results, it can be said that the 
application of the magnetic field amounts to 1.5 times better separation than without enhanced
stirring.
The results at hand show the technical feasibility of the investigated process. Consequently, the
next steps are a scale-up to industrial operation and the determination of the economic feasibility. 
Furthermore, this technology could also be interesting for other metallurgical industries. Other 
applications have to be tested (e.g., PGM, nickel, ferroalloys, etc.).
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Abstract

The earthquake with seismic intensity six trembled Iwaki City, Fukushima Prefecture, Japan on 
March 11 2011 and a subsequent tsunami attacked the coast on which Onahama Smelter & 
Refinery was located.  The earthquake damaged many facilities and liquefied the ground.  The 
tsunami flooded one third of the plant area.  Furthermore, the repair work had to be suspended by 
the accident happened at Fukushima Daiichi Nuclear Power Station.  The repair work was re-
started in April and progressed smoothly.  The operation was restarted on June 30 and the revival 
of Onahama Smelter & Refinery from the disaster by the Great East Japan Earthquake was 
completed.  Radioactivity measurements have been programmed in detail and applied all over 
the materials covering from raw materials to products in order to supply safe and relief products 
to customers. The radioactive contamination to the products has not been detected at all. 

Introduction

Onahama Smelter & Refinery was founded in 1963 as the first Cooperation Copper Smelter & 
Refinery in Japan.  Until now, each of the facilities has been strengthened year by year and 
60,000Mt/M copper concentrate was treated and 25,000 Mt/M electrolytic copper was produced. 
Furthermore 15,000 Mt/M combustible waste materials such as shedder residue from used
automobile, electrical home appliances and vending machines were treated by substitution of 
fossil fuel used at two reverberatory furnaces.  Table I shows capacity of each of plants.
The Great East Japan Earthquake with seismic intensity nine as seismic centers located at the 
northeastern offing was occurred at 14:46 on March 11 2011.  The earthquake with seismic 
intensity six and a subsequent tsunami attacked Onahama Smelter & Refinery. The revival was 
full of difficulty by addition to the big damage by rumors caused by an accident in Fukushima 
Daiichi Nuclear Power Station afterwards.  In spite of these difficulties, the operation was 
restarted on June 30 after every single person engaged in the revival had devoted efforts for 3.5 
months.  

The following items will be described in the present paper: 
1) Damage received by the Great East Japan Earthquake and revival plan,
2) Current operation after the revival. 

13

REWAS 2013: Enabling Materials Resource Sustainability 
Edited by: Anne Kvithyld, Christina Meskers, Randolph Kirchain, Gregory Krumdick, Brajendra Mishra, 

Markus Reuter, Cong Wang, Mark Schlesinger, Gabrielle Gaustad, Diana Lados, and Jeffrey Spangenberger 
TMS (The Minerals, Metals & Materials Society), 2013 



Table I. Capacity of Each of Plants
Smelter 60,000Mt/month Copper Concentrate

 Mitsubishi S Furnace,  2-Reverberatory Furnaces, 
 5-P.S. Converters,  3-Anode Furnaces

Refinery 25,000Mt/month Electrolytic Copper
Starting Sheet Tank House 
No.1&No.2 Tank Houses (12,000mT/Month)
No.3 Tank House (13,000mT/month) 

Acid Plant 55,400Mt/month  (98%H2SO4)
No1 & No3 Acid Plants (Single contact converters)  

Gypsum Plant 28,000Mt/month 
Fine Casting Plant 8,000Mt/month, Billets&Cakes 

Damage received by the Great East Japan Earthquake and revival plan

Electricity, drinking water, plant water, seawater stopped promptly after the earthquake 
occurrence.  After the urgent stop measures were executed in the trembling caused by an intense 
earthquake, all workers evacuated to neighboring ground. Fortunately there was not 
environmental and work related accident at all with the help of appropriate urgent 
correspondence and the evacuation procedure drilled regularly twice a year.  The damage of each
of plants is listed in Table II and photos of miserable damaged facilities are demonstrated in 
Figure 1.
The repair work was limited without the restoration of the lifelines which were supplied by 
Tohoku Electric Power, Fukushima prefecture and Iwaki city.  It took 74 days though all lifelines 
recovered because the lifelines were damaged all over the Tohoku district.  On the other hand, 
almost all facilities in Onahama Smelter & Refinery were also damaged.  Therefore, it was 
judged that each of facilities was restarted one by one.

The revival plan was summarized as follows. 
1. Repairs of the utility such as pits and plumbing of plant water and sea water were taken 

priority.  Especially, an outlet port of discharge was completely collapsed by the tsunami 
and had to be remodeled to earthquake-resistant structure before sea water was supplied.   
Figure 2 shows photos of outlet port of discharge drainage.

2. The fine casting plant was restarted prior to other plants.  Because the operation could be 
possible without supply of sea water and by treated purchased electrolytic copper which was 
delivered by Mitsubishi Materials Corporation.  First of all, it was necessary to satisfy
customer needs to the maximum as much as possible.

3. Mitsubishi S furnace, one reverberatory furnace, three PS converters and two anode furnaces 
which were necessary for partial operation, shall be restored first at the smelter section. 

4. Starting sheet tank house and No.2 commercial tank house which were with a little damage 
comparing with No.1 & No.3 commercial tank houses shall be restored first at the refinery 
section. Figure 3 shows photos of No.3 tank house.

5. No.3 acid plant which was less damaged than No.1 acid plant shall be restored.
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Table II. Damage of Each of Plants
Smelter
S furnace, reverberatory furnaces, PS converters and anode furnaces stopped with full melt.  The
ceiling and the sidewall bricks of the reverberatory furnaces dropped more than 20,000 pieces.
Refinery
More than 140,000 sheets of anodes and cathods  dropped into cells and inside lining of more
than 80% cells was injured.
Acid Plant & Gypsum Plant
Converters, drying towers and absorption towers stopped with SO2 gas.  Many cracks and
breakings were observed in towers, plumbing and gas duct .
Utilites
Sea water pit was breaking.   Many pipes of drinking water, plant water and sea water cracked.
Outlet port of discharge drainage was collapsed. Numberless cave-ins and cracks were observed
in all roads.

Protruded road Landslide

Damage of ventilation duct Liquefaction of 3000t sea water pit 

Figure 1 Photos of damaged facilities
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Before After

Figure 2 Photos of outlet port of discharge drainage

Before After

Figure 3 Photos of No.3 tank house

Table III.  Process of Revival
Mar. 11 Hit by the Great East Japan Earthquake
Mar. 23 Received electricity from Tohoku Electric Power
Mar. 28 Restrated supply of drinking water by Iwaki city
Apr. 11,12 Hit by the aftershocks of intensity 6 twice
Apr.22 Restrated supply of plant water by Iwaki city
May. 16 Restarted fine casting plant
May. 24 Restarted supply of sea water by Fukushima prefecture
Jun. 29 Restarted refining operation at No2 tank house 
Jun. 30 Restarted smelting operation at 65% of capacity
Jul. 2 Increased smelting operation to 90% of capacity
Aug. 23 Returned to smelting operation at full capacity
Aug. 31 Returned to refining operation at full capacity
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410 employees, 350 contractors in plants and 12 staffs who were dispatched from Mitsubishi 
Materials Corporation as a parent company, were engaged in revival.  Furthermore, the total 
number of contractors which were temporarily called for repair work from the all over Japan
reached to more than 36,000 man-days.
The process of revival was shown in Table III.  Partial operation at 65% of the capacity was 
restarted on June 30 and full operation was realized on 30 August when the original revival plane 
was moved up more than one month before.  As a result, the revival of Onahama Smelter & 
Refinery from the disaster by the Great East Japan Earthquake was completed.

Current operation after the revival

Onahama Smelter & Refinery was located at the position of 53km south-southwest from 
Fukushima Daiichi Nuclear Power Station and the location has been out of a refuge area.   
However there was concern of the radioactive contamination to products after the operation was 
restarted.  New system for radiation control has been introduced to cope with inquiry about 
safety from customers and secured safety of products.
Main correspondence to radioactive contamination carrying out was shown as follows.

1. As of raw materials, all recyclable materials such as shredder residue have been checked over 
loading trucks utilizing radiation detector. Only recyclable materials less than the standard 
value had been received.  As radiation of fly ash generated from incinerators was higher than 
the standard value, treatment of fly ash has been suspended since accident of Fukushima 
Daiichi Nuclear Power Station.

2. As of products, radiation dose of products was measured by the third party.  Fortunately, 
radiation dose of products such as electrolytic copper, sulfuric acid, gypsum, copper sulfate, 
crude nickel sulfate was lower than detection limit.

3. Radiation dose of discharge water from waste water treatment plant and off gas from stack 
was measured once a month.  The value always showed lower than detection limit.  Space 
dose of radioactivity was measured once a month and the result was posted in order to let the 
employees feel relieved.

By such severe management, the radioactive contamination to products has not been found at all 
and the measured value has been reported to customers if requested.
Figure 4 shows amount of treated copper concentrate and produced electrolytic copper after 
revival.  It was forced that the treatment of copper concentrate sometimes decreased or stopped 
by blackout or water supply troubles caused by the frequent aftershock, however damage of 
facilities in plants was not occurred at all by an effect of the earthquake-resistant remodeling.
The supply of lifelines was recovered month by month, and improved further.  Consequently the
production also increased and the treatment of copper concentrates has achieved a new record of 
68,425 metric-tons in August 2012.  On the other hand, the collection of combustible waste
materials such as shedder residue had decreased sharply after the operation was restarted as
shown in Figure 5. It consisted of two reasons.
1) The earthquake disaster passed throughout East Japan and many scrap factories which

generated shredder residue were driven into the shutdown.
2) Many people had to buy used cars immediately because many cars were carried away by the 

tsunami. As a result, a disposal car decreased sharply and the raw materials of the shredder 
dust also decreased sharply.
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However, the collected amount of shredder residue gradually recovered and returned to the 
amount before the earthquake disaster since April 2012.
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Figure 4 Amount of treated copper concentrate and produced electrolytic copper after revival.
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Figure 5 Amount of treated combustible waste materials after revival.
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Conclusions

1. The earthquake disaster was an unhappy event for Onahama Smelter & Refinery.  However, 
the employees grew up vigorously and gained a lot of irreplaceable experience through 
revival process.  It was possible that restart of operation was made largely early as a result of 
desperate effort of all people.

2. There has never been radioactive contamination to products after the nuclear accident 
because new system for severe radiation control has been conducted rigidly.

3. The operation after the revival is favorable as a result of improvement of the facilities
including earthquake-resistant remodeling together. The new record of amount of treated 
copper concentrates was established in August 2012 and collection of combustible waste
materials also turned upward.

References

1. H.Asao et al., “New Era of Onahama Smelter with New O-SR Process-Onahama Type 
Direct Laundered S-Furnace and Reverb Furnaces-”, Processing Materials for Properties, 
TMS, 2009, 625-630

2. O.Iida et al., “The initial years of the O-SR process”, Proceeding of Cu 2010 MMIJ Fall 
Meeting (Fukuoka Japan)

3. T.Sakai et al., ”Establishment of New Copper Smelting and Recycling Process with O-SR 
Process”, Journal of MMIJ Vol.128 2012, 495-499

4. M.Nishiwaki and S.Hayashi , “Stabilization of Recycling Technology for Shredder Residue 
in Copper Smelting Process”, Journal of MMIJ Vol.121 2005, 357-362

5. T.kawai et al., “Copper Concentrate Smelting in Peirce-Smith Converters at Onahama 
Smelter, Converting and Fire Refining Practices, TMS, 2005, 119-123

19



 
LEACHING OF URANIUM AND VANADIUM FROM KOREAN 

DOMESTIC ORE  
 

Joon Soo Kim, Kyeong Woo Chung, Hoo In Lee, Jin-Young Lee, J. Rajesh Kumar* 

Korea Institute of Geoscience & Mineral Resources (KIGAM), Daejeon 305-350, Korea 
*e-mail: rkumarphd@kigam.re.kr, rajeshkumarphd@rediffmail.com 

 
Keywords: Leaching, Uranium, Vanadium, Korean ore 

 
Abstract 

Countries like Korea having very limited uranium resources and founded deposits having low 
grade metal values. Uranium is the main source to generate the nuclear power as cheap and more 
quantity of the electricity will generate. For this reasons the upcoming researchers in 
developed/developing countries are establishing more research and development on extraction 
and separation technologies for uranium. The present scientific study focused on leaching 
process of Korean domestic ore. The following experiments are carryout for optimization of the 
leaching process. Acid influence on leaching process was tested and noted that 2.0 M sulfuric 
acid concentration is the optimized conditions for present study. The time influence on leaching 
process was observed and its optimized 2 h for complete leaching process. The temperature 
influence tested and optimized the 800C for complete leaching process and pulp density is 50% 
(wt %). 

 
Introduction 

 
Uranium need going very fast in developed countries and Korea having low grade uranium ores 
associated with valuable metal vanadium and other impurities like iron, aluminium, silicon 
predominantly. The present study focused on both metals such as uranium and vanadium 
recovery and separation for country needs. For the recovering process leaching is the first step in 
hydrometallurgical methodology. The first stage targeted both metals leaching in next stage 
separate the each other.  
 
Before began the any process the literature review will give the past reported information as well 
as new ideas for present study. The literature review noted the following reported methodologies 
on uranium leaching process. Uranium content in phosphate rock was leached with alkaline 
solutions like ammonium carbonate and bicarbonate and produced uranyl carbonate by Guzman 
el at [1]. The uranium leaching process established by using Fe2(SO4)3 with H2SO4 as one set 
then sulfuric acid having low nitric acid combination as another set by Shakir et al [2], further 
the leach liquor proceeded by liquid-gel extraction. Buck and coworkers from Argonne National 
Laboratory developed a procedure to remove the uranium(IV) by carbonate leaching process in 
presence of oxygen [3]. Uranium in 4th oxidation stage leached by above said process was 
follows:  
UO2 + 1/2 O2 + 3CO3

2- = [UO2(CO3)3]4- + 2OH- …...………………………………………...(1) 
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The new leaching system hydrogen peroxide and sodium sulfate with sulfuric acid was applied 
for uranium. Advantage of this methodology is to reduce the sulfuric acid concentration 700 to 
400 g acid kg-1 [4]. Uranium content in various oxidation states such as four and six was 
selectively leached by HCl [5]. Nanomaterials used for in situ chemical leaching of uranium ore 
and developed mechanisms [6]. From the various waste sources uranium was leached long term 
by Patra et al [7]. The present leaching procedure developed for both metal ions uranium and 
vanadium leached and further recovery and each other separation procedures going to establish 
by using extraction process.  

 
Materials and Methods 

 
Apparatus and reagents 

Uranium and vanadium metals analysis was carryout using inductively coupled plasma optimal 
emission spectrometer (ICP-OES) Perkin Elmer Model Optima 2000 Dr. All reagents used were 
analytical reagent grade. Korean domestic ore sample present as Fig. 1. 
 

 
Figure 1. Korean domestic ore sample 

 
The chemical composition of the Korean domestic ore sample was presented in Table I. 
 

Table I Chemical composition of Korean domestic ore sample 
Component Content (%) Component Content (%) 

U3O8 0.058 P2O5 0.25 

V2O5 0.16 ZnO 0.03 

SiO2 55.1 NiO 0.08 

Al2O3 7.45 S 0.19 

Fe2O3 3.47 Fixed carbon 26.9 

CaO 0.35 H2O ~5.1 

MgO 0.85   
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Leaching Procedure        

The experimental set up for the leaching process made by pyrex material to face the sudden 
temperature changes in sulfuric acid leaching process. During a leaching process density of the 
water evaporation will occurred to prevent this reflux condenser was set to on upper portion (Fig. 
2). Loaded thermocouple will measures the temperature of the reaction water and set the 
temperature ±2oC inside and outside of the room. After reaching the optimum temperature 
condition the uranium ore sample was added to sulfuric acid solution by systematically. 
Mechanical agitator used for proper mixing the sample with acid solution. The agitation speed 
keep 500 rpm for all experiments in the present study. Analysis of the metals s was recorded by 
ICP-OES and leach rate was calculated. The general agreement between the percent leaching 
obtained was within ± 2%. Collected  
 

 
Figure 2. Experimental set up of the leaching process 

 
Results and Discussions 

 
Effect of time 
 
The first experiment tested the time influence on leaching process. The obtained results 
presented as Fig. 3. The preliminary studies on time optimized 2 h time requires for both metals 
leaching process and all other experiments keep leaching process up to 2 h. 
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Figure 3. Effect of time on Korean domestic ore leaching process 

 
Effect of particle size 
 
The particle size of the Korean domestic ore sample was tested and obtained results are 
presented as Fig. 4. The results clearly demonstrate that, -48 mesh size is ideal for both metals.   
 

 
Figure 4. Particle size effect on Korean domestic ore leaching process 

 

Effect of acid concentration 

The effect of sulfuric acid concentration on uranium and vanadium leaching process from 
uranium ore was carried out in between 1.0 to 7.0 M of acid concentration. The metal leaching 
rate increased with increases acid concentration and sharp increase in leaching rate with variation 
from 1.0 to 2.0 M of sulfuric acid concentration. Very slow increase in leaching rate with 
variation from 2.0 to 6.0 M sulfuric acid. The present study concludes that, 2.0 M acidity is good 
to precede further experiments. The results were presented in Figure 5.   
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Figure 5. Effect of sulfuric acid concentration on uranium vanadium leaching process  
from Korean domestic ore 

 
Effect of temperature 
 
Temperature influence play key role in leaching process and the present study carry out 
temperature effect on uranium ore processing. The temperature varied 60 to 80oC and the results 
are presented as Fig. 6. The experimental results given final conclusions for uranium highest 
leaching rate observed at 80oC where as for vanadium 60oC temperature was suitable. Further 
experiments temperature fixed as 80oC to leach both metals.  
 

 
Figure. 6 Effect of temperature on uranium vanadium leaching process 
from Korean domestic ore 
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Effect of pulp density 
 
Productivity of the leaching process was interlinked with density. For this reason it’s necessary 
to test the density effect on the leaching operations and optimize the process. Very little 
variations in leaching rate was observed at various pulp densities (PD) from 20 to 60 wt. %, for 
further experiments PD was fixed as ~50 wt. %  (Fig. 7) .  
 

 
Figure 7. Effect of pulp density on uranium vanadium leaching process from Korean  
domestic ore. 

 

Conclusions 

The following conclusions drawn from the present investigations on leaching process for 
uranium and vanadium metals from Korean domestic ore: 
 
1. The leaching process experimental conditions optimized for uranium and vanadium metals 

from Korean domestic ore and developed the basic experimental procedures such as time, 
particle size, acid influence, temperature effect and pulp density behavior 

2. The basic time effect experiment concludes that 2 h time is sufficient for uranium and 
vanadium leaching process.  

3. Even the moderate sulfuric acid concentration i.e 2 M acid leached ~ 90 to 94 % of uranium  
leached whereas same experimental condition ~65 to 72% of vanadium was leached from 
ore sample 

4. The target metals uranium and vanadium was leached above 90% of uranium at 80oC where 
as ~65% leached vanadium at same temperature 

5. The ideal pulp density optimized from present study was 50% for both title metal ions 
leaching process 

6. The ideal conditions optimized for Korean domestic ore sample by present study: 
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Parameter Optimized Condition 
Time 2 h 
Particle size -48 mesh 
Acidity 2 M H2SO4 
Temperature  80oC 
Pulp density (PD) 50% 
Agitation speed 500 rpm 

7. Finally, present research paper concludes that, the proper leaching conditions (above said 
conditions) will full fill the uranium and vanadium leaching process from Korean domestic 
ore 
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Abstract

Ion-exchange is the main technology used in industry for gallium recovery from 
Bayer liquor, the largest gallium production resource. However, the co-extraction of 
vanadium and the degradation of resins are the major issues. Further investigations 
related to fundamental theory are needed. This paper reports the study of the 
adsorption properties of a strongly basic resin having a combination of one =NOH 
group and another active group -NH2 for Ga(III) extraction. The influence of 
operational conditions such as contact time, initial Ga(III) concentration and 
temperature on Ga(III) adsorption were extensively investigated. The results revealed 
that the resin has high adsorption capacity and Ga(III) selectivity. The optimal 
adsorption condition was obtained at temperatures of 40-50°C and contact time of 
40-60 min. The Ga(III) adsorption data on the resin fit well with the pseudo 
second-order kinetics. Langmuir and Freundlich models were used to describe Ga(III) 
adsorption isotherms on the resin. 

1 Introduction

Gallium is a metallic element in Group IIIA of the periodic table. It was discovered in 
1875 by a French chemist Paul-Émile Lecoq de Boisbaudran [1]. This soft and 
silvery-blue metal has an atomic weight of 69.723, a hardness of 1.5 mohs, and a 
specific gravity (i.e., density) of 5.904 and 6.905 g/cm3 for the solid and liquid 
respectively. A solid piece of gallium will liquefy when being placed in one's hand. It
exhibits an unusually large liquid range due to its low melting point of 302.98 K and 
high boiling point of 2676 K. Solid gallium has an orthorhombic crystal structure and 
displays a conchoidal fracture similar to glass. Gallium can exist in the form of six 
isotopes of which only two are stable. The two stable isotopes are 69Ga (60.4%) 
and 71Ga (39.6%). Gallium can form many substances such as bromides, chlorides, 
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hydrides, iodides, nitrides, oxides, selenides, sulphides and tellurides. Gallium has the 
oxidation states of +1 and +3 valence. Although the element is stable with water it 
reacts vigorously with halogens even at low temperatures. The element rapidly 
dissolves in either aqua regia or concentrated sodium hydroxide in an aqueous 
medium. It also reacts with strong bases and oxidants. The element is suited to readily 
form alloys (e.g., eutectic alloys) with most metals in conjunction with being a 
component in low-melting alloys.
Since the 1970s gallium metal has attracted a lot of interests. Gallium combined with 
elements of group 15 displayed semiconducting properties [2, 3], such as gallium 
arsenide (GaAs) and gallium nitride (GaN). They are valuable compounds employed 
in advanced semiconductors for microwave transceivers, DVD's, laser diodes in 
compact discs and other electronic applications [4]. The supply and demand of 
gallium-bearing products have gradually increased during the past decade. Hence, an 
effective extraction of gallium is an important investigation topic.
Gallium is a very widespread trace element. Its content in the lithosphere is about 10 
ppm. Gallium is a cryptomorphic element whose average clarkes (geochemical 
density indicators) in the lithosphere are relatively high. Due to the practical inability 
to form its own minerals in natural conditions, it is considered quite rare [5]. Given 
the geochemical affinity between Al and Ga, the latter occurs mainly concentrated in 
bauxites and hosted by diaspore, various aluminosilicates (such as clays), apatite, 
nepheline and frequently alunite. Ga also has a chalcophile affinity, and thus, may 
occur as gallite (CuGaS2), and is frequently substituted for Zn and Cu in sulphides, 
mainly in sphalerite (ZnS), germanite (Cu26Fe4Ge4S32), and chalcopyrite (CuFeS2

Bayer liquor obtained during alumina production from bauxite is the most important 
source of gallium. 

)
[6]. It is therefore not economical to mine any minerals for merely recovering 
gallium. Generally, Gallium is recovered as by-product mainly from the production of 
alumina, and to a lesser extent from zinc production [7, 8, 9]. Other alternative 
potential sources of gallium are coal fly ash, which can contain as much as 100 ppm
of the metal [10, 11], and the recycling of industrial electronic scrap [12].

It was estimated that about 90% of world primary gallium is 
produced from Bayer liquor [13]. Gallium concentration in the bauxite ores is in a 
range from 20 to 80 ppm. In the Bayer process about 70 % of the gallium is leached 
from the bauxite and follows the aluminum into the caustic soda solution, and the 
remaining 30 % is disposed with the red mud. Gallium accumulates in the Bayer 
liquor due to several successive circulations , reaching a concentration of 100-300
mg/l [14].
Four kinds of methods have been developed to recover gallium from Bayer solutions
[15], including fractional precipitation, electrochemical, solvent extraction, and ion 
exchange. Fractional precipitation method is based on Al-Ga precipitation with CO2

and further separation of Al and Ga with lime milk or sodium aluminate solutions.
This approach is more environmental friendly and with low cost, but its flowsheet is 
usually complicated. Electrochemical method includes both mercury cathode 
electrolysis, and cementation. The electrolysis with mercury cathode has been 
prohibited in most countries because of high toxicity of mercury. Cementation is an 
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electrochemical process realized by the displacement reaction between gallium and 
the reductants, such as sodium amalgam, aluminum and aluminum-gallium alloy. 
Solvent extraction is an efficient method and by using Kelex 100 system about 80 % 
of the gallium in Bayer liquor can be extracted. However, the kinetics of extraction 
has been proved to be very slow, which usually requires several hours. Ion exchange 
is the main method applied in industry for gallium recovery from Bayer liquor. 
Duolite ES-346 and DHG586 exhibit good extracting properties for gallium, and are 
used as industrial resins. Unfortunately, the co-extraction of vanadium and the 
degradation of the amidoxime groups still remain as the main problems during 
industrial application. Further investigations related to fundamental theory are needed.

2 Experimental

2.1 Materials and Methods

A strongly basic resin (LSC-600), containing a combination of one =NOH group and 
another active group -NH2, was used as raw material. The Bayer liquor was taken 
from the pilot plant of Zhengzhou Research Institute of Chalco. The composition is 

shown in Table I, in which kmeans the molar ratio between Na2Okand Al2O3 in the 

liquor. Other reagents and solvents were of analytical grade and used without further 
purification. The concentrations of metal ions were measured on a ICPE-9000.

Table I. Chemical Composition of Bayer Liquor (g/L)
Na2O Alk 2O �3 Nak 2O SiOT V2 2O Ga5

149.02 80.71 3.04 175.73 0.78 0.21 0.19

2.2 Adsorption Procedures

2.2.1 Adsorption Capacity
Adsorption capacities of the resin for gallium in Bayer liquor were determined by 
batch tests according to the following procedure. 1g of the resin was added to 200mL 
of Bayer liquor in a 250-mL glass bottle with a stopper. After being shaken at 298K 
for 24 h, the solution was separated from the resin. The concentration of gallium in 
the solution was determined by ICP. The adsorption capacity was calculated 
accordingto Eq. (1). 

0( )C CQ V
W

(1)

Where Q is the adsorption capacity (mg/g); C0 and C are the initial concentration and 
the concentration at any time t, respectively, of gallium in solution (g/L); V is the 
solution volume (mL); and W is the dry weight of resins (g). Each determination in 
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the adsorption procedures was repeated three times and the results were given as 
average values. The error bars were also indicated wherever necessary.

2.2.2 Adsorption Kinetics
To obtain the data of adsorption kinetics, 1g of the resin was added to 200mL of 
Bayer liquor. The mixture was shaken continuously in a thermostat-cum-shaking
assembly at a pre-determined temperature. Aliquots of 1mL solution were withdrawn 
at desirable intervals and the concentration of gallium in the solution was determined 
by ICP. The adsorption capacity of the resin was calculated according to Eq. (1).

2.2.3 Isothermal Adsorption
The isothermal adsorption property of the resin was investigated also by batch tests. 
In a typical procedure, a series of 250-mL tubes were used. Each tube was filled with 
1g of the resins and 200mL of metal ion solution of varying concentrations and 
desired temperature. The mixture was shaken for 24 h. The adsorption capacities were 
calculated also by using Eq. (1).

3 Results and Discussion

3.1 Adsorption Capacity

To investigate the affinity of resin for Ga(III) and V(V), an experiment was conducted 
by batch tests. The results were tabulated in Table II. From Table II, it could be note 
that, the resin had high adsorption capacity for Ga(III) but low adsorption capacity for 
V(V). The adsorption capacity of resin for Ga(III) and V(V) were 31.9 mg/g and 6.4
mg/g, respectively.

Table II. Adsorption Capacities of Resin for Metal Ions
Ions Adsorption Capacity(mg/g)

Ga(III) 31.1
V(V) 6.4

3.2 Adsorption Kinetics

Fig. 1 showed the plots of adsorption capacity of LSC-600 toward Ga(III) versus the 
contact time at different temperatures, respectively. The data in Fig. 1 were modeled 
by the Lagergren’s pseudo first-order and pseudo second-order rate equation given 
below as Eqs. (2) and (3), respectively.

1
0 0log( ) log

2.303
kQ Q Q t (2)

2
2 0 0

1 1+t t
Q k Q Q

(3)
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where k1 is the rate constant of pseudo first-order adsorption (h�1); k2 is the rate 
constant of pseudo second-order adsorption (g/mg); Q0 and Q are the adsorption 
uptake at equilibrium and at time t, respectively (mg/g).
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Figure 1. Adsorption capacities of Ga(III)versus time on LSC-600 at different 
temperatures.
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Figure 2. The pseudo first-order kinetic model of LSC-600 for Ga(III).
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Figure 3. The pseudo second-order kinetic model of LSC-600 for Ga(III).

Both the models were used to fit the kinetics curves and the results showed that 
pseudo second-order model was more suitable since the values of R2 could be 
regarded as a measure of the goodness-of-fit of experimental data on the kinetic 
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models. The straight-lines of pseudo first-order and second-order kinetic model were
shown in Figs. 2 and 3. The corresponding parameters calculated according to the 
models were tabulated in Table III. It could be seen that: The adsorption rates
increased with the increasing temperature (see the values of k2 in Table III), and the 
saturation adsorption capacities also increase with the increasing temperature as we 
expected. A possible explanation for this was that the diffusion rate of Ga(III) was 
enhanced by increasing temperature, so Ga(III) could approach and contact with the 
resin much faster at higher temperature. 

Table III. The Kinetic Parameters of Ga(III) Adsorption on LSC-600 at Different 
temperatures

T(K) Q0
Pseudo First-order

(mg/g)
Pseudo Second-order

k1(h-1 R) k2
2 R(g/mg/h) 2

308 31.32 0.037 0.9793 0.0046 0.9999
313 31.90 0.035 0.9650 0.0054 0.9999
318 32.51 0.038 0.9748 0.0066 0.9999
323 33.13 0.035 0.9225 0.0079 0.9998

According to Arrhenius equation, lnk2=�Ea/RT + lnA, plotting lnk2 against 1/T, a
straight line could be obtained (see Fig. 4). The apparent activation energies of 
adsorption Ea calculated from the linear slopes for LSC-600 was 30.75kJ/mol. These 
low activation energies as compared to these of typical chemical reaction of 
65–250kJ/mol implied that the adsorption of LSC-600 for Ga(III) was a facile 
procedure.
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Figure 4. ln k2 versus 1/T plot for the adsorption of LSC-600 for Ga(III).

3.3 Adsorption Isotherm

The adsorption isotherms of LSC-600 for Ga(III) were investigated at four different 
temperatures and the data were analyzed with Langmuir (4) and Freundlich (5) 
equations, respectively. Then, Figs. 5 and 6 were obtained.

�
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0 0

1= +C C
Q bQ Q

(4) 

1ln ln + ln
nFQ K C (5)

where Q is the adsorption capacity (mg/g), C the equilibrium concentration of Ga(III)
(mg/L), Q0 the saturated adsorption capacity (mg/g), b an empirical parameter, n the 
Freundlich constant, and KF the binding energy constant reflecting the affinity of the 
resin for metal ion. As we known, the Langmuir equation is applicable to 
homogeneous adsorption, where the adsorption of each sorbate molecule on to the 
surface had equal adsorption activation energy. While, the Freundlich equation is 
employed to described heterogenous systems and reversible adsorption and is not 
restricted to the formation of monolayer.
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Figure 5. The Langmuir isotherms of LSC-600 for Ga(III).
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Figure 6. The Freundlich isotherms of LSC-600 for Ga(III).

The parameters for the two isotherms models obtained from Figs. 5 and 6 were 
summarized. It was found that the regression coefficients R2 obtained from Langmuir 
or Freundlich models were greater than 0.9544, which implied that both Langmuir 
and Freundlich models could be used to describe the adsorption isotherms of Ga(III)

on LSC-600 at the temperature range of 308-323 K. In addition, the values of varied 
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in the range between 1 and 10. This demonstrated that Ga(III) was easily adsorbed on 
the resin.

4 Conclusions

This paper reports the study of the adsorption properties of a strongly basic resin
having a combination of one =NOH group and another active group -NH2 for Ga(III) 
extraction. The influence of operational conditions such as contact time, initial Ga(III) 
concentration and temperature on Ga(III) adsorption were extensively investigated. 
The results revealed that the resin has high adsorption capacity and Ga(III) selectivity. 
The optimal adsorption condition was obtained at temperatures of 40-50°C and 
contact time of 40-60 min. The Ga(III) adsorption data on the resin fit well with the 
pseudo second-order kinetics. The apparent activation energies of adsorption Ea
calculated was 30.75kJ/mol. Langmuir and Freundlich models were used to describe 
Ga(III) adsorption isotherms on the resin.
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Abstract 

The growing search for forms of clean renewable energy has placed wood charcoal as a possible 
alternative to coal in the Brazilian steel industry. The carbonization of Eucalyptus Saligna is an 
important step in the production of charcoal. The aim of this study is to analyze the behavior of 
the endothermic and exothermic reactions involved in the carbonization process. The 
carbonization of  logs of Eucalyptus Saligna has been performed in a stainless steel reactor at 
different temperatures (300 ° C, 400 ° C and 500 ° C) and the results were compared with the 
ones obtained through thermal analysis (TG / DSC) of small samples (36 mg and 54 mg) of the 
same wood. The TG/DSC results indicated that the process presents both endothermic and 
exothermic features, at different ranges of temperature and time, in connection with the 
degradation of the three major macromolecules contained in the wood: cellulose, hemicellulose 
and lignin. 

1. Introduction 

The steel industry intensively uses energy from fossil coals, causing significant environmental 
impact especially in the generation of CO2, the main gas linked to anthropogenic greenhouse 
effect. The production of one ton of hot metal in a coke blast furnace releases between 1.7 and 
1.9 tons of CO2, depending on the country's mode of energy production. Maintained current 
conditions and the mode of production, together with projected future increase in demand, it is 
estimated that in 2050 both steel production and the emission of CO2 will double in relation to 
current levels [1]. 
Ongoing developments aim to drastically reduce this consumption, especially in the reduction 
step of iron ore, using innovative technologies in both the blast furnace and emerging processes. 
Another approach is the use of renewable energy, more specifically charcoal. In Brazil, there is a 
significant production of pig iron from charcoal blast furnace, mainly in small to medium scale 
plants. In order to increase the scale of wood charcoal production, the whole cycle of charcoal 
production need to be optimized. In this regard, the evolution of technologies in areas related to 
the production of charcoal, such as forests, wood drying and carbonization, can lead to a better 
economic and environmental sustainability of the steel from charcoal. 
Those assigned to the planting of eucalyptus, are being expanded widely in Brazil, showing an 
increase of 7.1% between 2004 and 2009. This strong expansion in the amount of planted area is 
due to a number of factors, among which are: the rapid growth in a short rotation cycle, the high 
rates of photosynthesis by the plant. The increase in the number of research related to cultivation 
of eucalyptus forests with the goal of achieving a genetic improvement, has generated an 
increase in the growth rates, a greater adaptability of the plant to the climatic conditions of the 
soil, the increase in the quality of wood, as well as a greater tolerance to pests and diseases [2]. 
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In this sense, one could argue that the genus Eucalyptus, shown quite favorable to the industry of 
carbonization, because it allows the selection of adequate and homogeneous material for the 
production of charcoal, in addition to being highly productive. To Bacha and Barros [4], the 
preference for the eucalyptus for the production of charcoal to be used for steel is due to the fact 
that it has a higher density, compared for example with a pine wood. The average values of the 
densities of the woods of eucalyptus related in the literature vary between 0.61 g / cm ³ 
(Eucalyptus grandis) and 0.81 g / cm ³ (eucalyptus tereticornis) as pine (Pinus taeda da) has a 
lower average density the order of 0.46 g / cm ³ [5]. 
Due to the importance of using wood charcoal in the steel industry and the prospects in Brazil for 
the production of charcoal from eucalyptus forests, and the critical role played by the variation in 
wood properties on the quality of charcoal, there is a great expectation to study each stage of 
production of charcoal. 
 
This paper focuses on the carbonization of Eucalyptus Saligna at variable temperature with 
different heating rates looking to contribute with additional information about the heat effect  of 
the reactions that occur in this process. In order to do this, samples were carbonized in a stainless 
steel reactor and compared with the results of TG/DSC analysis at two different heating rates. 
The carbonization process was analyzed by Naso [2010], who proposed a theoretical DSC curve, 
based on the data supplied independently by the DSC reaults for the three macromolecules.  It 
was considered dry eucalyptus with a typical composition of  50% cellulose, 27% lignin and 
23% hemicelluloses. This study did not take into account the interactions between the 
macromolecules, which must be broken and require energy. Table 1 summarizes the determined 
type of heat effect as a function of the temperature. 
Table 1 –Heat effect of the carbonization process as a function of the temperature, as determined 
by Naso [2010]. 

Heat effect [T°C] 
Exothermic 200-307 
Endothermic 307-392 
Endothermic 536-735 
Exothermic 735-800 

 
 

2. Experimental 
 
Samples of EUCALYPTUS saligna were provided by the experimental station of the Agriculture 
School Luiz de Queiroz (Esalq). The samples, originated from seven years old trees, measured 
one meter long with different diameters. After the arrival to the Department of Metallurgy and 
Materials USP, the wood was placed in a covered place where it remained at ambient conditions. 
The carbonization experiments were conducted in a stainless steel reactor which is heated by 
electrical resistance. Samples were selected and cut in 0.20 m length and diameters between 0.14 
and 0.15 m. Before carbonization, the samples were dried in an oven at 110 ± 5 ° C for 24 hours. 
A tube was set in the reactor lid to allow the exit of the gases released during the carbonization 
process.  A thermocouple was placed inside the reactor to measure the temperature. The reactor 
with the wood was placed in the furnace turned off and at room temperature. The rate of heating 
varied between 3.5 ° C / min and 6.2 ° C / min. The furnace was turned off two hours after the 
reactor temperature reached the specified maximum value (300, 400 or 500 ° C). The reactor was 
then cooled to room temperature for collection of the samples. 
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The thermal analyses were carried out on a NETZSCH STA 409C equipment. The weight of the 
samples ranged between 36mg and 54 mg; the samples were heated to 950 ° C at rates of 10 ° 
C/min and 5 ° C/min under an argon flow of 50 ml/min. 
 
 

3. Results and discussion 
 
Fig. 1 In the carbonization experiments using a stainless steel retort heated by electrical 
resistance, time and temperature data were collected from measurements taken inside the retort. 
Samples heated in the furnace at temperatures of 300, 400 or 500 ºC contained 19% moisture on 
a dry basis, i.e. at the equilibrium moisture content. 
Furthermore, we conclude that apart from the temperatures measured during such experiments 
(300, 400 or 500 ºC), a peak temperature of 500 ºC – defined as the maximum temperature 
observed in the carbonization process - was eventually reached, as shown in Fig.1. Table 2 
shows the results of yields obtained for different temperatures. It can be seen that the values of 
the charcoal yield are similar for the three different nominal temperatures employed. Close 
results were achieved on account of exothermic reactions that occurred during the carbonization 
process. Fig. 2 shows that despite great differences in furnace temperatures, real temperatures 
from inside the retort were very close to each other, and almost reached the same peak of 500 ºC. 
 

Table 2 – Technical data from the carbonization of eucalyptus logs at different constant 
temperatures in a stainless steel retort heated in an electric pit furnace 

Operational 
temperature, °C 

300 400 500 

Dry wood (g) 1686,6 1720,6 1673,4 
Charcoal (g) 518,4 571,3 517,3 

Charcoal yield 30,7% 33,2% 30,9% 
 
Consequently, the actual carbonization temperature of the samples seemed to bear no relation to 
that of the furnace. Carbonization maximum temperatures got really close to each other and were 
similarly high, about 500 ºC, resulting in slight variations of both charcoal yields and their 
respective fixed carbon contents at 400 and 500 ºC. 
 

 
Fig. 1 - Carbonization of Eucalyptus logs ranging from 14 cm to 15 cm in diameter, 20 cm long, 

at different constant temperatures in a stainless steel retort heated in an electric pit furnace 
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As the temperature inside the retort can rise above those set by the furnace temperature 
controller, it can be concluded that the overall carbonization process is exothermic. However, 
due to the large size of the samples and the possibility of overlap of the several reactions 
occurring during the overall process, further investigation is necessary.  
TG/DSC thermal analyses carried out at a heating rate of 5 ºC/min and 10 ºC/min has allowed to 
observe mass loss during carbonization, as shown in Fig. 2, as well as to identify the variation in 
mass loss rate as a function of time. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 – TG curves for Eucalyptus saligna wood samples at different heating rates 

 
The mass loss as a function of time for both heating rates present similar behavior, although they 
are shifted along the horizontal axis. Both curves indicate a mass loss between the initial 
temperature and that of 103 ºC. This fact corresponds to the loss of hygroscopic water in the 
sample, accounting for 7,18% of its initial weight. 
After loss of water, and until 250°C, there is no mass loss, for both heating rates. Around 250°C 
starts the hemicellulose degradation and production of oxygenated gases. This fact is shown in 
Fig. 3 by the first common peak for both heating rates of the DTG curves. The second peak, at 
around 355 ºC, was associated mainly to cellulose degradation and the production of 
hydrocarbons. This stage, which presented the maximum degradation rate, ended at 500 ºC with 
a mass loss of 22% for both samples, irrespective of the rate. Moreover, there was hydrocarbon 
dissociation and H2 production after 500 ºC. We could also observe a constant loss rate above 
this temperature.   
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Fig. 3 - DTG curves for Eucalyptus saligna wood samples at a heating rate of 10°C/min and 
5°C/min 

According to Yang et al., the degradation of the third macromolecule that constitutes eucalyptus, 
i.e., lignin, does not present a maximum degradation rate and, therefore, cannot be identified 
within a particular temperature range. That happens because the lignin slow decomposition 
occurs at a constant rate since the beginning of the process. The maximum content of carbon 
presented in charcoal and the highest point in H2 production were both reached between 700 ºC 
and 900 ºC. In this final stage of carbonization, no mass loss was detected. At 950 ºC, there was 
a mass loss of 19,36% at a rate of 10 ºC/min, and 19,42% at 5 ºC/min. 
When comparing the decomposition of the three different macromolecules separately by DSC 
analysis, as shown in Fig. 4, Yang et al., it was possible to verify their endothermic and 
exothermic behaviors for different temperature ranges. However, when these three molecules 
were combined into wood, their endothermic and exothermic behaviors were more hardly 
perceptible. Thus, in order to clarify what actually happens during the carbonization process, it 
was performed a comparison between the behavior of each individual molecule, as in Fig. 4, with 
DSC results for the wood at two different carbonization rates, as shown in Fig. 5. 
 

 
Fig. 4 - DSC curves for hemicellulose, cellulose, and lignin obtained from Yang et al. 
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a) b) 

Fig. 5 – DSC curves for Eucalyptus saligna wood samples at a heating rate of 10°C/min and 
5°C/min 

 
Fig. 4 shows endothermic behavior for all three components up to 200 ºC, as a consequence of 
moisture extraction from the samples. This behavior was displayed by eucalyptus saligna up to 
103 ºC, as summarized in Fig. 5a and 5b. After such extraction, the sample carbonized at 10 
ºC/min showed an exothermic behavior up to about 835 ºC (Fig. 5a), temperature at which it 
shifted to an endothermic range. 
 
Fig. 5b shows that it is possible to perceive different endothermic and exothermic reactions by 
lowering the heating rate. The endothermic phase of moisture extraction was observed from the 
initial temperature up to 137 ºC, followed by an exothermic phase up to 312 ºC. Soon afterwards, 
a new endothermic phase took place up to 783 ºC. Under such carbonization conditions, the 
number of peaks of DSC curves is the same as for a heating rate of 10 ºC/min. Consequently, it is 
possible to conclude that it is necessary to lower the heating rate to determine the temperature 
ranges in which exothermic and endothermic reactions occur. It is worth pointing out that the 
theoretical behavior described in this study can be truly achieved only by lowering the heating 
rate, since increases in it might lead to inaccurate thermal control. Empirical evidences regarding 
endothermic and exothermic peak temperatures may differ according to the heating rate 
employed in the experiment. 
 
 

4. Conclusions 
 A peak temperature of 500 ºC was achieved inside the retort during the carbonization process of 
samples measuring 20 cm long, and ranging from 14 cm to 15 cm in diameter, regardless of the 
furnace temperature previously set (300 ºC, 400 ºC or 500 ºC). In such temperature range, we 
clearly identified the occurrence of an exothermic carbonization reaction. Nevertheless, for 
TG/DSC analyses of wood samples measuring from 36 mg to 54 mg long, it was observed 
different exothermic and endothermic reactions for different temperature and time ranges, 
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enabling some relation with the degradation of three main macromolecules that constitutes the 
wood: cellulose, hemicellulose, and lignin. 
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Abstract 
 
Petroleum fly ash generated from heavy oil fired power plant contains significant amount of 
vanadium and carbon. In the present study a recipe-based concept is introduced for metal 
recovery by making use of two waste ash residues: basic oxygen furnace (BOF) steelmaking flue 
dust, and petroleum fly ash. The carbon contained in the fly ash is used as the reductant  and 
BOF flue dust provides iron source and partially slag formers. A ferrovanadium alloy (FeV) with 
15-20% vanadium was produced through reduction smelting of the two ash mixture at 1550-
1600°C in the lab . Some impurities (Ni, S and C) remain in the metal. The carbon to metal ratio 
has the largest effect on the metal quality. The slag properties such as basicity are important for 
metal yield and metal quality. The results prove that a recipe-based multi-waste co-processing 
can be a sustainable solution for converting wastes to valuable raw materials.  
 
 

Introduction 
 
Each year approximately 280,000 tons of vanadium is extracted from the earth either as metal 
bearing ores or vanadium containing oil. The annual vanadium production is approximately 
61,000 tons in 2010, according to USGS [1]. Vanadium metal, mainly in the form of 
ferrovanadium, is primarily used as an alloying element in steel, which consumes 85% of the 
world’s vanadium. The addition of vanadium increases the strength, hardness and fatigue 
resistance of the steel. The vanadium refines the grain size which increases the strength of the 
steel and also forms carbides which increase the hardness [2, 3]. There are many varieties of high 
speed tool steels with vanadium contents in the range of 0-5wt%. Adding vanadium in the micro-
alloyed range up to 0.15wt% will increase the tensile strength of the steel [4]. Vanadium is also 
used as an alloying element in titanium, especially for aircraft alloys accounting for about 10% 
of the usage. The remaining 5% of vanadium usage is split into various chemical uses. Vanadium 
pentoxide (V2O5) is an important catalyst in sulfuric acid production [2]. New developmental 
batteries known as vanadium redox batteries use vanadium containing electrolytes. They have 
potential in large power storage applications [1]. There are also vanadium applications as 
protective materials in nuclear reactors [5]. However these applications do not consume large 
quantities of vanadium. 
 
Most ferrovanadium (containing 45, 50 and 80% V) is produced using V2O5 as a feedstock. 
Aluminothermic reduction is used to produce 80% V ferrovanadium [1,2]. A mixture of V2O5, 
aluminum, iron (or iron oxide), and lime are mixed together [5]. The reduction of vanadium and 
iron with aluminum is a highly exothermic reaction so that the reaction is self-sustaining once 
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started [6]. The reaction can be started with a trigger or simply by heating the charge to a 
sufficiently high temperature in an electric arc furnace. Production of lower grade ferrovanadium 
(45 and 50% V) uses a silicothermic  reduction technique [1, 2]. 
  
The primary resource of world’s vanadium comes from mined ore directly as mineral 
concentrates derived from vanadiferous titanomagnetite (VTM). Secondary sources include 
vanadium rich steelmaking slags (where the steel is produced from VTM), petroleum fly ash, 
spent catalyst, and bauxite sludges [1, 7]. During the steel production process using vanadiferous 
titanomagnetite ore, a vanadium rich slag is formed in the basic oxygen furnace. This contains 
approximately 12-24% vanadium [2]. Some crude oils in the world can contain vanadium 
varying between 10 ppm to 1400 ppm [7]. Specifically Venezuelen oils can contain up to 500 
ppm of vanadium [8]. Oil distillation is a process where many fractions can be produced such as 
gasoline, kerosene, lubricants etc. One of the heavier fractions is known as heavy fuel oil, and 
inside this fraction most of the vanadium and other metals are concentrated. It is a thick viscous 
liquid that is used for power generation due to its high energy value. The heavy fuel oil is only 
burned in special power plants and on some ships. When it is burned it produces two kinds of 
ash: bottom ash and fly ash. Bottom ash is the heavy ash that remains on the bottom of the 
furnace. Fly ash is the light ash that is collected in the furnace off-gas cleaning system. The 
metals, specifically vanadium and nickel, are concentrated in the fly ash. The final concentration 
of vanadium in the fly ash ranges between 2% and 40% as V2O5. This fly ash is also known to 
contain large amounts of unburned carbon from incomplete combustion. Vanadium can also be 
found in small quantities in bauxite ores. The bauxite is refined to produce aluminum oxide in 
the Bayer process, and the Bayer sludge as the production waste can contain about 20% V2O5 [5]. 
 
Nearly all current vanadium recovery from heavy oil fly ash is made through hydrometallurgical 
methods. There have been a few attempts with pyrometallurgical treatment [9]. One of the 
methods for recovering vanadium from heavy oil fly ash was to simply burn off the carbon to 
concentrate the vanadium oxides. This method utilized a pretreatment step to remove carbon and 
sulfur. The pretreatment temperature was 1000°C which resulted in a sulfur free fly ash. This 
carbon and sulfur free fly ash was then mixed with either aluminum or ferrosilicon or both to act 
as the reducing agent. The main fluxing agent was lime but other additions were also 
investigated. The resulting alloys contained up to 15% vanadium and up to 6% nickel. There 
were large amounts of silicon in the final product ranging between 14-48%. The high silicon 
content is from the ferrosilicon used to provide a source of iron and as a source of silicon as 
reductant. A recovery of 89% vanadium was achieved and the whole process was carried out 
with a 100 kVA DC arc furnace with a charge of about 150 kg of fly ash. Another method of 
recovering vanadium from petroleum fly ash combines the fly ash with basic oxygen furnace 
(BOF) steelmaking flue dust to produce a ferrovanadium alloy [10]. The BOF dust contains 
mostly iron oxides, metallic iron, calcium carbonate and zinc oxide. This method allows two 
waste products, heavy fuel oil fly ash and BOF dust, to be combined to produce a valuable 
product of ferrovanadium. This can be considered more efficient processing because it will 
utilize carbon, vanadium and iron contained in waste products. 
 
In the present study, experimental investigation has been conducted to recover the metal values 
for FeV production from two industrial waste resources (fly ash and flue dust) with a pyro-
metallurgical treatment. The major component in the petroleum fly ash is VOSO4·3H2O, which 
is considered as an important source of vanadium, instead of the traditional V2O5 used for FeV 
production. The high FeOx and CaO contents in the BOF flue dust provide the necessary 
secondary resource for alloying and slag formation. The significant amount of carbon in the 
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petroleum fly ash could serve as the reductant at least in the pre-reduction stage. A 
comprehensive recipe-based processing route is illustrated in Figure 1 for processing the 2 waste 
streams from the power and metallurgical industry so as to close the metals cycle.  
 

 
 

Figure 1. Concept flowsheet of direct pyrometallurgical production of  
ferrovanadium from petroleum fly ash and BOF flue dust 

 
 

Experimental 
 
Raw Materials and Characterization 

Fly ash was provided by Greenshores N.V. from a heavy oil fired power plant located in 
Curaçao. The plant burns the heavy oil extracted from Venezuela, and the ash was collected from 
the dust collection system and was a fine black powder. The fly ash was dried at 105°C for 24 
hours to remove moisture in the lab before any processing. Additionally some of the fly ash was 
put through two different pretreatments intended to remove carbon and sulfur. The first 
pretreatment was conducted for 6 hours in an oven in air at 400°C. The second was conducted 
for 6 hours in an oven in air at 600°C. The dried as-received ash will be referred to as FA-105-
24hr, the 400°C pretreated ash as FA-400-6hr, and the 600°C pretreated ash as FA-600-6hr. 
Basic oxygen furnace dust was provided by Tata Steel Netherlands. It was the coarse fraction 
from the dust collection system and was light brown in color. The dust was dried at 105°C for 24 
hours to remove moisture. 
 
The moisture content of the FA-105-24hr and BOF dust was determined by heating the samples in 
a drying oven at 105°C for 24 hours and measuring the mass loss after drying. Additionally the 
mass loss during the fly ash pretreatments was also recorded. In order to determine the chemical 
and mineralogical composition of the fly ash and the BOF dust several characterization techniques 
were used. General chemical composition was determined with X-ray fluorescence spectroscopy 
(XRF) using a Phillips model PW2400 wavelength dispersive spectrometer. X-ray diffraction 
(XRD) was used to examine the mineralogical composition of the samples using a Siemens model 
D5005 diffractometer. LECO combustion was used to determine the carbon and sulfur content. To 
determine the physical structure of the ashes and dust they were mounted in epoxy and polished to 
be examined with an optical microscope and a scanning electron  microscope (SEM). A small 
amount of ash or dust was mixed with epoxy and allowed to set so that the ash or dust was 
suspended in the epoxy. Then the hardened epoxy disc was polished by hand using ethanol and 
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ethylene glycol as the lubricating fluid. This was done in order to reduce any leaching or 
decomposition from water during polishing. After polishing micrographs were taken with an 
optical microscope and a JEOL JSM 6500F scanning electron microscope. Prior to SEM analysis 
the samples were coated with carbon to make them conductive. Both microscopes revealed the 
microstructure of the samples. 
 
Smelting Tests 

Smelting tests were carried out in a vertical tube furnace using a protective argon atmosphere to 
prevent the samples from oxidizing. Different amounts of fly ash, BOF dust, and fluxing agents 
were mixed together and put into an Alsint crucible. This crucible was then placed into another 
Alsint holding crucible to protect the furnace in case the inner crucible failed. A lid was then put 
over both crucibles however it was not air tight and allowed gas to enter and escape. The 
crucibles with the charge inside were loaded into the furnace and the argon flow was started. The 
argon gas created an over pressure in the furnace and gradually removed all the air from the 
furnace. The furnace was heated to the desired temperature and allowed to stay for 2 hours 
before cooling commenced. After the furnace was cooled below 100°C the crucibles were 
removed. The metal was separated from the slag and weighed. The metal and a portion of the 
slag were mounted in epoxy and polished for microstructural analysis using SEM and 
compositional analysis with energy dispersive spectroscopy (EDS). Some of the slag was also 
milled into a powder for XRF analysis. After SEM analysis some of the metal samples were 
removed from the epoxy and analyzed with XRF, XRD, and LECO combustion. Three 
temperatures 1558°C, 1600°C, and 1635°C were used for the smelting tests (designated for 1550, 
1600 and 1650°C). To investigate the effect of smelting conditions, the amounts and ratios of the 
charge materials were varied to examine the effect on the metal recovery and metal and slag 
quality, as given in Table 1. The carbon to metals (C/M) ratio in the charge is defined as the 
carbon in charge divided by the stoichiometric moles of required carbon, based on the reducible 
oxides compositions including Fe, Ni and V. The BL04 was designed to test the effect of C-free 
fly ash on the smelting performance. 
 

Table 1: Smelting experimental conditions 

 
 
 

Charge and flux Mass, g Sample 
No. 

C/M 
ratio FA-105 

– 24hr 
BOF 
Dust SiO2 Al2O3 CaO FA-600 

– 6hr 

Temp. 
°C 

AL01 1.8 4 14 7    1635 
AL02 1.8 4 14 7    1635 
AL03 1.8 4 14 3 3   1600 
AL04 1.8 4 14 3 3   1595 
BL01 2.4 6.5 14 3 3   1595 
BL02 2.4 6.5 14 3 3   1600 
BL03 2.4 6.5 14 3 3 2  1600 
BL04 2.2 8 14 3.6 3.6 1.6 2 1600 
BL05 2.4 4.9 10.5 3.5 3.5 3.4  1600 
CL01 3.1 16 20 12    1600 
CL02 3.1 16 20 12    1558 
CL03 2.8 9 14 7    1558 
CL04 2.8 9 14 7    1635 
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Results and Discussion 
 

Characterization 

The moisture content and mass loss data from the pretreatment of the fly ash and the BOF dust 
are shown in Figure 2. During the carbon burning-off pretreatment, the carbon concentration 
decreased from the original 36.5% (dried sample) to 12.6% for the FA-400-6hr sample, and to 
zero for the FA-600-6hr sample. The sulfur content remained almost unchanged at 400 °C, but 
decreased slightly from 12.3% to about 10% at 600 °C. All the metals increased in concentration 
with higher temperature treatments, and vanadium increased from 27% to 37% at 400 °C, and to 
43% at 600 °C. The XRD results indicate that the oxidation state of vanadium changed from 4+ 
to 5+ at higher temperature due to the oxidation in air. It is also important to notice that during 
the pretreatments significant amount of the valuable elements were also lost together with carbon 
burn-off based on the mass balance, for example with up to 50% loss of vanadium.  
 
Table 2: Mass loss and contents of carbon and sulfur under different pretreatment conditions 
Sample  Test  Mass Loss wt %  C, wt% S, wt% Color  
FA-105-24hr  Drying  14.2  36.5 12.3 Black  
FA-400-6hr LOI 51.9 12.6 13.2 Green-Brown 
FA-600-6hr  LOI  63.1  <0.05 9.8 Chocolate Brown  
BOF Dust 105-24hr  Drying  16.4  0.6 <0.002 Light Brown  
 

       
 

     (a) FA-105-24hr          (b) FA-400-6hr          (c) FA-600-6hr          (d) BOF Dust 105-24 hr 
 

Figure 2: Processed fly ashes and BOF dust 
 
Table 3 lists the compositions of the petroleum fly ash (FA) and the BOF dusts (after drying at 
105°C for 48 hours). The fly ash contains mainly vanadium (27%), sulphur (12%), and nickel 
(6%). The BOF flue dust collected from a wet scrubber (a coarse fraction)  after drying contains 
42% calcium and 36% iron. According to the XRD analysis, vanadium in the petroleum-fly ash 
occurs mainly in the form of VOSO4·3H2O, and the form of nickel is identified as NiS2O6.6H2O. 
Significant amounts of carbon, and certain amounts of MgSO4·6H2O and CaSO4 were detected. 
According to LECO analysis, the carbon content is 36.5 wt%, and sulphur content is 12.3 wt%. 
The main crystalline phases identified with XRD for the BOF dust (coarse fraction) is Ca(OH)2, 
followed by CaCO3, Fe2O3, FeO, and certain amounts of MgO.  
 
Figure 3 shows the micrographs of the dry fly ash and the BOF flue dust,  taken at 50x 
magnification. The fly ash showed a cenosphere structure composed mostly of carbon, which is 
also reported in literature [11]. The bright colored particles in the fly ash could be the metal 
compounds, which is close to the limit of EDS identification. The BOF dust was a much less 
homogenous material, compared to the fly ash. It contains metallic particles, oxides, and mixed 
metallic-oxide particles. The metallic particles show up as bright white in the micrographs and 
oxides appear as different shades of grey. Some of the out-of-focus areas are actually below the 
surface of the epoxy disk but are still visible through the epoxy. 
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Table 3. Compositions of the petroleum fly ash and the BOF flue dusts 

 
 

    
 

Figure 3: Microstructure of fly ash (left) and BOF dust (right) 
 
Smelting 

Various smelting conditions were investigated. The charge inputs and ratios were varied as well 
as the temperature. Table 4 gives the results from the smelting experiments under different 
conditions. It is clear that higher temperature (1600°C or above) is required in order to obtain a 
good metal-slag separation. The two tests conducted at 1558°C gave not well separated metal 
phase, and the metal beads were dispersed in the slag. The metal recovery (defined as total metal 
obtained respect to theoretical maximum reducible metals) varies from 52% to 92% at the 
smelting temperatures above 1600°C. The metal recovery was is defined as the mass of the metal 
recovered divided by the mass of total reducible metals (Fe, V, Ni) in the charge. The metal and 
slag separation depends also on the viscosity of both the metal and slag. Another way to improve 
the metal recovery is by adjusting the slag composition.    
 
One of the main criteria for the product quality was how well the metal and slag were separated. 
As it is shown from the results in Table 4, the metal recovery is a rough indication because the 
metal product contains also significant amount of other elements, mainly carbon, silicon, and 
sulfur which would bring error in the recovery calculation.  
 
For the metal sample from smelting test CL04, the SEM microstructure is shown in Figure 4. 
The carbide particles contain on average 88wt% V, 6wt% Fe, 1wt% Ni and 5.5wt% C. 
Comparing the carbon to metal ratio with the metal composition and the microstructure of the 
metal, it can be found that higher carbon to metal ratio leads to a higher vanadium content in the 
recovered metal. This is expected since more carbon will contribute to increase the vanadium 
reduction in the charge. Based on the slag analysis it was found that often sulfur was associated 
with calcium in almost equal mass proportions, which indicates the formation of compound CaS. 
The calcium to sulfur ratio (Ca:S) in the charge was calculated as a means of quantifying the 
amount of calcium in the charge. Figure 5 shows the near linear trend of relation between CaO in 

Element, wt% Fe V Ni Si Ca Al Mg S P Na K 

FA-105-24hr 0.767 27.56 5.925 0.269 0.788 0.058 2.645 12.75 0.023 1.386 0.080 

BOF Dust  36.03 0.033 0.008 0.705 42.55 0.222 7.400 0.049 0.008 0.053 0.045 

Element, wt% Ti Cr Mn Zn Pb Cu Cd Cl C  S SUM  

FA-105-24hr 0.133 0.000 0.022 0.052 0.059 0.049 0.000 0.000 36.5 12.3 89.1 

BOF Dust 0.070 0.015 0.625 0.193 0.011 0.010 0.000 0.027 0.570 0.002 88.6 
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slag and sulphur concentration in the metal, with increasing the CaO in slag the amount of 
sulphur will be reduced in the metal (for the tests AL3, AL4 and BL1-4).     
 

Table 4: Metal yield and compositions from smelting tests 

 
 

      
 

Figure 4: Microstructure of metal sample from test CL04. 
 

 
Figure 5: Relationship between CaO in slag and S in metal 

 

Sample 
No. 

C/M 
ratio 

Metal composition 
wt% (SEM) 

Metal composition 
wt% (XRF) 

Recovery 
metal, % 

Fe V Ni S C Si Fe V Ni S C 
(LECO) 

 

AL01 1.8 76 6 0 12 6 0      89
AL02 1.8 82 6 2 11 0 0      92
AL03 1.8 87 3 2 7 1 0 89 2 1 7 0.02 81
AL04 1.8 83 0 3 11 2 0 81 0 1 9 0.3 52 
BL01 2.4 77 13 3 4 3 1 80 8 2 2 1.6 88
BL02 2.4 71 15 5 7 5 0 78 11 1 7 1.6 85
BL04 2.2 68 18 4 5 4 0 74 15 3 4 1.2 81
BL05 2.4 74 0 3 15 8 0 83 0 2 12 0.5 54
CL04 2.8 63 23 4 1 4 6      86 

50



The objective of test BL04 was to use C-free fly ash to increase the vanadium content in the 
metal product, in comparison to test BL02. The results show that the vanadium content in the 
metal increased from 11% to 15%, and the sulfur dropped from 7% to 4%.   
 
In general, comparing to the previous results of 18 – 20wt% V in the recovered metal [10], the 
present vanadium loss during the smelting is high. This may be caused by the feed preparation 
during the smelting. The effect of charge compactness is significant, and pelletizing of the 
powder mixture used in previous study [10] can promote the vanadium reduction by carbon, thus 
increasing the metal recovery.  

  
Evaluation of the Reaction System 

 
Main Reactions and Thermodynamic Analysis 
 
Various reaction stages were identified based on the thermodynamic predictions. Detailed 
thermodynamic analysis of the reaction systems have been published previously [10, 12] for 
direct FeV production from the mixture of petroleum fly ash BOF steelmaking flue dust. Below 
is a summary of 3 types of possible chemical reactions: (1) thermal decomposition of  sulphates, 
(2) solid state carbothermic reduction, and (3) smelting reduction above melting temperatures of  
the ash and slag.  
 
� Dehydration and sulphates decomposition of the petroleum fly ash: <1000°C 

VOSO4·3H2O = VO2 + SO3 (g) + 3H2O (g)              (1) 
NiSO4·6H2O = NiO + SO3 (g) + 6 H2O (g)     (2) 
SO3 (g) = SO2 (g) + 0.5 O2 (g)      (3) 

 
� Solid-gas pre-reduction: 1000 – 1400°C 

FeO + CO (g) = Fe+ CO2 (g)       (4)  

VO2 + 2CO (g) = V+2CO2 (g)       (4a) 
NiO + CO (g) = Ni + CO2 (g)        (4b) 
CO2 (g) + C (residue in ash) = 2CO (g)      (5) 

  
� Smelting Reduction: >1400 °C (assuming ash melting and slag formation at 1400°C)  

(FeO) + CO (g) = Fe(l) + CO2 (g)       (6) 
VO2 + 2CO (g) = [V]Fe+2CO2(g)      (6a) 
NiO + CO (g) = [Ni] Fe + CO2(g)      (6b) 
CO2 (g) + [C] = 2CO (g)                  (7) 
SiO2 + CaO =2CaO.SiO2       (8) 
[V] + C = VC         (9) 

 
Figure 6 shows the equilibrium composition and complexity of the reactions of the fly ash – flue 
dust mixture in the absence of additional fluxing agent (SiO2). It can be seen that reduction of 
iron and nickel oxides starts at quite early stage, but the reduction of VO2, V2O3 and VO to 
vanadium carbides (VC and V2C) start at higher temperatures. VC formation starts at slightly 
above 1100ºC, and at about 1400ºC VC is gradually converts to V2C and metallic V. Conversion 
of VC to metallic V requires higher temperatures than 1600ºC.  As can be seen here, vanadium 
carbide formation and decomposition is an issue based on thermodynamic calculations.  

51



 

 
Figure 6. Equilibrium of carbothermic reduction of fly ash and BOF flue dust mixture.  

 
Prior to high temperature smelting experiments of the fly ash and BOF flue dust, thermal 
behavior of the petroleum fly ash and BOF flue dusts were investigated: mixture without silica 
addition, mixture with extra silica, mixture with Al addition. A continuous weight loss (higher 
than 50 % in total) was observed for the mixture of petroleum fly ash and BOF flue dust without 
silica addition. The weight loss was reduced to about 35% with the addition of SiO2 for slag 
formation. With the addition of aluminium in the system, there is further reduced weight loss 
with the Al2O3 formation (oxidation). At the low temperatures between approximately 25 and 
800ºC, the weight loss was mostly caused by the volatilization, dehydration and decomposition 
of sulphates in the sample. When Al was added as extra reducing agent, the melting peak of 
metallic aluminium is shown in the DSC curve. The dramatic change in the DSC-curve starting 
at approximately 1350ºC, not only indicates a reduction reaction, responsible for the 
simultaneous weight loss, but probably also indicates the onset of melting of the sample 
mixtures. In addition, it is important to note that low melting point of V2O5 (690°C) may have 
some kinetic influence on the slow decomposition of VOSO4 and further hinders the 
carbothermic reduction of vanadium oxides. The vanadium slag properties will be affected by the 
oxygen potentials in the system, and the formation of lower VOx will have significant influence 
on the reducibility of the oxides and melting temperature of the slag.  
 

Concluding Remarks 
 
The laboratory smelting tests prove that it is possible to produce an iron-vanadium alloy using 
heavy fuel oil fly ash and BOF steelmaking flue dust without any additional reducing agents 
through a high temperature smelting operation. The best alloy produced in the present study was 
74% Fe, 15%V, 3%Ni, 4%S and 1%C. The reducing agent comes directly from the fly ash as 
unburned carbon.  
 
It is critical to control and optimize the ratio of carbon to metals in the charge. The slag is 
another important factor that needs to be further investigated. It is evidence that the CaO content 
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of the slag plays an important role in controlling the amount of sulfur that reports to the metal 
and slag. The higher the CaO content in the slag, the lower the sulfur level in the metal product.  
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Abstract 

Copper slag can be treated as a secondary resource since it usually contains a
substantial amount of copper and other valuable metals. Characterization of the slags 
to determine the expected metal recovery is essential for the design of separation flow 
sheets. In this study, the chemical and mineralogical composition of a copper slag 
from El Teniente, Chile were characterized. The copper content of the fayalite based 
slag is around 0.87 wt% which is higher than for certain copper ores. Copper exists as 
sulfides in the form of droplets in the slag. The content and particle size distribution 
of the major sulfide phases (bornite, chalcopyrite and chalcocite) were quantified 
using analytical scanning electron microscopy (QEMSCAN). The copper bearing 
particles have a wide particle size distribution from a few microns up to mm level. 
Large copper bearing particles (> 100 μm) are composed mainly of bornite and 
chalcocite and tend to accumulate in the lower part of the slag layer. As characterized 
with X-ray computed tomography (CT), around 70 volume% of copper value exist in 
these large copper bearing particles. 

Key words: copper slag, recovery, copper sulfides, particles 

1. Introduction 

Each year, a huge amount of copper slag is produced worldwide. It has been estimated 
that about 2.2 tons of slag is generated for every ton of copper produced. This resulted 
in an annual worldwide slag production of approximately 24.6 million tons in the 
beginning of this century [1]. Most of this material is piled up in dumps and landfills 
and is therefore a burden for the environment and the metallurgical plants themselves. 
The interest in new and cost-effective waste management techniques have increased 
significantly in recent years due to strict environmental regulations, high waste 
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treatment costs and limited availability of disposal sites. On the other hand, natural 
resources become rare and the value of metals is increasing. Copper slag usually 
contains a certain quantity of valuable metals, such as copper, nickel, cobalt and iron 
[1]. Therefore it can be treated as a secondary resource for metal extraction rather 
than as a waste. Numerous studies have been carried out on metal recovery from 
copper slag, using hydro- and/or pyrometallurgical methods [2-9]. 

Characterization of feed material to determine the expected concentrate grade and 
metal recovery is essential for the design of separation flow sheets and achieving 
sustainable development in the utilization of resources [10]. The composition, 
mineralogy and morphology of copper slags can be different due to various types of 
original ore, previous pyrometallurgical processes and cooling procedures. Extensive 
research has been performed to characterize the chemical, phase and granulometric 
composition of copper slag in view of metal recovery through various techniques, 
such as inductively coupled plasma (ICP) [11], scanning electron microscopy (SEM), 
X-ray diffraction (XRD) [1, 7], micro Raman spectroscopy [9], atomic absorption 
spectroscopy (AAS), electron probe micro-analyzer (EPMA) [12], and 
thermodynamic modelling [13], sieving and laser diffraction [5]. However, most of 
these studies investigated the composition and mineralogy of the slags without 
associating this information with the subsequent recovery process of valuable metal, 
such as leaching and flotation. I n addition, besides knowing the general chemical and 
mineralogical composition, a more detailed study on the distribution of valuable 
metals within the slag is important for the design of  a tailored slag treating process.  

Traditionally, the particle size distribution in minerals is studied in two dimensions by 
analysis of thin sections or polished sections using microscopy through optical or 
electronic microscopy [14]. The obtained 2D dimensional data then can be 
transformed into 3D results through stereological methods. However, it is difficult to 
provide accurate quantitative information about the internal 3D structures of minerals 
[15] since the calculation involves assumptions based on textural information or 
geometrical probability [16]. Moreover, verification with other valid techniques may 
be needed [17]. Finally, a highly polished surface is required when applying these 
techniques which will destruct the mineral particles [18]. X-ray computed 
tomography (CT) is a non-destructive characterizing technology which can provide 
direct volumetric data acquisition and quantitative analysis in 3D with short analysis 
time and limited sample preparation [19]. During the measurement, the sample is 
placed between a X-ray source and a detector. The sample is then scanned 360° 
around step by step. A projection of the linear attenuation coefficients is measured in 
each step. The reconstruction of the sample is carried out based on the projections, 
following the Radon transformation and its mathematical framework [20]. The 
different mineral phases in the sample can be differentiated because the linear 
attenuation coefficient μ (cm-1) at each measuring point depends on the electron 
density, the effective atomic number Ze of the material and the energy of the X-ray 
beam [21]. This can be described by the equation: 
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where  (g/cm3) is the density of the material, a (cm2/g) is an energy-dependent 
coefficients and b (cm2·eV/g) is an constant for each mineral [14]. CT scanning has 
been applied to visualize and characterize the crack distribution, mineral 
dissemination, particle size distribution, porosity, particle shape and mineral exposure 
in many studies of different materials, such as sulfide ores and asphalt mixture [14, 
18, 21, 22]. CT can also be applied to analyze the mineral composition of individual 
particles [16]. However, the accuracy can be limited due to the similarity in effective 
atomic number (Ze) of different minerals, such as iron and copper sulfides [18].  

Quantitative evaluation of minerals can be performed by scanning electron 
microscopy (QEMSCAN) which is an automated image analysis system using 
backscattered electron (BSE) and energy dispersive X-ray (EDX) signals from a 
scanning electron microscope (SEM) to produce coloured mineral maps, quantitative 
measurement of minerals, mineral grain size, mineral liberation and elemental 
distribution (in 2D). As a versatile rapid and economic analysis system, it has been 
applied in the study of ore flotation, coal utilisation and other geology and mineralogy 
studies [23-27]. However, the particle size obtained by QEMSCAN is a “section size” 
from a random section of the sample block. It is derived from two dimensional data 
and on average less than the maximum section size of the three dimensional particle 
[24]. And the population density of certain particles or pores could be rather 
unrealistic [28]. These intrinsic drawbacks of 2D analysis can cause errors in 
determination of particle size and volume distribution of valuable metals.  

For the sake of metal recovery, the particle size and mineralogy of metal phases are 
the key metallurgical parameters. CT scanning and QEMSCAN are powerful tools to 
characterize these parameters and have been applied in many domains respectively, 
but not yet in the study of copper slag. In this work, the distribution of copper bearing 
grains was studied through CT scanning. In addition, the species and distribution of 
copper bearing phases were characterized through QEMSCAN. Once the mineralogy 
and distribution of copper bearing particles are understood, the suitable slag 
processing techniques and conditions can be designed in view of copper recovery 
based on these information. 

2. Materials and methods 

The copper slag studied in this project was produced by Caletones (El Teniente, 
Chile) copper refinery. The liquid slag was poured into a slag yard and then allowed 
to solidify. The solidified slag layer was then fragmented by a drill and transported to 
a landfilling spot. The slag was received in form of black solid material with size from 
around 100 μm up to 7 cm. In order to obtain representative results, slag samples were 
taken randomly and without selective sieving during comminution. The slag was first 
crushed with a jaw crusher with final size ranging from 5 to 10 mm. Further milling 
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was performed with a tungsten carbide ring mill and McCrone micronizing mill down 
to below 10 μm.  

The overall chemical composition of the slag was determined with X-Ray 
Fluorescence (XRF, Philips PW 2400) and Inductively Coupled Plasma Mass 
Spectroscopy (ICP-MS, Thermo Elemental type X Series). Around 3 g pulverised 
sample with a particle size below 10 μm was used for XRF, whereas 0.1 g ground 
slag with particle size below 125 μm was digested into solution with “three acid 
digestion method” (by order using HNO3, HClO4 and HF) [29] for ICP-MS 
measurement. The mineralogical composition of the slag was characterized with X-
Ray Diffraction (XRD, Siemens D500). Samples of 2.7 g of milled slag with particle 
size below 10 μm mixed with 0.3 g (10 wt% of the total sample) zincite (ZnO) 
internal standard were used for XRD measurement. The minerals were identified 
using Diffrac+ Eva software and the quantification of phases was carried out with 
Rietveld refinement.  

The images of the cross section of the slag layer were taken with a digital camera and 
the distribution of copper bearing particles inside the slag body was characterised with 
Computed Tomography (CT, GE Nanotom). The sample for macroscale observation 
was made by cutting through the vertical direction of the slag layer (around 5 cm 
thick). From this cross section, a cylinder with 5 mm diameter and length of 5 cm 
length was prepared for CT scanning. 9 sections were scanned from the top to the 
bottom of the cylinder. In each section, 2400 images with resolution of 2284 x 2304 
pixels. And voxel size of 2x2x2 μm3 were acquired. The scanning of each section 
takes 20 mins. The images were then reconstructed and analysed with CT-Analyser 
(SkyScan) and VGStudio Max 2.1 (Volume Graphics GMBH). The microstructure of 
the slag was characterized with Scanning Electron Microscopy (SEM, Philips XL30 
FEG). The bulk slag was crushed into small pieces and embedded into a resin 
(Technovit 4004, Heraeus Kulzer GmbH). Then the sample was polished and coated 
with carbon for SEM characterization. Different phases in the slag can be identified 
through EDX analysis coupled with SEM. The distribution and portions of copper 
bearing phases was obtained through QEMSCAN. The areal fraction of a component 
within a random transverse section taken from the sample has been proved to be 
equivalent to the volume fraction of that component throughout the sample [30]. 
Hence, the surface percentage (2D) obtained from scanning is equal to the volume 
percentage (3D). A piece of slag, representing the structure of the whole slag layer, 
was cut through the vertical direction of the slag layer. The cross section was then 
polished and coated with carbon for QEMSCAN measurement. The scanning area 
was about 5 x 50 mm and the resolution was 1 μm2 per pixel for a total measurement 
time of around 2 hours. 
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3. Results and discussion 
 

3.1 Chemical composition 

The chemical composition of the slag is presented in Table 1. Besides the elements 
listed in Table 1, the remaining weight percentage is attributed to oxygen present in 
metal oxides. The most abundant elements in the slag are iron (around 42 wt%) and 
silicon (around 14 wt%). This is in line with the fayalite based nature of the copper 
slag. The concentration of copper in slag is close to 0.9 wt%, which is higher than that 
of certain copper ores [31]. The other metal with potential economical value is 
molybdenum. The concentration of molybdenum in slag is higher than 0.1 wt% which 
lies in the range of the content of viable ore bodies (from 0.01 to 0.25 wt%) [32].   

Table 1. Chemical composition of copper slag. 

Major 
element 

wt% Standard 
deviation 

Trace 
element 

ppm Standard 
deviation 

Al 
Cu 
Fe 
K 

Mg 
Na 
Mo 
S* 
Si* 
Ti 
Zn 

O** 

1.45  
0.872 
41.7 
0.877 
0.563 
0.280 
0.121 
0.426 
13.6 
0.373 
0.198 
39.3 

0.02 
0.02 

3 
0.01 
0.004 
0.02 
0.003 
0.008 

0.3 
0.007 
0.003 

As  
Ba 
Ca 
Cl* 
Co 
Cr 
Mn 
Sr 
Ni 
Pb 
Sb 
Sr 
V 
W 

238  
116 
478 
586 
159 
71.0 
162 
75.5 
44.7 
341 
254 
75.5 
55.0 
92.5 

1 
4 
80 
300 
10 
2 
5 

0.4 
6 
20 
7 

0.4 
4 
6 

*XRF data, ** calculated based on the listed data, all others by ICP-MS. The standard 
deviation was calculated with 3 replicates. 

 

3.2 Mineralogical composition 

The X-ray diffraction pattern of the copper slag is shown in Figure 1. The calculated 
quantitative XRD results after excluding internal standard material ZnO are listed in 
Table 2.  

Table 2. Quantitative XRD results of the slag sample. 

Mineral Chemical formula wt % 
Fayalite 2FeO·SiO2 52 

Magnetite  Fe3O4 13 
Glassy phase  35 
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Fayalite is the major crystalline mineral present in the slag taking up to 52 wt% of the 
system. Fayalite has a hardness of 6.5 Mohs. This high hardness is responsible for 
difficult milling and high grinding energy input. The grindability index, which 
indicates the energy required for grinding, of copper slag was reported to be 26.8 
kWh/ton which is about twice that of copper ores (13.13 kWh/ton) [9]. Besides 
fayalite, 13 wt% magnetite is present due to the overoxidation of iron oxide [33]. Due 
to the low contents of copper bearing phases, their characteristic peaks in the pattern 
is not strong and clear. Hence, they cannot be quantified through XRD. The 
quantitative results of copper bearing phases are arguable due to their low contents. 
The large amorphous phase content (35 wt%) suggests that the slag has undergone a 
relatively fast cooling process and/or has relatively high silica content. 

 

Figure 1. XRD pattern of the copper slag: (F) fayalite; (S) spinel (magnetite); (Z) 
zincite. 

3.3 Morphology 

The cross sections representing the internal structure are shown in Figure 2. Most of 
the slag exists as large bricks indicating that they originate from thick (around 5 cm) 
slag layers. As can be observed, large copper sulfide particles (shiny droplets) as well 
as pores and cracks can be observed. The size of the copper sulfide particles in the 
slag varies from a few microns (observed by SEM) up to 1 mm. The majority of the 
large copper sulfide particles is located in the lower part of the slag layer. This may be 
due to the long solidification time of the thick slag layer, which allows the 
sedimentation and accumulation of copper sulfide particles in the lower part of the 
slag layer, while the upper part of the slag layer is more quickly cooled by air. The 
effect of cooling rate on microstructure of slag and size distribution of copper bearing 
phases has been indicated by previous researches [11, 34]. However, the 
inhomogeneous distribution of copper sulfides particles in the vertical direction of the 
slag layer has not been mentioned previously. The distribution of copper sulfide 
particles in the horizontal direction of slag layer is rather homogenous. Interestingly, 
as shown in Figure 2, accumulation of large pores in the middle of slag layer (pore 
belt) can be observed. The formation of pores may be caused by the gas generated 
from the oxidation of sulphur in the sulfides or of remaining carbon from the cleaning 
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stage. The rising gas bubbles may have been arrested in their ascent through the slag 
layer by the faster solidified slag at the upper part of the slag layer and therefore 
accumulated in the middle part of the slag layer. 

 

 

 

(1)                                            (2) 

Figure 2. Cross section of slag fragmented slag. 

Figure 3 shows the microstructure of the slag. Fayalite, magnetite (spinel), copper 
sulfides and glassy phase can be distinguished. This conclusion is in line with the 
results obtained with other techniques (XRD, XRF). The copper sulfide phases exist 
as spherical particles with diverse particle sizes (from a few microns to several 
hundred microns). All the copper bearing phases observed were sulfides, having an 
overall Cu-Fe-S composition. However, the Cu-Fe-S stoichiometry varies among the 
copper bearing particles. No metallic copper was observed in the slag. 
As shown in Figure 3, different crystal shapes can be observed within the same slag 
fragment which may caused by the change in cooling rate at different positions. In the 
part close to the top of the slag layer, the liquid slag is in direct contact with the air. 
As a result, the cooling rate in this part is higher. Skeletal/dendritic fayalite crystals 
coexist with fine magnetite and copper sulfide particles could form during the 
solidification. The solidified slag may act as an insulator and slow down the cooling 
of the middle and bottom part of the slag layer [35]. Hence, slag in these parts can 
develop into larger grains.  
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Figure 3. SEM-Backscattered Electron (BSE) image of copper slag: (F) fayalite; (S) 
magnetite (spinel); (G) glass; (C) copper sufides; (P) pores. 

Detailed study of the distribution of copper bearing phases was carried out using a 
QEMSCAN system. As shown in Table 3, bornite was the most abundant copper 
sulfide phase, followed by chalcopyrite and chalcocite. Trace concentrations of idaite 
(Cu5FeS6) were also found. Hence, compared to XRD, QEMSCAN is more suitable 
for characterizing mineralogy of minerals in small amount. 

Table 3. Volume abundance of copper bearing phases in slag 

Mineral Chemical formula volume % 
Bornite Cu5FeS4 0.23 

Chalcocite/Digenite Cu2S/ Cu9S5 0.14 
Chalcopyrite CuFeS2 0.27 

Idaite Cu5FeS6 0.01 
Copper bearing phases in total  0.65 

99.35 Other phases in slag  
 

Grain size analysis in two dimensions was performed to determine the size 
distribution of the various copper bearing grains. Figure 4 was compiled from data 
obtained across the entire scanned surface of the sample (5 mm x 45 mm). Only 
bornite and chalcocite/digenite occur in grain sizes of larger than 20 μm while 
chalcopyrite only appears in grain sizes below 20 μm. Chalcocite has a roughly 
bimodal size distribution, with a significant percentage of grains in size ranges larger 
than 40 μm.  
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Figure 4. Copper sufide grain size distribution (2D). 

However, the grain size here only refers to the size of the individual copper sulfide 
mineral. The copper bearing particles, especially large particles (> 100 μm), are 
aggregates of various copper sulfides in most cases. Hence, a copper bearing particle 
can be several times larger than a copper sulfide grain. Chalcocite and bornite are the 
major components of large copper bearing particles and are, therefore, potentially 
easier to be recovered. Chalcopyrite, on the other hand, is randomly distributed in the 
slag samples as fine grains. Figure 5 demonstrates a typical aggregate copper bearing 
particle with complex texture.  

Figure 5. Large aggregate copper bearing particle composed of various copper 
sulfides.

Further study of the particle size distribution of copper bearing particles was 
performed through CT scanning. As can be observed in Figure 6, around 60% of 
copper bearing particles accumulate in the lower (depth > 50 %) part of the slag layer. 
The section near the bottom of slag layer (depth between 80 ~ 90 %) contains more 
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than 25 % of the copper sulfides. As can be observed from Figure 6, large particles 
tend to accumulate in the lower part of the slag layer. There appears to be depletion 
around the middle of the depth. This may be caused by the accumulation of pores in 
the middle of slag layer (Figure 2b), which arguably hindered the settlement of copper 
bearing particles. 
 

 

Figure 6. Copper sulfides volume distribution along depth of slag layer: (A) section 
near the top of slag layer; (B) section near bottom of the slag layer. 

3D distributions of copper bearing particles in section A (depth between 11~22 %) 
and section B (depth between 78~89 %) are shown in Figure 7. Due to different linear 
attenuation coefficients for copper sulfides and the matrix material, copper bearing 
particles can be differentiated from the matrix material after segregation of 
reconstructed 3D structures. The matrix materials are set to be transparent and the 
copper bearing particles are coloured with gray. It can be observed that the copper 
bearing particles exist in the form of vast small particles in the top part of the slag 
layer and large spherical particles in the bottom part of the slag layer. 
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a 

 

b 

Figure 7. 3D distribution of copper bearing particles after phase segregation: (a) 
section A; (b) section B. 
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Figure 7. Accumulative copper sulfide volume versus copper bearing particle size 
plotted with CT scanning and QEMSCAN data. 

According to the data obtained from CT scanning, as most of the copper bearing 
particles are in droplet form, the assumption of spherical shape of copper bearing 
particles is reasonable. With this assumption, the relevant particle size (diameter) of 
each volume of individual particles can be calculated. The results are plotted in Figure 
8. 100 μm is set to be the threshold between large and small particles in this work 
since materials are commonly grinded down below 100 μm in beneficiation processes 
such as flotation. Around 70% of the total copper sulfides appear in particles with size 
larger than 100 μm. Hence, the majority of the copper value accumulates in the 
relatively larger particles. The data obtained from QEMSCAN shows different results. 
No particles larger than 300 μm were found and the amount  of copper in smaller (< 
100 μm) particles is significant larger (~ 68 %) than that obtained through CT 
scanning (~ 30 %). As mentioned earlier, this deviation may due to the “section size”
nature of the QEMSCAN data. Compared to the data from CT scanning, QEMSCAN 
data underestimate the volume and size of the large copper bearing particles.  

Large copper bearing particles can be liberated easily upon comminution without 
grinding slag into extra-fine particles. Hence, the energy consumption is largely 
reduced. Higher liberation rate will also provide higher copper recovery potential in
the following slag treating processes, such as copper sulfides flotation, acid copper 
extraction and magnetic separation. In order to reach the maximum metal recovery, 
the cooling process of slag can be tailored to generate more large copper bearing 
particles.  

The integration of QEMSCAN and CT scanning can provide the mineralogy and
particle size distribution which are crucial metallurgical factors for the recovery of 
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copper from slag. The optimum grinding size should be set according to the size 
distribution of the copper bearing particles to achieve high liberation of copper sulfide 
minerals. The following processing conditions, such as flotation reagents and leaching 
medias, should be selected based on the mineralogy of the copper sulfides. 
 

4. Conclusions 

The copper slag studied in this work contains around 0.9 wt% of Cu which is even 
higher than that of certain ores. This indicates the potential to recover copper from 
this slag. The slag is fayalite-based and high energy input is required for grinding. 
Copper majorly exists in the form of bornite, chalcocite and chalcopyrite. Large 
copper bearing particles are aggregates of various copper sulfides, mainly bornite and 
chalcocite. Based on the observations, the distribution of copper sulfide phases is 
random in the horizontal direction of the slag layer but inhomogeneous in the vertical 
direction of the slag layer. Large copper sulfide particles tend to settle down during 
solidification. The grain size of copper bearing particles and its distribution are 
important parameters for the selection of appropriate beneficiation techniques. The 
integration of QEMSCAN and CT scanning can provide the mineralogy and particle 
size distribution which are crucial for the design of following copper recovery 
processes.   
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Abstract 
 
The search for an effective mini-mill solution to treat zinc containing residues from steel industry 
or also cupola furnaces has a long history but has not been very successful yet due to several 
reasons. Some of them are: Not available technologies, the not well known and not developed 
product market by the steel producers, still relatively low treatment charges for the landfilling 
and no effective solution for an additional iron recovery. The present paper describes a process 
where in two subsequent steps by the use of a Top Blown Rotary Converter technology a 
simultaneous recovery of zinc, iron and other valuable metals should be possible. Investigations 
which were done in an advanced technical scale gave satisfying results. These data allowed the 
calculation of a mass- and energy balance. First economic considerations underline that with 
such a concept a feasible mini-mill solution could be established for the mentioned residues. 
 

Introduction 
 
During steel production dusts are generated in an amount of 15 to 23 kg /t of steel mainly 
including iron oxides, zinc oxide, typical slag compounds, lead and halogens. Worldwide two 
main steel production routes are operating whereof the electric arc furnace route (EAF) with 
approximately 30 % of the world production generates dusts with high zinc contents up to 40 %, 
due to the high amount of charged galvanized scrap. The alternative integrated route produces 
steel in a basic oxygen furnace (BOF) with a comparable low ratio of charged scrap resulting in a 
dust with low zinc contents normally below 10 %. In some cases the BOF-dust is re-circulated in 
the furnace and with this reaches zinc values up to 27 %. Thereof 40 to 45 % of the yearly gener-
ated electric arc furnace dusts are recycled to recover first of all zinc by different technologies 
where the waelz kiln is far the dominating concept. Due to various disadvantages like low yields, 
the recovery of only one metal and the generation of huge amounts of residues there is still the 
demand for alternatives. Table 1 gives typical compositions of the mentioned dusts. [1], [2] 
 
Table 1: Typical compositions of investigated dusts during the last ten years (mainly Europe) 
% Zn Pb SiO2 CaO Na K F Cl Fe 
EAF 18-40 2-7 3-5 8-9 1.0-2.0 0.8-1.5 0.2-0.5 2.0-5.5 18-35 
BOF 1-15 0-2 2-6 5-15 0-1.0 0.5-1.1 0-0.5 0-2.0 24-45 
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Further disadvantages regarding the present situation from the view of the steel mills are: 
- the necessity to transport the dust to central recycling units often for several 100 km generating 

high transport costs 
- the dependency on price politics of recycling companies 
- the payment of treatment fees 

Therefore since many years there is the idea to develop treatment concepts which could be installed 
directly at the steel mill allowing a recycling of the dust under economic conditions also with comparable 
small throughputs. 
Most of the existing processes like the already mentioned waelz kiln as well as others like rotary hearth 
furnaces or the Primus processes do not offer such a so called mini-mill-solution. 
During the investigations at the University of Leoben in the last years following points have to be found 
as mandatory to create such an efficient mini-mill-solution especially for the treatment of EAF-dusts: 

- iron has to be recovered in form of an alloy and for this the necessity of a melting process 
- halogens have to be separated successfully to increase the quality of the zinc oxide 
- the remaining slag should be low in critical metals like lead and should have an optimum 

composition and behaviour, so that utilization in road construction or even in cement industry is 
possible 

Also investigations on the treatment of BOF-dusts were done but as a fact of the generally low zinc 
content compared with the low value of the main component iron, it is not easy to reach an economical 
solution. This is only possible in the described case where the dust is re-circulated and with this the zinc 
content increased up to at least 15 % [1, 2].  
 

Investigated process 
 
The investigated concept that should fulfill the above mentioned criteria is based on a two-step 
process, where the reduction is done by a carbon containing iron bath. Hereby the residues are 
charged with reducing agents on a liquid metal bath, the oxides become reduced and volatile 
compounds are evaporated. Also the iron bath contains an amount of 3 % carbon at the 
beginning of the procedure. Not volatile compounds are partly caught by the metal bath or 
remain in the slag. Figure 1 shows the process principle of the recycling procedure. 
The desired results are as stated a marketable iron alloy, a stabilized slag, which can be used very 
likely in the cement industry or in road construction and a crude zinc oxide caught from the off-
gas stream by a bag house. 

 
 

Figure 1. Basic schema of the Iron Bath Process 
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Nevertheless there are also some problems which have to be considered during the investigation 
of this process. The iron bath technology has the same disadvantage like all other 
pyrometallurgical recycling processes for steel mill dusts based on one process step. Unwanted 
impurities are fumed with the zinc and they are concentrated in the resulting crude zinc oxide. 
Especially when charging electric arc furnace dusts from carbon steel production directly, the 
content of lead, chlorine, fluorine, potassium and sodium in the resulting filter dust becomes very 
high. These contaminations, especially the halogens, are harmful for the possible utilization areas 
first of all the winning electrolysis where only very low amounts of these elements are allowed 
but also for others like the zinc sulfate production [3]. 
In Figure 2 a simple thermodynamic study shows the performance of an electric arc furnace dust 
under rising temperature with added reducing agents as it would be done on a reducing iron bath. 
The picture provides data for the behaviour of the dust above 1100 °C for the Zn, Fe and some of 
the chlorides. Nevertheless, it gives lead in its metalized form which is clear from the 
thermochemical point of view due to its noble character and therefore the easy reduction of the 
oxide. This definitely would not happen in the real process where lead oxide or chloride would 
be evaporated before its reduction, leaving the reaction zone with the off-gas. 
This underlines that the zinc oxide product for sure would contain a high amount of impurities, mainly 
halides and lead oxide. 

 
Figure 2. Equilibrium curves of a steel mill dust under reducing conditions 

 
Due to that problem a further process step is taken into account. One option is an additional 
pyrometallurgical step before the iron bath process. During such a treatment under oxidizing 
conditions - clinkering - in the field of 1000 – 1200 °C impurities are removed and the cleaned 
material can be charged after this procedure on a liquid iron bath to reduce the oxides and fume 
the zinc and reach a high quality zinc oxide. 
An important economical factor is the usage of the process energy from the first clinkering step 
by charging the hot material in the second stage on the liquid iron bath. Figure 3 shows the 
implementation of the clinkering step onto the iron bath process. A further important point would 
be to use the energy from the zinc re-oxidation in the off-gas stream in the previous processes. 
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Figure 3: Implementation of a clinkering step in the iron bath process 

If the quality of the filter dust is high enough the product can be directly sold to the primary zinc 
industry without any previous cleaning steps like soda-washing. Or it could probably break into 
other markets where higher revenues are possible, which would also justify a high energy 
demand. The “cash cow” of the process is first of all the zinc oxide. Therefore high amounts 
have to be produced which is easier to achieve by the use of higher zinc containing secondary 
materials like electric arc furnace dusts. While the waelz process is not only limited by too low 
zinc contents in the dust but also by too high zinc levels above 30 % for several reasons, such 
values are welcome for the described concept what is an important advantage. 
 

Investigations concerning slag optimization 
 
In Figures 4 to 6, two developed scenarios for the treatment of steel mill dusts from electric arc 
furnaces (EAF) and basic oxygen furnaces (BOF) are shown. Because of the problem that under 
reducing conditions different oxidation stages of iron occur, the equilibrium has to be considered 
by setting a partial pressure of oxygen with 0.21, which overlays the ternary system and for this 
allows the formation of the different oxides in equilibrium. Furthermore, different phases aside 
from iron, calcium and silicon oxides have to be considered.  
The optimization by e.g. additives is not a simple procedure which could only be derived from 
one system. The fact that during a reduction of steel mill dust on a reducing iron bath three 
different diagrams become relevant led to the challenge of a “cross linked” investigation, which 
is not easy to handle. To be able to cope with this, it is mandatory to have a computational 
thermochemical solution which enables to judge whether or not a parameter setting is a possible 
solution for all relevant ternary systems and how the individual ternary system would change 
with such a setting. 
With this information, trials in the heating microscope were performed verifying the calculated results.  
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Figure 4: BOFD (left) and EAFD (right) during melting under atmospheric conditions  

 
Figure 5: BOFD and EAFD under partial reducing conditions  

 
Figure 6: BOFD (right) and EAFD (left) at the end of the process (fully reduced)  
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The graphs in Figure 7 show the slag regime calculated and determined by the heating 
microscope for EAF dust and BOF dust as well as an alternative generated by additives (e.g. 
SiO2). 
From these investigations, it was found that special heating microscope analysis is a reliable tool 
for the evaluation of materials behaviour concerning melting, optimization trials and taking some 
boundary conditions into account, can also be applied for complex materials like e.g. electric arc 
furnace dusts. The graphs show that the discrepancy between calculated and measured (dotted 
lines) values is rather low. The only exceptions are formed by the BOF dust trial at the end of the 
process. The reason for this is simply due to a measurement limit caused by the maximum 
adjustable temperature of 1650 °C of the heating microscope. 
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Figure 7: Evolution of melting points of slags during different process steps calculated by 
Factsage and determined as mean value of three measurements each 

 
Experimental setup 

 
Both process steps were investigated at the University of Leoben. After some basic lab scale tests 
clinkering and melting trials were done in a TBRC (Top Blown Rotary Converter, Figure 8). 
The burner is operated by methane and oxygen with a maximum capacity of 75 kW. The 
maximum achievable temperature, depending on the investigated process, lies at around 
1600 °C. The volume of the combustion chamber is about 80 liters, which means a maximum 
material input of about 20 liters. The cooling of the off-gas is done by excess air. 
 
 

+ SiO2 
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Figure 8: Top Blown Rotary Converter (TBRC) 

 
Results of investigations 

 
Trials in the TBRC for the first clinkering step were carried out with 30 kg of EAFD-pellets 
which were charged in the 1100 °C preheated furnace and treated for 30 to 60 minutes. The 
results showed a satisfying volatilization of fluorine, chlorine and lead especially after 60 
minutes. Table 1 gives the extraction rates of lead, chlorine and fluorine under different 
treatment times. 
 
Table 1: Clinkering trials in the TBRC (mean values of 3 trials each) 

yield [%] Pb Cl F 

EAF-dust (30 min) 76.1 68.4 76.9 

EAF-dust (60 min) 87.9 95.1 94.4 
 
Due to some volatile zinc-compounds also some zinc losses resulted but were relatively low with 
an average amount of 3.5 % in the clinker. With this the zinc amount in the dust pellets increased 
from 32 % to roughly 35 %. 
 
The clinkered material was then charged in hot stage (800 °C) into the second process step, the 
reduction. This was also carried out in the TBRC providing a carbonized iron bath at 1400 °C. 
The mass ratio of iron bath to clinkered pellets was 4:1. 
Zinc and iron oxides were reduced and zinc evaporated. Remaining halides and lead oxide went 
into the off-gas with the zinc. Figure 9 gives a scheme of the elements distribution as well as the 
mean distribution values of three experiments. 
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Figure 9: Elements distribution for the system EAFD-carbon-iron bath 

 
The results of the treatment of EAFD on an iron bath gave relatively accurate and detailed 
information about element distribution and dependence on parameters like temperature, slag 
composition, etc. Nevertheless, an important field is iron reduction, which was found to be the 
one with the lowest speed and with this also the lowest yield. Here it is foreseen for the 
upcoming trials to study the kinetics of this reaction. This will be mainly influenced by the slag 
composition as well as the temperature and the reaction surface. Two types of slag will be 
investigated in detail in further trials. Both should lie in the area of 0.9 to 1.2 concerning their 
basicity to meet the requirements for slag utilization after reduction. The difference would be 
that one slag is completely based on calcium- and silicon-oxide, while the other one should 
include a certain amount of wustite. The reactive surface conditions will be changed by using a 
conductively heated furnace where the relative surface is low and a TBRC where the mixture of 
charged material, slag and iron bath is expected to be a maximum. 
The most interesting product, the recovered zinc oxide, showed the following composition: 
 
Table 3: Composition of the zinc oxide (average values from 3 trials) 

% ZnO Fe2O3 Cl Pb F others 
dust 96.8 1.1 0.25 0.3 0.15 1.4 

 
The quality can be seen as similar to that one of a washed waelz oxide or even higher due to the 
low lead content and also low amounts of carry over. Nevertheless, there is a potential for 
improvement in further optimization trials. 
Table 4 gives the average composition of the produced iron alloy: 
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Table 4: Composition of the iron alloy (average values from 3 trials) 
% Fe S Cu Pb C others 

alloy 95.7 0.5 0.7 0.1 2.4 0.6 
 
Of course copper and sulphur are unwanted elements for utilization in the steel mill. 
Nevertheless, the use for the production of cast iron is one option but also for the steel 
production if an appropriate dilution could be realized. 
Figure 10 gives a general overview of the two step process with the most important elements and 
compounds in the various products as well as a mass balance. 
 

 
Figure 10: Results of first trials for the EAFD-treatment in the TBRC, off-gas is not considered 

 
Economic considerations 

 
Economic calculations are always difficult to generalize and very dependent on regional business 
of the individual steel mill. Roughly the revenues from the products could be calculated 
assuming that the slag goes out for zero costs. The zinc oxide was calculated with 70 % of the 
LME zinc value, which is based on utilization in primary metallurgy applying the usual 
concentrate formula. For a LME-value of 1850 USD/t of zinc revenues of 615 USD per ton of 
charged EAF-dust could be realized. For the iron alloy a low steel scrap price of 300 USD/t was 
taken as basis for the calculation resulting in revenues generated by the iron alloy of 60 USD per 
ton of charged EAF-dust. Taking treatment charges into account which are normally paid by the 
steel mill to the recycler further 50 USD per ton of dust can be added. Summing up overall 
revenues of 725 USD per ton of EAF-dust should be possible. Based on CAPEX and OPEX 
calculations this amount should make an economic treatment easily possible down to yearly 
throughputs of roughly 10000 tons of dust. 
With this, the mini-mill solution should be realizable with the additional advantage of an 
environment friendly concept that only produces very low amounts of newly generated residues. 
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Conclusion 
 
Recycling of steel mill dusts nowadays is a centralized business which shows various 
disadvantages for the dust producing steel mills. A compact mini mill solution for a single one or 
a certain number of small steel mills would be an interesting step forward in recycling of zinc 
and iron. Investigations at the Christian Doppler Laboratory/University of Leoben developed a 
two-step process based on a top blown rotary converter which should enable the treatment of 
comparable low dust amounts under economic conditions. Essential steps are the slag 
optimization, the pre-treatment in form of a clinkering-process and the reduction on a reducing 
iron bath. Results from experiments in a technical scale gave satisfying results which of course 
could be improved by further optimization trials. First economic considerations were also 
promising due to the flexibility of the chosen aggregate concerning its minimum throughput for 
economic operations.  
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Introduction

Using Best Available Technology is a phase that we often hear when there are environmental 
discussions on aluminum dross and secondary salt slag processing. The reality is best available 
technology is a mix between efficient removal of the valuable aluminum, oxides, misc metals 
and flux from dross and salt cake. This combined with conscientious land fill disposal of those 
items that finally, at this time, have no economic use is the reality of a company’s best available 
actions.  Recycling processes must be looked at with both the economic and environmental 
benefits weighed for their responsible implementation. This paper will discuss how this is done 
on a practical basis by Recycling Ventures (a secondary processor) and Environmental Waste 
Solutions (a Title II landfill), for the aluminum industry. 

The Environmental Waste Solutions Story

Environmental Waste Solutions

They specializes in reclaiming former mine pits, and turning them into carefully designed 
landfills that are classified for “beneficial use” according to approved civil engineering 
applications. The proposed site is studied to determine:

is a company committed to utilizing safer and more sustainable 
practices for the natural resources that have been given to us. By working smarter and more 
efficiently, they believe they can continue making our environmental stewardship and 
performance even better.

� The area of land necessary for the landfill
� The composition of the underlying soil and bedrock
� The flow of surface water over the site
� The impact of the proposed landfill on the local environment and wildlife
� The historical or archaeological value of the proposed site

EWS works to take otherwise unusable land and make it productive during the short term. Our 
long-term goals include turning the land into wooded preserves.
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EWS continually strives to improve it’s waste management standards and uphold the highest 
level of environmental responsibility. Our Camden Tennessee, landfill meets the strictest level of 
compliance with the standards of the Tennessee Department of Environment and Conservation. 
EWS also has the accreditation from the US Environmental Protection Agency for the 
construction and maintenance of our facility. This accreditation was not required, but was 
pursued to demonstrate our commitment to the highest environmental standards.

Our sites are thoughtfully designed and highly engineered to exceed state requirements and are 
professionally run to keep the community safe. Additionally, our landfill has undergone rigorous 
application processes, site surveying and ongoing maintenance, and have exacting plans in place 
for post-closure procedures to ensure a lifetime of responsibility.

Figure1. Environmental Waste Solutions Site….. Camden, Tennessee.
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EWS accepts shipments only by contractual agreement from industrial partners who need to 
dispose of waste product in an environmentally responsible way. During landfill operations, 
incoming trucks are weighed on arrival and their load is inspected. Next, the vehicles unload at 
the tipping point. A warehouse is located on-site, so that if it’s raining, covered trucks can come 
into a closed building and safely offload. This means they can receive shipments 365 days a year, 
rain or shine. After loads are deposited, bulldozers are used to spread and compact the new 
material on the working area of the landfill. At the end of the day, the working cell is covered 
with chert and compressed until it becomes impermeable.

Definition of Class II Industrial landfill

The EWS property is a Tennessee State and Federal Class 2 landfill, which is permitted to be 
used for industrial waste, including aluminum salt cake and a variety of other materials that are 
non hazardous waste.

The main material in the EWS landfill is the salt cake. This material is in mono cells. Salt cake 
placed in the landfill is covered each day with dirt that is compacted with a roller. That 
minimizes the amount of water that seeps into the landfill. Water that does get in drains to a liner 
at the bottom, which carries it off to a storage tank, from there it goes to a waste water treatment 
facility.

How a land fill works. 

The basic parts of a landfill are:

� Bottom liner system – separates landfill content and subsequent leachate from 
groundwater. Leachate is liquid that drains downward through the landfill.

� Individual cells – where the material is stored within the landfill
� Storm water drainage system – collects rainwater that falls on undeveloped portions of 

the landfill and runs off without contacting waste material.
� Leachate collection system – collects rainwater that comes in contact with waste 

material and collects the water for treatment and proper disposal.
� Covering or cap – seals off the top of the landfill

Each of these parts is designed to address specific challenges that are encountered in landfill
operation. 
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- The landfills bottom liner system contains the waste so that all potential problems are 
contained within this liner. The bottom liner prevents the waste from coming in contact 
with the outside soil, eliminating any potential groundwater problems. EWS uses a 6 -
foot wide liner overlapping layered between the ground clay and man-made materials 
being deposited. The liner is triple layered on the sides and quadruple-layered at the base, 
far exceeding requirements.

-

Figure 2 …Cell Preparation

- Landfill content is separated into areas, called cells. The material within the cell is 
compressed by heavy equipment (tractors, bulldozers, rollers and graders) that go over 
the day’s accumulation several times. EWS stores a specific type of waste in each 
individual cell, hence it is a “monofill” composed of “monocells. This style of landfill use 
means that in the future, if and when it becomes economically feasible, the landfill can be 
mined and its contents harvested for recycling and reuse. 
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- The storm water drainage system is built to minimize water discharge. This is 
accomplished in two ways:

� Preventing the rainwater from entering site to the extent possible. The cells are 
covered with a 6” clay layer daily to keep out rainwater.

� Draining rain water, thru a storm water drainage system. Plastic drainage pipes and 
storm liners collect water from the landfill and channel it to drainage ditches 
surrounding the landfill’s base. The ditches carry water from collection areas to the 
site of the storm water collection system.

- The leachate collection system is system is designed to exclude any water from a landfill
that comes in contact with the waste. This water runoff called, leachate is typically acidic. 
To collect leachate, perforated pipes run throughout the landfill. These pipes then drain 
into a leachate pipe, which carries leachate to a leachate collection tank. The leachate is 
tested and allowed to settle. After settling, all water is professionally treated.

- Groundwater monitoring is done at many points around the landfill by groundwater-
monitoring stations. These are pipes that are sunk into the ground so water can be 
sampled and tested for the presence of leachate chemicals. EWS uses three times the 
number of test wells required, just feet away from the waste stream. More test wells 
allow us to detect potential situations before they can become a problem.

- A covering or cap of six inches of a clay and gravel mixture called chert is placed on top 
of the waste and compacted each day. This covering seals the compacted waste from the 
air and prevents water from getting through. When a section of the landfill is finished, it 
is covered permanently with a polyethylene cap (40 mil). The cap is then covered with a 
2-foot layer of compacted soil. The soil is then planted with vegetation to prevent erosion 
of the soil by rainfall and wind.
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Figure 3 ……. Leachate Collection Figure 4 …… Final Cover System

The above defines the complicated structure of a properly built and maintained landfill site.

Industry goals and objectives

The aluminum industry has started to focus on sustainability of their product designs and the 
materials that they use and discard in the production of aluminum. Almost all companies if you 
go to their web sites discuss increased recyclability and/or the reduction of landfill waste as part 
of their corporate mission statement or general goals. A few are noted below;

ALCOA ………….0% landfill waste by 2030*
Novelis……………80% total recycled content of product by 2020 with 0%  land fill waste*
SAPA……………..74.5% of former waste currently recycled, goal of continuous improvement*

Looking at sustainable solutions for the dross and salt cake are part of the aluminum industries 
goals and the key concept of the practices sought by EWS /Recycling Ventures model. 
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The Recycling Ventures Story

Recycling Ventures was created in alliance with EWS to develop economically feasible methods 
to reduce, and eventually eliminate first salt cake waste and then attack black dross, white dross 
and other metal slag waste. 

In the case of salt cake, Recycling Ventures is an environmentally sensitive company that uses 
no chemicals to separate the aluminum from the salt cake. Currently Recycling Ventures takes 
the salt cake waste stream being land filled by EWS and recycles the waste in alignment with 
current best practices. They are able to reduce the amount of waste by 1-15% through our 
recycling process.

Additionally, Recycling Ventures has considered the environment first through the design and 
construction of our facility and stands ready to implement additional technology that shows 
further waste reduction in the future. Recycling Ventures is also pursuing the future design and 
implementation of technology that would provide the ability to fully recycle salt cake. 

The recycling of black and white drosses in a sustainable manner is in many ways similar to the 
approach used on salt cake. The goal being to work toward the elimination of as much land fill 
waste as is feasible and find alternate uses for the oxide , flux and fine aluminum/oxide mixtures. 

The RV Process

The DIDION RT Metal/Dross Reclaimer System combined with magnetic and eddy current 
separation was the first relatively straight forward and simple development that allowed for total 
salt cake and dross phase separation processing. The system allows for a mechanical 
concentration of the aluminum and separation of the non aluminum materials such as 
miscellaneous ferrous, oxides and flux components.

Mechanical separation of the aluminum metal from the flux, oxide and iron bearing materials has 
several advantages.  It lowers the amount of aluminum sent to thermal processing saving the 
burning of carbon base fuels. Removal of the iron typically increases the value of the metal units 
produced from the aluminum concentrates that are generates in the process and provides another 
metal for direct recycling. Separation and sizing of the flux from salt cake and black dross 
allows for easier flux recycling and development of alternative uses for these materials. 
Separation of the aluminum/oxides and oxide fines from whites allows for the development of by 
product markets for these materials. The RV process provides an alternative to the oxides being 
contaminated with chloride bearing compounds. 
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Figure 5… DIDION RT 84 TUMBLER SYSYTEM with Magnetic Separation. 

The RT Systems as utilized by Recycling Ventures is a very unique piece of equipment used to 
mechanically process dross, slag and other waste materials in which there is a malleable fraction 
(aluminum, brass, stainless steel etc.) mixed into more friable fractions (refractories, stone, oxide 
and flux). This one pieces of equipment allows a land fill with mono cell capabilities many 
opportunities for alternative recycling of materials.

The system is equipment with all the latest pollution control features to not only control dust 
generation but also to enable the dust fractions to be potential by products of the process. Bagged 
fines from the pollution control unit are perfectly packaged for efficient sale or disposal in the 
landfill if required. 

Process flexibility is important in the land fill application and material of almost any size can be 
charged into the front of the RT unit. Systems are sized for the generators dross/salt cake block 
size. The oversized materials either come out the front or back ends of the drum. All the fine 
materials come out the front end of drum. 
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The equipment can be operated by unskilled labor grades. It is simple to run, low in maintenance 
and batch operated to keep unlike materials and alloys separate.

Figure 6 – Torit Bag House System

Summary ………..Sustainable Solutions for Salt Cake and Dross Processing

Mechanical processing of salt cake and dross is an old approach that is being reinvented to match 
the current environmental mandate of total process sustainability. Single, relatively inexpensive 
mechanical separation systems coupled with magnetic and eddy current separation can do what 
complicated large processing plants were required to do the in the past. Impacting and breaking 
away the oxides and flux from the metal particles allowing for particle sizing for major 
advantages in either selling or for final environmentally sound land filling is the philosophy the 
EWS and RV has taken to minimize waste and maximize today’s and the future values of the 
materials.
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Various materials other than aluminum dross can be approached and processed in this same 
method, such as waste foundry sands, brass along with alloy and stainless steels.  Keeping the 
valuable by products for sale and use, while efficiently land filling for now those items that 
currently have no viable market but may have in the future. 
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Abstract 

Although vehicles represent a main key of our modern society, they affect our environment via
the energy and resource consumption, waste generation during their manufacturing as well as 
greenhouse gas emissions all along their use. Further, hazardous residues are produced at the 
end-of-life vehicles “ELV”. After collection and dismantling, the remainders of the ELV are 
directed to shredding operator followed by a series of mechanical and physical separations in 
order to recover the ferrous and non-ferrous metals. The residue of the shredding process, called 
automobile shredder residue “ASR” represents about 20-25% of the ELV. The ASR, while toxic 
enough to be classified as hazardous waste, could be considered as material and energy sources.  

The present study deals with the possibility of material and energy beneficiation of the ASR by 
its use in the metallurgical units. ASR samples from an European automobile shredder company 
were collected and subjected to the physical separation process followed by a thermodynamic 
approach and isothermal batch tests to assess the reducing performance and energy capacity of 
the ASR hydrocarbon matter. Particular attention was devoted to the behavior of several residual 
and tramp elements (Cl, Pb, Cu, Zn) affecting the metallurgical process and the product quality. 
Results showed that physical operations (screening, attrition, dry low intensity magnetic 
separation) lead to a selective extraction of the mineral part of the ASR which can be directed to 
the blast furnace unit. Direct reduction of hematite by the plastics contained in the ASR was 
obtained at 1000-1050 °C resulting into multistage steps of Fe2O3 converting into metallic iron. 
Multi-parametric analysis of the results suggests that the purified ASR can partially substitute 
raw materials used in pig iron and steel production. 

Introduction 

Vehicles represent a main key of our modern society and their number in use is increasing from 
year to year, reaching, in 2010, about one billion cars and light trucks on world’s roads [1]. 
However, vehicles affect the environment through their entire life cycle. This environmental 
impact relates to the energy and resource consumption, waste generation during their 
manufacturing as well as greenhouse gas emissions all along their use. Further, hazardous 
residues are produced at the End-of-Life Vehicles “ELV”. 11 million vehicles are annually 
discarded in the European Union, resulting in about 9 Mt of wastes that have to be disposed of 
[2]. Current European state of practice for spent cars processing falls into a manual depollution 
followed by the shredding of the cars hulks, which generates 2 to 2.5 million tons of Automotive 
Shredder Residues “ASR” each year [3]. Without further treatments, this residual stream is 
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mainly landfilled or sent to municipal incinerators [4]. European legislation will impose a 
recycling rate greater than 95% of the car initial weight by 2015, resulting in less than 5% of 
waste discharge [5]. Although, the ASR is reactive enough to be classified as hazardous waste, it 
could be considered as a source of energy and reducing agent since it contains more than 70% in 
combustible hydrocarbon matter (Figure 1), especially plastics. Note that the shredder companies 
use, besides ELV, other materials (e.g. plastics from discarded electric and electronic assemblies) 
in the shredding process leading often to a heterogeneous ASR depending on the input materials. 
Meeting the legal requirements by addressing the issue of ASR has led to the development of 
several Post-Shredder industrial lines of treatments [4], in which a fluff fraction is recovered by 
vacuuming ASR lighter components during shredding. Residual metals and plastic-rich fractions 
are then extracted from this fluff by means of magnetic, eddy current and sequences of sink-float 
separations. 
 
Besides being marketed anew, recovered plastics can be valued as a relevant additive to the 
pulverized coal injected through blast furnace tuyeres [6]. In addition, considering that iron 
content in ASR can mount up to 18 (%)wt of the light fraction [7], residual mineral fractions 
might also be used as part of the ore feedstock in metallurgical furnaces, provided further 
enrichments are performed to curb specific tramp elements. For instance, upon combustion, 
materials containing chlorine generate gas which is corrosive for the furnace and the dusts 
removal post-treatments [8]. K2O can deposit into coke and sinter porous structures and weakens 
their Reduction Degradation Index (RDI). Copper is related to surface cracking of steels during 
hot rolling process. Sb, Sn and As accentuate this negative effect by segregating at grain 
boundaries during coiling in the hot strip mill, thus reducing the grain cohesion and thereby 
favoring embrittlement. This segregation is higher in steel containing Ni, Mn and Cr. Lastly, 
gaseous zinc can condense onto the blast furnaces inner walls, favoring scabs that modify the 
furnace flow configuration.  
 
Despite such considerations on the chemical composition of plastic and mineral fractions 
generated from Post-Shredder industrial lines of treatments, few studies consider the design of a 
separation process which would open the way for a Blast Furnace “BF” injection. The present 
paper addresses this issue by focusing on 2 plastic fractions and 2 mineral fractions sampled on 
an industrial Post Shredder line of ASR treatment, so as to dispose of representative composition 
data. The separation processes associate sieving, gravity separation and low intensity magnetic 
separation. The separation efficiency is discussed in line with the chemical composition of the 
various outlets obtained. For the most interesting outlets, their use in a BF is assessed through a 
mass balance model of the tramp elements inside the furnace, with an attention paid to the effect 
on the pig iron specifications and the steel quality. 
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Figure 1: General scheme for the main operations of the ELV. 

 
Materials 

Four ASR samples were supplied by an European automobile shredder company and two of 
them, composed essentially of the wasted plastics. They are separated by sink float process and 
they are classified as Light Fraction “LF” and Dense Fraction “DF”. The carbon content of the 
LF is about 66.8% whilst that of the DF is 42.1%. Chlorine is almost concentrated in the DF 
(6.8% Cl) indicating the presence of the PVC and of certain rubbers. Tramp elements (Pb, Zn…) 
as well as calcium are also found mostly in the DF. The other two samples were sampled from 
successive dry low intensity magnetic separations and called mineral fractions (MF#1 and 
MF#1). These fractions contain 36.8% and 19.4% of iron oxides respectively. Chlorine is almost 
the same in both fractions (0.3%). The carbon content of the MF#1 is approximately 8% whilst 
that of the MF#2 is 10.5%. The tramp elements (Pb, Zn….) as well as CaO and SiO2 are found in 
both fractions. 
 

Methods 
 

Two PVC samples were used for this investigation of the plastic fractions. The first sample is 
wasted PVC and it is noted as PVC-1. The second sample is pure chemical grade PVC and is 
called PVC-2. Iron oxide, subjected to reduction, is high purity hematite (Fe2O3). 
Thermodynamic approach using HSC chemistry was considered for selective removal of tramp 
elements (Pb, Cu, Zn …) via chloride formation & volatilization and for hematite reduction. 
Mixtures of ASR and/or PVC samples with hematite were conditioned as pellets by using kaolin 
clay as useful bonding and plasticizing agent. Obtained pellets were dried in an oven at 70 °C 
before thermal treatment and different analysis tests. The thermal behaviors of the individual 
samples and their mixtures were checked in horizontal experimental set-up including a static 
electrical furnace. Most of the tests were performed under air atmosphere for the treatment of the 
ASR and PVC alone. The thermal reduction of hematite containing mixtures was performed 
without gas circulation and/or under a low flow rate of air. Raw samples and solid reaction 
products were examined by scanning electron microscopy coupled with energy dispersive 
spectroscopy (SEM-EDS), X-ray diffraction (XRD) and infrared (DRIFTS) spectroscopy. 

The two mineral fractions MF#1 and MF#2 were subjected to physical separations. Sorting 
operations such as grinding, screening, attrition, and magnetic separation were used in this 
investigation. Two-stage sieving were performed, first on a rotating, perforated drum loaded with 
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steel bars (cut 2 mm), then manually (cut 100 �m) on the -2 mm fraction, resulting in three sub-
fractions: -100 �m, +100 �m and + 2 mm. Dry Low Intensity Magnetic Separation was 
performed on a two-staged Lenoir Rollmag 500-2 separator. Two separations were successively 
performed. The first gave two fractions composed of ferromagnetic or weakly magnetic 
compounds. Each of these fractions was separated again, and the two ferromagnetic parts were 
mixed together, as well as the two weakly magnetic parts. Attrition was carried out on the 
materials in pulp (65 (%)wt) using a Cylab-1 (2125 rpm). 5 cycles of 1 min each were performed. 
The resulting fractions were dried in an oven (105 °C during 24 h). Using composition data, 
mass balances were carried out at a blast furnace scale for each tramp element. 
 

Results and Discussion 
 

Thermal Behavior of LF and DF Samples in Air Atmosphere 
 
The investigation of reactivity of ASR and PVC samples was performed between 225 °C and 
900 °C under air atmosphere. Results are shown in Figure 2 as the evolution of the percent 
weight loss (%WL) of the samples as a function of the temperature. 

  
Figure 2: Behavior of ASR (a) and PVC (b) samples in air between 200 and 900°C. 

From Figure 2 (a), it can be seen a very rapid weight loss of both plastic fractions (LF and DF) at 
temperatures lower than 600 °C. This is due to the combustion of the organic matter contained. 
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) reveal the presence of 
mineral compounds (Si, Ca, Mg, Al…) in the residues obtained at higher temperatures. A rough 
examination of the %WL curves for PVC samples (Figure. 2-b) suggests that at least two 
phenomena should be distinguished at temperatures lower and higher than 300 °C. The first 
phenomenon could be attributed to a complete (PVC-2) or partial (PVC-1) removal of chlorine. 
The %WL observed at temperatures higher than 300 °C may indicate the reaction of the 
hydrocarbons with oxygen giving carbon oxides and water vapor as final reaction products. 
Detailed analysis for de-chlorination of both PVC samples was given early [9, 10]. However, 
these results suggest a high reactivity of all studied samples at relatively low temperatures. 
 
The results of the analytical techniques (SEM, XRD, and IR) on treatment products have been at 
the base of deductions on the thermal behavior of PVC samples. The IR spectra of the PVC-1 
treated at different temperatures are grouped in Figure 3. It can be observed that between 2950 
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and 2840 cm-1 some signals characteristics of elongation C-H of CHx groups. The intensity of 
these bands decreases with increasing temperature to 'disappear' for T ≥ 600 °C. This is 
consistent with the data given in Figure 2. The presence of carbonates is observed in all the 
spectra up to 900 °C. XRD confirms the presence of calcite in the initial PVC and heat treatment 
products. 

 
Figure 3 - IR Spectra after treatment of PVC-1 between 250 and 900 °C. 

 
Reduction of Hematite by PVC and ASR 
 
The following mixtures were tested in view of iron oxide reduction 

1. 35% LF + 35% hematite + 30% clay, 
2. 35% PVC-1 + 35% hematite + 30% clay, 
3. 50% PVC-1 + 50% hematite. 

The results show that the chlorine was almost removed at about 275°C from PVC, and then, the 
mixtures were de-chlorinated at 300 °C for 30 minutes. Subsequently, free of chlorine pellets 
were heated from 600 to 1050 °C for 30 minutes. Several tests were also carried out at 1025 °C 
with a residence time from 7.5 to 240 minutes. Obtained experimental and analytical results 
related to the reduction of iron oxides are described below. They are compared with the well-
known Chaudron and Boudouard diagrams drawn in Figure 4. 
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Figure 4: Equilibrium diagram of some 
metallic oxides reduction by carbon monoxide. 

Figure 5: Phase stability diagram of (Fe, Pb)-
O-Cl systems at 500 °C. 

 
The following points summarize the results obtained from the reduction of hematite by plastics 
(PVC and ASR), mechanisms and the reduction steps. 

1. The reduction of hematite to magnetite by hydrocarbon of PVC starts at 300 ° C, even in 
the presence of air (as shown in Figure 4, the reduction of Fe2O3 to Fe3O4 is possible for 
low CO concentration). 

2. Metallic iron is obtained during the direct reduction of hematite at 1000 °C which is 
confirmed by XRD and SEM analyses. In addition, the crystallized fayalite (Fe2SiO4) is 
synthesized by the reaction of wüstite with quartz. The presence of the wüstite (FexO) as 
intermediate phase of magnetite reduction at T > 570 °C is consistent with 
thermodynamic predictions given in Figure 4. The complete reduction of Fe2SiO4 in 
metallic iron and SiO2 is obtained at 1050 °C. 

3. The pellets reduced at T > 1000 °C contract probably due to the sintering of particles, or 
to partial melting of some constituents of the pellets. The narrowing of the pellets 
promotes contact of oxides with reducing agents (C, CO, H2) improving the reduction 
process. 

4. The reduction of iron oxides, particularly at high temperatures, is carried out by the CO 
and H2. The carbon monoxide is generated in situ (gasification of carbon by the 
Boudouard reaction, Figure 4). Hydrogen is also produced during the gasification of 
carbon by water vapor. The latter comes from the ASR and from the release of structural 
water from clay during heating. 

5. The direct reduction of pellets can be directed using the electric arc furnace for the 
manufacture of steel. 

Considering thermodynamic investigation for a selective extraction of those metals and using an 
available thermochemical database for the thermodynamic calculation of various Metal-O-Cl 
systems, a typical example is the predominance area diagram given in Figure 5 for the (Fe, Pb)-
O-Cl systems at 500 °C. This diagram clearly shows that lead chloride (PbCl2) is the most stable 
phase even for a low partial pressure of chlorine and at high partial pressure of oxygen. By 
analyzing these results, a large zone (greyish zone in Figure 5) of chlorine and oxygen should be 
chosen in order to transform lead into PbCl2, while hematite remains intact. Similar 
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interpretations are valid for the systems containing zinc and copper. Generally, metal chlorides 
have lower boiling points compared with their respective sulfides and/or oxides. 
 
As shown in Figure 6, metal chlorides are volatilized at temperatures lower than 1000 °C. This 
can be suggested that it is possible to achieve a direct reduction of iron oxides into Fe° by ASR 
and/other plastics and to remove selectively chlorides of tramp elements. 
 

 
Figure 6: Evolution of vapor pressure of several lead (a) and zinc (b) compounds. 

 
Mineral Fractions (MF#1 and MF#2) 
 
The results of size distribution analysis show that most of the materials in MF#1 and MF#2 are 
located in -2 mm size classes (Figure 7). Fe and Cu in MF#1 are concentrated in coarser size 
classes, while Fe is homogeneously distributed throughout the classes of MF #2. Thus, a size cut 
at 2 mm will enable to purify this sample from Cu and to isolate an iron-rich sub-fraction in 
MF#1. 

 
Figure 7: Size distributions and Fe, Cu and Zn repartitions in both mineral fractions. 

 
Afterwards, a low intensity magnetic separation can be performed to recover magnetic metals. 
Lastly, considering that some of the smallest materials might be embedded in coarser complex 
matrixes, the following processes of separation is proposed in this study. This process includes 
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sieving step for separate 4 size fraction of -100 μm, -400/100 μm, -2/400 μm, -8/2 μm and 8 μm. 
Manual magnetic separation to recover metallic scrap was applied on the fraction 8mm. The size 
fractions of –400/100 and -2/400 μm were treated by wet low intensity magnetic separation. 
Gravity separation using jig process was performed on the fraction -8/2 mm, the products 
obtained (light and heavy) were treated by magnetic separation. The size fraction of -100 μm 
was not treated. The products obtained from each operation were analyzed and the results are 
shown in tables I and II. 
 

 
Figure 8: Wet treatment of Mineral fractions (MF#1 and MF#2). 

 
Using the process given in Figure 8, it is possible to recover about 79% of total iron from the 
fraction MF#1 with 72.5% of iron content. However the recovery of iron from MF#2 is lesser 
(62.4%) with 62% of iron content. All tramp elements such as Cu, Zn and Pb are more present in 
the sterile products with high recoveries. The weight % of -100 μm size fraction for both 
fractions MF# and MF#2 are 2.6% and 5.4% respectively. These fractions contain very low 
content of iron (14% and 13.3%) and they are not treated in this work. 
 

Table I. Results of wet treatment of MF#1 

Products Wt 
% 

FeOt 
% 

��FeOt 
% 

Cu 
% 

��Cu 
% 

Zn 
% 

��Zn 
% 

Pb 
% 

��Pb 
% 

Cl 
% 

��Cl 
% 

Concentrate 36.0 72.5 79.3 0.4 11.6 0.1 22.7 0.1 11.7 0.1 16.6 
Sterile 61.4 10.5 19.6 1.6 87.9 3.6 72.6 4.9 85.5 0.3 81.9 
-100μm 2.6 14.0 1.1 0.2 0.5 0.2 4.67 0.1 2.8 2.5 1.5 
Total 100.0 100.0 100.0   100.0 100.0 100.0 
Reconstituted 32.9 1.2 0.5 0.6 0.2 
Analyzed 36.8 0.94 0.6 0.5 0.3 
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Table II. Results of wet treatment of MF#2 

Products Wt 
% 

FeOt 
% 

��FeOt 
% 

Cu 
% 

��Cu 
% 

Zn 
% 

��Zn 
% 

Pb 
% 

��Pb 
% 

Cl 
% 

��Cl 
% 

Concentrate 21.4 61.6 62.4 0.3 11.7 0.7 20.8 0.4 16.6 0.1 15.2 
Sterile 73.2 8.7 33.7 0.7 86.4 0.7 71.9 0.5 75.6 0.2 79.5 
-100μm 5.4 13.3 3.9 0.2 1.9 1.0 7.3 0.7 7.8 0.2 5.3 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
Reconstituted 18.8 0.6 0.7 0.5 0.2 
Analysed 19.3 0.5 0.9 0.6 0.3 

 
Evaluation of the Investigated Samples Quality 
 
The results of calculations using metallurgical model developed by steelmaking industry in 
France show that the mineral fraction MF#1 is the closest ore with regards to the iron content. 
However it is essential to know the nature of the other elements to determine the potential value 
of this product added to the materials at the agglomeration step before charging into the blast 
furnaces. Regarding to carbon products, the light plastic fractions (LF) could be more easily 
valorized in the steel industry, knowing that their major handicap is that they contain volatile 
carbon while coal or cokes are mainly out of solid carbon. Therefore, valorization channels could 
focus on: 

1. injection into the slag devoted to the electric furnaces to make foam that lead to a better 
coverage of the electric arc and then improves its thermal performance, 

2.  addition to the scrap charge to boost the heating of the electric furnace, 
3.  injection in tuyeres of blast furnaces. 

 
In both the cases (MF#1 and plastic products), it is essential that the process generating these 
products, used by many shredders, lead to significant tonnages, since the use of coal for foaming 
is of the order of 5 kg/t of liquid metal for production of electrical steel; what roughly need in 
France an equivalent of 25 kt of pulverized coal. It must also be considered that the product 
obtained has a regular composition, what remains to be checked, since the charge of shredders is 
heterogeneous (ELV, WEEE, other equipment). To achieve this goal, it would certainly be 
needed to go through a stage of homogenization of the products destined to steelmaking 
industries. 

 
Conclusions 

 
This work had ambition a multi-parametric analysis of the thermodynamic and experimental use 
of plastics and automotive shredder residues «ASR» as a substitute of energetic material and 
reducing agent in metallurgy of iron. 
 
Recycling of ASR is performed at least through two stages: treatment / purification by physical 
methods followed by an injection of those purified ASR in the furnace. However, the physical 
methods of extraction of tramp elements (Cl, Pb, Zn, Cu) of ASR strongly depend on their 
dissemination, their liberation degree as well as their adherence to the matrix that surrounds 
them. In the absence of a final purification by physical methods, the thermal process developed 
in this study seems to be quite promising for an alternative process and industrial prospects. We 
deduced from this thermal approach, that the handicap of coexistence of PVC (source of 
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chlorine) and tramp elements (Pb, Zn, Cu) can be an asset into respective volatile chlorides at 
low temperatures. In this context, the future directions of the ASR are: 
 

1. light plastic fraction can be introduced into the chain of iron ore agglomeration to 
substitute combustible / reducing materials, 

2. the mineral fraction (MF#1) can also partially substitute for material load for the 
agglomeration of iron, 

3. material partially reduced by plastic in the form of pellets can be injected into the steel 
basket. 
 

According to metallurgical operations models, there will be three opportunities to recycle the 
mineral fractions in the steel industry: 

1. by assimilation into the iron load intended for the manufacture of the agglomerate 
produced which is then loaded to the top of the blast furnaces, 

2. by direct charge to the topside, 
3. by loading to the converter after agglomeration with binders. 

 
The possibilities of valorization of plastic fractions are more numerous, since they can be used 
as: 
 

1. alternative fuel at the settlement on grid, 
2. component of the coke, 
3. substitute for pulverized coal injected into the tuyeres of blast furnaces, 
4. substitute for pulverized coal injected for frothing slag in electric furnaces, 
5. substitute for coal brought in the load of scrap in electric furnaces to reduce oxides and 

bring energy, 
6. thermal dopant in converter to increase the sediment charge. 
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Abstract

Metals are essential for modern lifestyles. As standards of living improve and metal consumption 
increases, it is evident that raw materials are becoming scarcer. The recycling of metals is 
essential if we are to build a more sustainable society. ISASMELT™ Top Submerged Lance 
(TSL) technology can enable plant operators to recycle metals efficiently. The implementation of 
the ISASMELT™ technology for the recycling of valuable metals at Umicore Precious Metals 
Refining in Belgium and Aurubis AG in Germany are both good examples of how 
ISASMELT™ technology can be used to recycle a range of metals. Visionary people motivated 
by the need for a technological breakthrough have developed novel processes for recycling 
complex materials incorporating the ISASMELT™ technology.

This paper describes how the ISASMELT™ technology is used to recycle a range of materials. It 
highlights one of the most important strengths of the technology: its versatility and capacity to be 
incorporated into new, innovative applications.

Introduction

The 96th plenary meeting of the United Nations, held in New York on the 11th of December 
1987, presented the outcomes of work done by the World Commission on Environment and 
Development. One of the main contributions of this commission was the introduction of 
sustainable development as a concept: “meeting the needs of the present without compromising 
the ability of future generations to meet their own needs” [1]. The commission’s report
challenged nations to reorientate their way of drafting national and international policies in order 
to legislate towards sustainable policies that would contribute to remedy numerous 
environmental issues and also influence the source of some of the problems in human activity. In 
particular, the report invited governments to work with non-governmental organizations, industry 
and the scientific community to support efforts towards sustainable development. This visionary 
statement was a call for innovation in a variety of fields: social, legal, economic, political and 
technological. It was a call to challenge the old paradigm of development associated with
growth with little regard of the consequences for society and the environment. Instead, it 
proposed a new one, where innovation was expected to play a central role in helping to create 
sustainable growth. 
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In 1987 the non-ferrous industry, and in particular the copper industry, was recovering from the 
impact of a long economic recession. After four years of low copper prices, the LME price for 
copper at the end of 1987 was 145.4 U.S.c/lb. of copper, compared with 64.0 U.S.c/lb. of copper 
at the end of 1983 [2]. Although the copper industry recognized that the higher copper prices
were an indication of better days to come, it was also clear that a new wave of technology 
innovation was required to meet the challenges of the future.

The period between 1983 and 1987 was also when Mount Isa Mines (now part of Xstrata) was 
demonstrating the application of the Sirosmelt lance in a new technology for lead and copper 
smelting. This technology was named ISASMELT™ after the mine at which the development 
occurred. The construction and operation of lead and copper demonstration plants at Mount Isa
was the breakthrough in the scale-up of this new technology. Following the successful 
implementation of both demonstration plants, Mount Isa Mines approved the construction of 
commercial scale lead and copper plants. The development path from the conceptualization of 
the idea at the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
laboratories in Melbourne to its industrial implementation and successful demonstration required 
twelve years of fundamental research as well as applied scientific and industrial scale effort [3].

Innovation Takes Time

Twelve years to be able to demonstrate an innovation may appear to be a long time, but in the 
world of pyrometallurgy technological changes occur slowly. The adoption of new technologies
occurs infrequently, as capital investment requirements for new smelters are generally very high 
and the implementation of new technology results in significant technical challenges. Generally 
various stages of development are required before a new process can be successfully 
demonstrated and applied. Consequently, although innovative breakthroughs can create 
opportunities to position businesses for new frontiers, such revolutions are rare. In most cases 
companies prefer to select proven technologies to minimize the risk and ensure fast ramp up of 
their facilities.

In some cases however, proven technologies are not capable of delivering the necessary 
economic and environmental benefits. In such situations breakthroughs are required and 
technical innovation plays an essential role in this process. For innovative processes to be 
successfully implemented many hurdles must be cleared. It is here where a systematic approach 
to the innovation process is required to mitigate the risk.

To be successful, process innovation requires constant critical analysis of the technology under 
evaluation. Each component and system requires detailed assessment and confrontation with 
regard to pre-established goals that the developer expects the process to achieve.
Multidisciplinary teams must work collaboratively from a solid scientific foundation to reach the 
stage where a prototype can be tested. This process of constant experimentation, performance 
evaluation and product re-engineering, when in the hands of a capable team, becomes the source 
of more innovative ideas.

This was the case in the use of the Sirosmelt lance for the smelting of lead and copper 
concentrates in Mount Isa. The innovation evolved from the initial concept of a swirled lance at 
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CSIRO, to a fully developed process including a robust furnace that was suited to the 
requirements of Mount Isa Mines. However, this was only the first stage of the innovation of the
process. In parallel to the industrial implementation and consolidation of the ISASMELT™ 
technology in the primary smelting of lead and copper concentrates, the ISASMELT™ concept 
was also tested and demonstrated for the primary production of other base metals such as nickel
and zinc, the recycling of base metals, precious metals (PM) and platinum group metal (PGM)
smelting and converting. Table I shows some of the applications investigated for the recycling of 
Metals. Two common links exist across the applications listed in Table I:

� Applying an innovative lance design to the development of new metallurgical    
processes; and

� Finding a sustainable process solution to recover valuable metals from metallurgical 
wastes or discarded end-of-life products; and stabilizing the final waste stream. 

Table I. Different Applications of the ISASMELT™ Technology in the Recycling of Metals
Application Scale Target
Processing of Roast Leach 
EW Zinc Plant Residues

- Pilot Scale - Recovery of Pb, Zn, Ag, Ge and In
and reduction of disposable slag

Fuming of Lead Blast 
Furnace Slags

- Pilot Scale - Recovery of Zn and Pb and 
production of dischargeable slag

Processing of Lead Smelter 
Dross 

- Pilot Scale - Separation and Recovery of Cu and 
Pb

- Production of lead fume and copper 
matte

Processing of Cu-As residues - Pilot Scale - Recovery of Cu as copper matte
Pyrolysis of CCA-treated 
wood

- Pilot Scale - Energy recovery
- Production of disposable slags
- Economic disposal of As

Fuming of EAF dust - Pilot Scale - Zn and Pb recovery
- Halide recovery
- Production of disposable slags

Recycling of Lead Batteries - Pilot Scale
- Industrial Scale

- Pb and Sb recovery
- Production of Disposable Slags

Recycling of Copper, Lead, 
PM and PGM

- Pilot Scale
- Industrial Scale

- Pb and Cu recovery
- PM and PGM recovery
- Production of Disposable Slags

Copper and PM Recycling - Pilot Scale
- Industrial Scale

- Cu and Sn recovery
- Zinc recovery 
- PM recovery
- Production of Disposable Slags

These two concepts, metals recovery and waste stabilization, became the key attributes for the 
successful application of the ISASMELT™ technology for recycling consumer waste and 
industrial by-products. The new business created by this innovation is now becoming known as 
“urban mining”.
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Innovative and Sustainable Metallurgy

Although metallurgy is an ancient discipline it still requires innovation. Sustainable innovative 
new processes can be developed by going back to the basics and applying the fundamentals of 
slag chemistry and thermodynamics using modern thermochemical software. The key to this
approach is evaluating and considering fundamental principles such as the chemical 
thermodynamics, slag reaction mechanism, basic chemistry, metal and slag physical properties.

Good examples of how a combination of pyrometallurgical and hydrometallurgical processes can
be applied in an innovative manner to recover and recycle base and precious metals are the use 
of the ISASMELT™ technology by Aurubis AG in the Kayser Recycling System (KRS) in 
Lünen, Germany [4], and by Umicore at their Base Metals and Precious Metals Operations in
Hoboken, Belgium [5].

These two plants operated traditional smelters in the past using technologies such as Peirce-
Smith Converters, Blast Furnaces and Hoboken Converters. However they understood that a new 
sustainable approach was required for them to meet new and more challenging environmental 
regulations to operate in a profitable and sustainable way in the 21st century [4,5]. The dramatic
changes to the existing operations required a willingness to explore how the versatility of an
ISASMELT™ furnace could be combined with complementary technologies to produce the 
targeted metals.

The design of the new operations at Hoboken and Lünen required innovative metallurgical
approaches in order to investigate and define suitable operating conditions for a variety of feed
materials. Investigations, conducted at lab and pilot scale levels, allowed for the generation of 
fundamental knowledge that could be combined with state of the art engineering to design, 
construct and operate both plants. From the fundamental metallurgical design point of view, the 
aspects listed below are relevant to the conceptualization, design and development of both
metallurgical processes:

� Definition of suitable metallurgy to recover the targeted metals.
� Definition of suitable oxygen and sulphur potential conditions required to maximise 

recovery of the targeted elements.
� Characterization of physical and chemical properties of the molten liquid and gas phases.
� Design of an appropriate slag systems to:

o Define different operating windows that provide process flexibility for processing 
complex and variable feeds

o Optimize distribution of key elements between the slag and metal phases,
o Contribute to the stabilization of refractory materials under the prevalent 

operating atmosphere.
� Design of appropriate off-gas handling facilities that allow for adequate post combustion 

and heat recovery of the generated process gases and dusts.
� Design of complementary pyro- and hydro-metallurgical processes to complement the 

core designed smelting process to maximise recovery of the targeted elements.

A suitable experimental process, including pilot plant testing for the ISASMELT™ process, was
carried out by Umicore and Aurubis in collaboration with Xstrata Technology to define the 
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prevalent operating conditions for their respective processes. Additional efforts in fields such as 
heat transfer, transport phenomena, combustion engineering, reactor design and finite element 
calculations were also required to complement the metallurgical design. The results of those 
investigations generated the required fundamental knowledge that allowed the design and 
construction engineering teams to complete the design of their respective plants.

Application of Metallurgical Theory for Process Development

Proper design of a sustainable pyrometallurgical process for recovery and recycling of metals
requires managing a large number of factors. A key aspect in the recycling of electronic scrap is 
the diverse range of elements that can be contained in a product targeted for recycling. For 
example, a mobile phone can contain over 40 elements from the periodic table, including base 
metals like copper (Cu) and tin (Sn), special metals such as cobalt (Co), indium (In) and 
antimony (Sb), and precious metals including silver (Ag), gold (Au) and palladium (Pd) [6]. The 
denoted complexity of only this one part of the feed to an electronic scrap recycling facility 
shows that for these facilities to run, they not only require the use of state of the art technologies,
but also the appropriate use of fundamental theory to maximise the recovery and stabilization 
rate of all targeted metals in a sustainable manner. 

The diversity of minor elements and precious metals in the electronic scrap, along with the
content of minor oxides, such as alumina, used in some of the components of the electronic 
materials are two relevant aspects to consider in the proper design of a metallurgical flowsheet.

Selective Oxidation of Minor Elements and Precious Metals in Recycling of Electronic Scrap

Selective oxidation is a well-known property that can be used as a fundamental tool to design a 
suitable metallurgical process. Figure 1 shows the oxygen-sulphur potential diagram at 1300 °C 
for (a) Cu, Pb, Ni, Sn, Zn, and Fe, and for (b) copper smelting processes. The combination of 
both diagrams can help in providing a better understanding on how to apply selective oxidation 
in recycling process design.

Figure 1 – Sulfur-Oxygen Potential Diagrams at 1300°C using FactSage and from Yazawa[7]
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Example 1: Recycling of low copper content scrap with minimum sulphur content

In this case an initial reductive smelting process such as the one in place at the Aurubis 
ISASMELT™ plant is appropriate. The selection of these conditions will be represented by 
oxygen potentials below 10-9atm and sulphur potentials below 10-4atm, in the FactSage and 
Yazawa diagrams shown in Figure 1. Under these conditions base and precious metals will be 
predominantly deported to the metallic phases while oxide components associated with the 
recycled materials will form a slag phase. In a subsequent oxidation stage, the oxygen potential 
is increased to levels between 10-7atm and 10-6atm allowing partial or total oxidation of elements
such as Fe, Sn, Pb, As, Sb, Ni, leaving most of the copper and precious metals in the metallic 
phase. The activity coefficient (affinity) of these elements with the base metal (Cu) play a 
relevant role in defining the minimum achievable concentration of these elements in the copper 
phase. The product black copper requires a subsequent pyrorefining stage to produce copper with 
a suitable quality for electrorefining. The flowsheet for the Aurubis KRS process, including the
ISASMELT™ furnace, is shown in Figure 2.

Figure 2 – ISASMELT™ Furnace in the KRS Flowsheet at Aurubis Lünen, Germany [8]

Example 2: Recycling of mixed PGM, copper and lead scrap with higher sulphur content

Due to the relatively high sulfur content in the feed, a copper-lead matte formation stage, as 
shown in the Yazawa diagram in Figure 1, is required. Sulphur potentials between 10-2atm and 
10-3atm and oxygen potential between 10-8.5atm and 10-8

Figure 3

atm represent the matte formation stage 
of this type of process. After the selected matte grade is reached, a converting stage with further 
increase in the oxygen and sulphur potentials allows the formation of blister copper. This 
concept was applied in the design and operation of the Umicore ISASMELT™ at Hoboken
shown in the flowsheet in .

ISASMELT™ 
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Figure 3 – ISASMELT™ Furnace in the Umicore, Hoboken Plant Operations Flowsheet [5]

Example 3: Refining of copper 

Copper produced in an ISASMELT™ furnace needs to be refined. If a pyrometallurgical route is 
chosen as the first stage, an additional stage to allow oxidation of minor elements is required 
(levels near Po2 = 10-5atm in Figure 1). Two main aspects are relevant to consider in the design 
of this process:

� Selective Oxidation of Impurities: Appropriate conditions are required not only to 
maximize recovery of copper and precious metals but also to recover (in a subsequent 
reduction process) some valuable elements that will be oxidized in this stage such as 
tin, lead and copper.

� Selection of Appropriate slag systems to maximise the collection of impurities: There 
is no single slag system capable of efficiently removing all the impurity elements 
associated with the generated copper phase. Therefore a combination of selective 
slagging steps using different fluxes is required to achieve the necessary copper 
quality.

A different approach for copper refining such as the leaching and electrowinning, applied by 
Umicore, is also an option to achieve the required quality of copper and recovery of precious 
metals [9].

Selection of Appropriate Slag Systems for the Smelting Process

As previously mentioned, in addition to the diversity of minor elements and precious metals 
present in secondary materials such as waste electrical and electronic equipment (WEEE), minor 
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oxides are also present. Therefore, selection of an appropriate slag system is also important to 
maximize the capacity of slags for the required elements and minor oxides. The selection of the 
slag system is governed by the chemical and physical properties of the slags, such as liquidus 
temperature and viscosity. For example, an incremental increase in the alumina content in the 
slag will decrease the liquidus temperature for given oxygen potential and operating temperature. 
Figure 4 shows this effect of alumina in a typical fayalite slag a 1200 and 1300 °C at different 
oxygen potentials, which represent operational conditions from reductive smelting to converting. 

As the set of ternary diagrams at 1200 °C show (Figure 4 (a), (c) and (e)), at relatively low 
oxygen potential conditions (reductive smelting) the increase from 0% alumina to at first 4% and 
then 8% alumina in the slag increase the liquidus region by pushing the silica saturation 
boundary towards the silica rich region. However, if fluxing were to follow the path of the higher 
combined silica and alumina contents, this will play a detrimental role to the slag characteristics 
due to the higher slag viscosity. This is illustrated by Figure 5 which shows that with higher 
SiO2/Fe ratios, namely higher silica concentrations, even though solids precipitation is avoided 
until over 5 wt% alumina in the slag, the overall slag viscosity is higher if higher silica regions 
are targeted.

(a) (b)

(c) (d)
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(e) (f)

Figure 4 - Effect of Alumina on Fayalite Slag at 1200 °C and 1300 °C

When considering the effect of temperature on the conditions in Figure 4 we find that at the same 
oxygen potential conditions (ternary (b), (d) and (f)), the liquidus region will be expanded,
pushing the spinel saturation region towards the FeO rich area. The change in operating area by 
adjusting the temperature, flux content (CaO) or due to oxygen potential changes the activities of 
the valuable metals within the slag. These changes can be predicted and therefore the operating 
regions can be selected that will allow for the most sustainable outcome. The optimal operating 
region is one where appropriate levels of metals are recovered, whilst the versatility and usability 
of the waste materials from the process is maximised by allowing them to be separated for use as 
feed materials in other industries.

Figure 5 – Effect of Alumina on the Viscosity of Fayalite Slag at 1200 oC
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Concluding Remarks 

Sustainable innovative new metallurgical processes can be developed by going back to basics 
and applying the fundamentals of slag chemistry and thermodynamics using modern
thermochemical software. Application of basic metallurgical concepts such as oxygen and 
sulphur potential, selective oxidation, slag capacity, liquidus temperature and viscosity of slags 
combined with a versatile technology such as ISASMELT™ can be used to design modern, 
innovative and sustainable recycling plants such as the ones operated by Umicore Precious 
Metals Refining at Hoboken and Aurubis AG at Lünen. Both companies recognized one of the 
important strengths of ISASMELT™ technology for their respective processes: its versatility and 
ability to be incorporated into new, innovative applications, thereby giving these “urban miners”
a commercial edge while ensuring they can operate in a sustainable manner.
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Abstract

Social sensitivity of habitants, minimal impact on the environment, low-grade infrastructure, 
high altitude, frequent rock slides combined with expectations for the timely moving of 
equipment and workers are some of the challenges emerging from the current construction of a 
mine.  Starting with traditional planning, and experiencing issues in the early phase of the 
construction, a traffic simulator was requested by the Procurement Department in order to 
validate daily-weekly schedules and predict likely delays or blockages on the long-term.  

The now available simulator captures the available routes and the applicable travelling rules.  
Traffic schedules are inputs to the simulator, which attempts to perform the planned movements 
of the vehicles of various type and size.  The data collected is analyzed and recommendations are 
made to management thus providing the means of adaptive/responsive planning and dispatching 
of vehicles and convoys.   

The simulator is undergoing real-life tests.  It is expected that adaptive traffic planning will result 
in an improved usage of resources and will help maintain sustainable operation.   

Introduction

The ongoing construction of a major, long-life mine is subject to a number of challenges.  The 
pace of the construction work sets the daily-weekly requirements on cargo and workers’ 
movement.  Detailed traffic plans are generated for the weeks ahead by traffic and logistics 
(T&L) experts, carefully matching the forecasted demands and resources. However, the 
execution of a traffic plan is subject to countless, time-varying restrictions and limitations.  
These include, among others, the social sensitivity of habitants, a low-grade infrastructure, high 
altitude and frequent rock slides.  It is rather difficult to project the true impact on the overall 
traffic performance and size the necessary countermeasures. The mine construction traffic was 
initially drawn on traditional planning, and T&L Specialists experienced issues in its early 
phases.  As a result, a traffic simulator was requested by the Procurement Department in order to 
validate daily-weekly schedules and predict likely delays or blockages on the long-term.  

To the mine construction site, the road crosses through the Andean region, at an elevation of 
3,700 – 4,600 m above sea level, illustrated on Figure 1. The road is technically the only 
available road.  It was intended to serve the local communities only: getting basic commodities 
to habitants and connecting neighbors and neighboring settlements.  Then, industrial operations 
started in the region and recently the mine construction was started.  The construction of the 
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mine commenced around September 2011 with approximately 480 workers onsite.  At peak 
construction, around October 2013, there will be approximately 6685 workers onsite.  Towards 
the end of the construction phase, around December 2014, there will be approximately 2085 
workers onsite.  Once the mine is operational there will be approximately 1,350 permanent jobs.

Figure 1. Road to Mine Construction Site

This major development should meet high safety and health standards, handle human resource
issues, manage community relations and limit environmental impact to assure long-term 
sustainability to the stakeholders. It was stated by the mine owner, that regarding workplace 
safety, health and risk management, the most sensitive issue was road traffic and helicopter 
operation. In this paper, attempts are made to underline some sustainability aspects related to 
road traffic planning and operation.  

Sustainability Related to Road Traffic

Sustainability, as often applied to industrial activities, consists in balancing long-term economic, 
environmental and social considerations when managing the business and ensuring viability for 
all participants.  Moving equipment and workers to mine construction over a long period of time 
is indeed a world in a drop of water when sustainability is addressed.  Specifically, safety risk
management and handling social/ community issues are particularly applicable to road traffic.

Managing safety and risk

Workplace safety and health starts with preventive screening of workers/ drivers for high 
altitude.  A policy is implemented on internal authorization to drive vehicles, maintenance and 
vehicle age control, safe driving, en route control. Traffic organization is based on a Road 
Management Plan, what defines, among others, the followings:

� Operating times (normally daylight traffic is allowed only)  
� Prohibitions under low visibility  
� Minimal distances between vehicles  
� Defining solo vehicles and grouping vehicles to convoys 
� Zones for passing/ zones prohibited for passing  
� Obligatory stopovers for slow moving vehicles  
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Travelling conditions – in general – are bad.  Road width, curvature, slope and pavement impose 
constant risk on drivers; road improvement is a continuous support activity to road traffic.  
Building a new branch of road is planned to handle a great part of the traffic over a longer 
distance towards the mine.  In Figure 2, the narrow bend of the road is under extension/ leveling 
by a bulldozer. It is obvious that the hut is “at a wrong place”.  Even after the bend is extended, 
it will stay extremely close to the heavy traffic.  Relocating it seems plausible – but not doable in 
most cases, subject to the given circumstances, due to social and community issues.

Figure 2. Road Extension at a Community  

Respecting social sensitivity

The road was built to connect settlements, then settlements developed and further houses were 
built right beside the road.  As of today, passing traffic is extremely close to residential buildings
at certain settlements.  Great effort is done to widen roads, add extra lanes, build bypasses or 
purchase properties and relocate them to a safe spot nearby.

The lodging, catering and health facilities are rather limited at the settlements.  A rock slide, 
suddenly blocking the road at a random place, might order a convoy of buses to unplanned halt.  
Providing the basic needs for 30-40 extra people at settlements far exceeds local resources and
disturbs the community; this requires immediate mitigation from T&L service.  

A registry of events was compiled for holidays, fairs, ceremonial events and regular local 
activities in the involved settlements.  The Traffic Forecast Plan considers these temporary 
traffic limitations (speed control, one-way traffic or no passing during the events).  

Further, otherwise minor events, unrelated to mine construction or any above, might have serious 
effect on timely moving equipment and workers.  Closing the pedestrians’ crossing in front of a 
local school can completely paralyze traffic for hours.  In Figure 3, local habitants are working on 
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a building next to the road.  First, the mine construction traffic was restricted to a “one-way” 
traffic, then ordered to complete halt, to provide time and access for residents to complete their 
work in a safe manner.  

Figure 3. A Temporary Traffic Restriction  

On the Road

The mine construction is ongoing.  Road maps and settlement maps are available and it was 
possible to travel the road and collect data on vehicle movement (logging arrival/ departure at 
settlements, collecting GPS data etc.).  A traffic model and simulator was requested by the 
Procurement management to aid traffic scheduling. During model testing and validation, model 
results were regularly compared to real, observed situations.  To start with, the following Figure 4
and 5 illustrate - in pairs - the real conditions and situations and the simulated ones.  The details 
of the modeling work are addressed in the subsequent sections of the paper.

Figure 4 shows a general traffic situation, vehicles pass through a regular road sector.  In this 
case, the vehicles are regular-sized trucks, organized into convoys.  The convoy is led by an 
escorting vehicle, with a board mounted to its top, marking the fact that a convoy is coming 
behind it, containing two (2) members (trucks).  These are important pieces of information to 
counter traffic members, flagmen and road repair workers, equally.  The simulated twin-pair 
shows a fraction of a map, road marked in red and the small boxes represent the vehicles.  

Figure 5 shows a dedicated “rest site”, real and simulated, respectively: medium-sized busses, 
organized to convoys, made a temporary halt at the roadside.  The roads are generally barely 
wide enough for single-lane traffic; passing is prohibited at many road sectors.  Parking, resting 
is allowed only at dedicated sectors.
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Figure 4. Roads – General Traffic 

Figure 5. Roads - Rest Site for Convoys

Travelling restrictions are categorized by the T&L experts as permanent and temporary 
restrictions.  These restrictions and the applicable traffic rules are summarized in Table 1 and
Table 2. Real and simulated situations at travel restrictions are shown in Figure 6 - Figure 8.

Table 1. Permanent Traffic Restrictions

Type Time Duration Traffic Rules
Bridges Permanent or 

regular, limited to certain periods 
of the day

Single-lane, alternating traffic  
speed limitation  
keeping convoys together

Road narrows
Steep roads
Settlements - roads

Table 2. Temporary Traffic Restrictions

Type Time Duration Traffic Rules
Road problems

limited to certain periods of a day
single-lane, alternating traffic  
speed limitation  
keeping convoy together
road blockage

Weather problems
Settlements - events
Rock slides  several days
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Figure 6. Permanent Traffic Restrictions - Bridges

Figure 7. Permanent Traffic Restrictions - Settlements  

Figure 8. Temporary Traffic Restrictions - Rockslides
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Discrete-Event Traffic Modeling

There is a recurring need at Bechtel Mining and Metals (M&M) for modeling and simulation 
activities to complement various pre-feasibility and feasibility studies, design alternatives as well 
as ongoing plant/ mine transformation, demolition, construction and operation activities.  The 
scope of the activities spans over industries, among others, addresses:

� Aluminium production
� Copper ore mining and processing
� Iron ore mining and concentrate producing
� Coal mining and transportation  

Part of the processes and most of the complementary people, product and material movement 
that raised questions turned to be logistic-type problems; discrete event models (DEM) and 
process simulation were used to address the issues.  During the years, the ever-growing M&M 
Center of Excellence (CoE) Process Model Library has been extended with Traffic Model 
components.  These include:

� Routes, composed of sectors, determined by and set to the travelling characteristics of the 
real roads  

� Parking/staying sites, bridges, narrows and intersections
� Settlements, with individual traffic restrictions (daily restrictions, holidays, events etc.)  
� Parking/staying sites, bridges, narrows and intersections with rules for intended usage  
� Road blockages
� Operation-related traffic, (scheduled, defined)
� Third-party traffic (random, estimated)

Model prototypes are built from these library modules.  Then, the parameters of the model 
components are tuned to design values and specific traffic scheduling is applied (pick-ups, 
regular trucks, heavy trucks, buses etc.).  Also, the simple, default blocks of vehicles could be 
transformed into 3D shapes better resembling the vehicles applied at a particular site.  At this 
stage, the model starts to “work”, and step-by-step model verification could begin.  

The 3D visualization is beneficial to demonstrate the forming traffic and to spot issues.  The 
usage of the simulator is organized in three steps:  

� Compilation of input data – vehicle parameters, traffic restrictions, traffic scheduling; 
data arrangement and pre-processing  

� Simulation - performing scenarios, visual demonstration of the forming traffic; data 
collection  

� Evaluation of output data – traffic analysis, vehicle utilization, progress with mine 
construction; post-processing and chart generation.  

The DEM simulation shell is from Flexsim.  The available development environment is shown in 
Figure 9.  A road map serves as background; the real road is marked with red, the red lines mark 
the modeled road.  Vehicles are color-coded (shown as blue, grey and yellow boxes).  Poles 
(green and yellow ones) mark important segments of the road (speed limit zone, narrows etc.).  A 
bridge is marked with a purple block.  For ease of use, pre- and post-processing were developed 
in Microsoft Excel.  Post-processing was kept open-ended, allowing further analysis on behalf of 
the T&L Specialists.
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Figure 9. Flexsim DEM Environment

T&L experts measure utilization of access points, routes, intersections, staging areas, and control 
movement of vehicles on the road. The model allows having an “overview” of the ongoing 
traffic. As the road is about 200 km long, the blocks, representing the vehicles are not visible.  
The black lines, “electronic leashes” in Figure 10 are to spot vehicles and group of vehicles as 
they move.  

Figure 10. Vehicle Movement Overview
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Model–Based Traffic Planning and Validation

During the construction of the mine, special care was taken in minimizing impact on the life of 
local habitants and the environment.  As a result, a number of issues were captured in the model,
such as limiting or even banning traffic on local and national holidays, allowing traffic only
during daylight (adapting to sunset/sunrise times and to seasonal weather conditions).  It was 
understood that sustainable operation during mine construction was primordial towards mine 
operation for the years to come.  

The traffic simulation is based on the continuously updated Traffic Forecast Plan. When a time 
period of interest is set, a schedule is generated for that period (typically days, or a week).  Then, 
using the traffic model, T&L experts could simulate combined effects of schedules and projected 
traffic restrictions.  Figure 11 shows waiting times at a bridge, over a week-long period, where 
alternating, single-lane traffic is ordered. Figure 12 shows the travelling times for the groups of 
vehicles.  

Figure 11. Vehicles’ Waiting Time at a Bridge

Figure 12. Vehicles’ Travelling Time

In general, the model execution is fast.  It could be up to 100 times faster than real time, 
depending on model granularity as well as animation and reporting overload.  It was found, that 
results for projected one-week traffic could be generated within minutes, i.e. still in real-time 
with the ongoing process.  This means that in critical situations, a T&L Specialist, weighing 
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options, first could apply the possible changes to a model, then run the model and compare the 
outcomes.  It could be, indeed, a model-based “calculator” to traffic planning and validation. 

The simulator could be extended with data collecting/ recording utilities.  Those data then could 
serve for formal traffic density and road capacity analysis. A time-space diagram is given in 
Figure 13. Trips of selected vehicles (color-coded lines for vehicle #1, 7, … 65) are shown.  
Traffic stream properties, density (number of vehicles over a unit length of the road) and traffic 
flow (number of vehicles passing a reference point per time unit) can be derived from the curves.  

Figure 13. Time-Space Diagram

N-cumulative curves are shown in Figure 14.  At selected sites of the road (coded as 100, 200,… 
800), number of passing vehicles were counted over the day.  Travelling times between sites, 
delays, total number of vehicles on the road, congestions could be derived from the curves.  

Figure 14. N-Cumulative Curves
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Conclusions

Sustainability is key measure for an ongoing mine construction project.  A traffic simulator is 
provided to aid planning/ validating movement of workers and cargo.

Testing, maintaining, extending and improving the simulator are ongoing.  As the mine 
construction progresses, roads will be altered and new roads will be added to the existing ones.
Traffic rules will be added and adapted to evolving site conditions.  The modular structure of the 
model/ simulator provides more flexibility such as the capability of adding elements to the model 
to represent new scenarios.

T&L experts are gradually including the traffic modeling approach to their daily traffic planning 
routine.  Their comments on data preparation (planning), traffic analysis (data collection, 
reporting) and interfacing with other applications (GPS-based vehicle monitoring) will be 
captured to the new model release in the coming months.  Further results are expected to be 
published at coming TMS conferences.  
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Abstract

A novel two-stage process is investigated for preparing the fibrous copper powder used for 
conductive filler in conductive paste. Based on thermodynamic simulation of Cu(II) - C2O4

2- - 
NH3 - NH4

+ - H2O system, the rod-shape copper oxalate salt is synthesized firstly with
coordination precipitation method, using ammonium oxalate and a purified copper salt solution 
which could be from either primary or secondary copper-bearing resources. According to the 
results of XRD, element analysis and X-ray single crystal diffraction, it can be inferred that the 
composition of the copper oxalate salt is [Cu(NH3)3]C2O4 · xH2O, and the NH3 plays a 
significant role in the formation of rod-shape crystal. Secondly, the copper oxalate salt is
decomposed to fibrous copper powder at 350 in inert atmosphere. The thermo-decomposition 
procedure is characterized by TG-DSC-FTIR, XRD and SEM. It is found that the phase of 
copper oxalate salt transforms as following: [Cu(NH3)3]C2O4 · xH2O  [Cu(NH3)3]C2O4

CuC2O4 Cu.  

Introduction

The conductive paste usually comprises burning infiltration-type conductive paste and curing 
conductive paste. A certain quantity of conductive filler is required as a conductive medium,
generally using lower resistivity metal powders such as Ag, Cu, Au, Ni, etc., wherein Ag is the 
most extensive.  

The conductive properties of the conductive paste mainly depends on three factors [1]: 1) the 
volume fraction of the conductive filler; 2) its own conductivity of conductive filler; 3) the 
dispersion state of the filler in a polymer matrix. The study showed that the morphology of the 
electrically conductive filler particles is one of the most important parameters of the many 
factors affecting the conductivity. Comparative study of the effect of conductive filler
morphology (spherical, flake, fibers, etc.) was undertaken. It’s found that the more irregular of 
the filler particles (such as metal fibers, metalized glass fibers, carbon nanotubes, etc.), the lower 
of �����	�
��
�
���
����������
��
��
and the less specific consumption of filler required to achieve 
the same conductivity[2-5]. In copper conductive paste, , the  fibrous copper powder filler with a 
length / diameter ratio (referred to as the "aspect ratio") will help to improve the conductive 
properties of the paste, and to reduce the specific consumption of copper powder. Accordingly, 
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the development of a new process for preparing fibrous copper powder will contribute to 
improving the performance of the conductive paste, as well as reduce the cost significantly.

The traditional methods of copper powder preparation mainly include the electrolytic process,
atomization method and liquid-phase reduction method, etc. [6], wherein the copper powder 
morphologys refer to dendritic, spherical, flake shape, except fibrous shape. In recent years, the 
preparation of nanowires and nanorod of copper or copper oxide is reported in literatures. The 
methods can be divided into two categories: chemical vapor deposition(CVD) and physical vapor 
deposition(PVD) [7]; the template method [8, 9], but all these methods have some shortages, 
such as harsh preparation conditions or complicated process, or high cost, etc.

In the literatures [10], oxalate liquid precipitation method is reported to be an effective way to 
prepare special morphology of powder. Currently, the researches mainly focus on preparation of 
copper oxalate salt by this way, whereas rarely on the preparation of fibrous copper powder , 
except few reports on porous copper oxide powder synthesis[11, 12]. N.Jongen [13] studied the 
effect of the hydroxypropyl methyl cellulose (HPMC) on crystal growth and obtained square-
shape and short rod-shape copper oxalate powder; T.Ahmad [14] prepared nickel oxalate and 
copper oxalate nanorods using reversed micelles method; M.Y.Li [15] synthesized copper 
oxalate nanowires in the ionic liquid of ethanol and BMImBF4 with copper acetate and oxalic 
acid as raw material, by controlling of the reaction temperature 180 .

In this study, we propose a new process for preparing fibrous copper powder, which is divided 
into two steps: 

1) The rod-shape copper oxalate salt is synthesized firstly with coordination precipitation 
method, using ammonium oxalate and a purified copper salt aqueous solution which could be 
from either primary or secondary copper-bearing resources, just like the copper sulfate 
electrolyte in the electrolytic refining of copper, copper-bearing leaching solution in anode slime 
treatment or in hydrometallurgy of copper.

2) copper oxalate salt is decomposed to fibrous copper powder at certain temperature in inert 
atmosphere.

Therefore, thermodynamic analysis of Cu(II) - C2O4
2- - NH3 - NH4

+ - H2O system is to be
undertaken first in the research. and copper oxalate salt will be synthesized on the base of 
thermodynamic calculation results. The chemical compostion, phase, morphology, and 
thermostability of the powder will be analyzed.

Thermodynamic analysis

Pourbaix diagram ( Eh-pH) of Cu-C2O4
2--H2O and Cu-NH3-H2O systems

Considering the complexity of the aqueous solution, Pourbaix diagram ( Eh-pH) is first 
introduced to analyze the stability conditions of species. The Eh-pH diagram is calculated and 
plotted by the “EpH” module of software Factsage 6.3 [16, 17]. Since of the functional 
restriction of the program, in which the number of inputed non-metals is no more than three, so
the Eh-pH diagrams of Cu-C2O4

2--H2O and Cu-NH3-H2O systems are respectively plotted at the 
conditions of T=298K, CCu2+ = CC2O42- = CNH3 = 1mol/L.
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Thermodynamic equilibrium calculation of Cu2+-C2O4
2--NH3-NH4

+-H2O System

Cu2+-C2O4
2--NH3-NH4

+-H2O solution  is a complex system, which contains not only  multi-level 
coordination reactions of Cu2+ and NH3, but also precipitation reaction of Cu2+ and C2O4

2- , Cu2+

and OH-. In the system, the main species including: Cu2+, Cu(NH3)2+, Cu(NH3)2
2+, Cu(NH3)3

2+,
Cu(NH3)4

2+, Cu(NH3)5
2+, Cu(OH)+, Cu(OH)2(aq), Cu(OH)3

-, Cu(OH)4
2-, CuC2O4(aq), Cu(C2O4)2

2-,
CuHC2O4

+, CuC2O4(s), Cu(OH)2(s), H2C2O4, HC2O4
-, C2O4

2-, OH-, H+, NH4
+, NH3, Cl-.

When the solution system is in equilibrium, based on the principle of simultaneous balance, the 
respective chemical reactions are in equilibrium and the equilibrium concentration of each 
species in the system are simultaneously meet thermodynamic balance equation. Further, 
according to the principle of mass conservation, the balance system of the same element and the 
initial element of the quality of the quality and equal, ignoring the volume changes before and 
after the solution in the equilibrium reaction, the sum of each kind of element equilibrium 
concentration is equal to the initial  concentration. Based on the above two principles, the model 
of the thermodynamic equilibrium of the system can be built, which is shown in our previous
paper[18].

Experimental

Synthesis of copper oxalate salt

Certain concentration of copper chloride solution and ammonium oxalate solution were prepared 
based on the requirements of stoichiometric ratio. All the solutions ware elaborated by deionized 
water. The ammonium oxalate solution was injected into the bulk copper chloride solution with 
peristaltic pump, controlling reaction temperature at 30~70 . Meanwhile, ammonia water was 
added to adjust and stabilize the solution pH around a certain value. After a duration of agitating 
and aging, the precipitate was filtered, washed with deionized water and ethanol, then dried in a 
vacuum drier at 100~120 for more than 12 hours. Finally, the copper oxalate salt powder was 
obtained.

Thermal Decomposition of copper oxalate salt

Some copper oxalate salt powder was put into an alundum boat, and then was set in electric tube 
furnace. By controlling an appropriate atmosphere, temperature and time, the copper powder 
was obtained finally.

Characterization of powder

The structure and composition of as-prepared powder was measured with X-ray diffraction
(Bruker AXS D8 Advance ) and X-ray single crystal diffraction (Bruker SMART APEX ).
The chemical compositions of copper oxalate salt was obtained by elemental analyser (VARIO 
EL III) and chemical analysis method. The morphology, particle size and dispersion were 
characterized with scanning electron microscope(JSM-6490LV) . The TG-DSC-FTIR analysis of
powder was conducted with NETZSCH STA 449C thermal analyzer. 
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Results and Discussion

Analysis of Pourbaix diagram

The Eh-pH diagrams of Cu-C2O4
2--H2O and Cu-NH3-H2O are shown in Fig.1. It can be found in 

Fig.1(a) that by adding C2O4
2-, Cu2+ in aqueous solution is precipitated as CuC2O4(s) when pH 

less than 8.0 , while precipitated as Cu(OH)2(s) when pH value more than 8.0. From Fig.1(b), 
it’s obvious that before adding C2O4

2-,  the copper mainly exists as Cu(NH3)4
2+ in solution when 

pH value less than 9.0. Based on the above analysis, it’s supposed that when adding oxalate into 
the Cu-NH3-H2O system, the copper ion can be precipitated as CuC2O4. However, in the more 
complex Cu-NH3-C2O4

2--H2O system, the stability region of speces will differ from the 
situations in Fig.1, which needs further thermodynamic equilibrium calculation. 

Fig.1 Eh-pH diagrams of Cu-C2O4
2--H2O and Cu-NH3-H2O system

Thermodynamic equilibrium calculation of Cu2+-C2O4
2--NH3-NH4

+-H2O System

The 3D surface of lg[Cu]T-pH- [N]T in solution is shown in Fig.2 when [C]T is 0.4mol/L. As can 
be seen from Fig.2, The pH value affects greater on the total concentration of copper ions [Cu]T
in the solution. when the pH value is gradually increasing, the [Cu]T has a trend of decreasing -
increasing - decreasing. Comparatively, the total ammonia concentration [N]T has a relatively 
small impact of change on the [Cu]T. It can be seen clearly from Fig.3. when [N]T changes
between 0 ~ 4 mol / L, the variation of [Cu]T with pH value turns to be consistent: when pH less 
than 4.0, [Cu]T decreases with the increasing of pH, and the [N]T almost has no impact on [Cu]T;
[Cu]T reaches the minimum value when the pH value is between 4.0 to 5.0, and the effect of [N]T
on [Cu]T become notable. The larger is [N]T, the more is [Cu]T in solution. when the pH value is 
elevated to between 5.0 to 8.0, with the increase of the pH value, [Cu]T sharply increases. This is 
mainly due to the free NH3 concentration in the solution increasing rapidly within the pH range, 
so that more free copper ion coordinate with NH3 to form a complex ion of Cu (NH3) x (x = 
1,2, ..., 6) . When the pH value is up to 8.0 ~10.5, [Cu]T reaches its maximum value, and remains 
substantially stable; when the pH continues to rise, due to the hydrolysis of the copper ions Cu
(OH) 2, [Cu]T in the solution decline rapidly. 

(a) (b)
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Fig. 4 3D surface of lg[Cu]T-pH-[C]T in solution 
when [N]T = 2.0 mol/L

The 3D surface of lg[Cu]T-pH-[C]T in solution when [N]T = 2.0 mol/L is shown in Fig.4. As can 
be seen from the Figure, the total concentration of oxalate [C]T affects slightly on the [Cu]T.-
Fig.5 shows that [Cu]T value has a down-up-down trend with the increasing of pH as [C]T
changes between 0~1 mol/L, which is similar to Fig.3. However, the effect of [C]T on [Cu]T is 
much more obvious when pH less than 8.0. The higher is [C]T , the lower is [Cu]T, since more 
copper is precipitated as copper oxalate.

Fig.6 shows the concentration distribution of copper-bearing species in solution. It’s seen from 
the figure, when the pH value is less than 4.0, the copper exists  entirely in the form of free 
copper ions, and the copper ions precipitates with oxalate directly. now the reaction rate is 
relatively fast, so aggregation growth have priority in the precipitation process, which is difficult 
to control and obtain a special morphology particle; With the pH value increased, copper ion 
coordinates mainly with NH3. Due to the decreasing of precipitation reaction rate, it’s easier to 
systhesize powders with a certain crystal growth habit.

Fig.2 3D surface of lg[Cu]T-pH- [N]T in 
solution when [C]T = 0.4mol/L

Fig.3  relationship curve of lg[Cu]T and pH value 
at various total ammonia concentration
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Fig. 5  relationship curve of lg[Cu]T and pH value at 
various total ammonia concentration
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Characterization of the copper oxalate salt

Copper oxalate salt was synthesized at various experiment conditions. the XRD patterns and 
SEM photos are shown in Fig.7. It is found that pH value has a significant effect on phase and 
morphology of copper oxalate salt. Three different kinds of products were obtained, namely pie 
shape (particle size ���), flower shape(particle size 50��) and rod shape (particle diameter 1��,
length >20��). By analyzing the corresponding XRD patterns, the phases differ from each other. 
Compared with standard PDF card, the powder prepared under the condition of pH 5.0 is proved 
to be CuC2O4•H2O; however, the other four patterns don’t show any CuC2O4•xH2O peaks, and 
also accord with none of the standard PDF cards at present, which suggests they are complicated 
copper oxalate instead of CuC2O4•xH2O.

The chemical composition and structure of them were analyzed by chemical analysis, element 
analyser and X-ray single crystal diffraction, the results are show in Table 1 and  Fig.8. From the 
data in Table 1, the molecular formula of sample Fig.7(b) and Fig.7(c) is inferred as  
Cu(NH3)2C2O4 xH2O 0<x<1 and Cu(NH3)3C2O4 xH2O 0<x<1 respectively. Fig.8 
shows that the molecular chain of rod-shape powder is linear, and the functional group NH3 is 
perpendicular to the molecular chain plane, which plays a significant role in the formation of rod-
shape crystal. The cell parameters in Table 2 indicate that the crystal stucture belongs to triclinic 
system.

Table 1 Chemical composition of copper oxalate salt synthesized at pH 7.0 and 8.0

Cu(wt.%) N wt.% C wt.% H wt.%

Fig.7(b) 36.90 15.33 13.28 3.17

Fig.7(c) 30.05 21.66 11.43 4.22

Fig. 6  Concentration percentage curves for copper-contained species under
[N]T = 2.0 mol/L and [C]T = 0.2 mol/L conditions ( T = 298 K )
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Fig.7 XRD patterns and corresponding SEM photos of copper oxalate salts synthesized at various pH values: (a) 
5.0; (b) 7.0; (c) 8.0

Fig.8 molecular chain of fibrous copper oxalate salt synthesized at pH 8.0

Table 2 the cell parameters of of fibrous copper oxalate salt synthesized at pH 8.0

a Å b Å c Å � � �

5.5046 16) 5.7125 17 6.2887 18 75.11° 79.05° 78.35°

(a)

(c)

(b)

CuC2O4 xH2O

Cu(NH3)2C2O4 xH2O

Cu(NH3)3C2O4 xH2O

2� / degree
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Procedure of thermal decompostion of the rod-shape copper oxalate salt

The thermostability of rod-shape copper oxalate salt was investigated by TG-DCS-FTIR 
analyser.The result is shown in Fig.9. The FTIR spectrums of offgas at the points of time a, b, c,
d are plotted in Fig.10. Compared with standard spectrum database, they are proved to be (a) 
NH3, (b) NH3 with little CO2, (c) CO2 and NH3, (d) CO2. Due to the hysteretic quality of
detection and interference of offgas, it is reasonable to consider the three peaks ahead to be NH3,
and the last peak to be CO2.

From the TG curve of Fig.9, it can be seen that the copper oxalate salt powder is continually 
losing weight as the temperature rise. There are three endothermic peaks respectively around 
450K, 500K, 520K in the DSC curve, meaning the gradually elimination of the NH3 from the 
Cu(NH3)3C2O4·xH2O according to the FTIR spectrums in Fig.10; In addition, there exists a 
relatively weak exothermic peak around 580K, indicating the decompostion of CuC2O4 with 
emission of CO2.

According to the above analysis, the procedure of rod-shape copper oxalate salt is as following:
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Characterization of thermal decomposition product

Fig.11 shows the phase and morphology of the final product after thermal decompostion of rod-
shape copper oxalate salt at the temperature of 623 K in nitrogen atmosphere. Compared with 
standard PDF card, the product is proved to be copper powder. And the morphology of particle 
performs to fibrous shape.
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Conclusions
The research proposed a novel two-stage process for preparing the fibrous copper powder used 
for conductive filler in conductive paste. Firstly, thermodynamic calculation was carried out for 
the aqueous system and proved the possibility of process. meanwhile the effect of technical 
parameters on the equilibrium were discussed theoretically, wherein the pH value affect the 
distribution of species in solution to a large extent. 

Copper oxalate salt with various morphologies pie shape, flower shape and rod shape
were synthesized by controlling different experimental conditions, especially the pH value. The 
results of characterization indicated that the molecular formula of rod-shape powder is
Cu(NH3)3C2O4 xH2O 0<x<1 and the NH3 plays significant role in the formation of rod 
shape. After thermal decomposition, the fibrous copper powder was prepared with the 
decompostion procedure: Cu(NH3)3C2O4 xH2O Cu(NH3)3C2O4 CuC2O4 Cu
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Abstract

Copper anode slimes are a by-product of the electrolytic refining of anode copper, which 
contains significant amounts of silver, selenium, copper, and gold. Slimes are usually smelted to 
recover silver and gold. The thermodynamics of the smelting of such selenium-rich materials 
have received only little attention. In this work, the numerical values on the standard 
thermodynamic functions of Ag2Se (Naumannite) were determined by the electromotive force 
(EMF) method in a solid-state galvanic cell with superionic conductor RbAg4I5 as the solid 
electrolyte.  Ag2Se was synthesized from pure elements in evacuated quartz glass ampoules and 
examined to be homogenous by SEM and EDS. According to the experimental data on the EMF 
versus temperature, the analytical equations were obtained for the polymorphic forms of Ag2Se. 
The temperature ��
�����
�����������
��
����
�-Ag2��
��
�-Ag2Se is determined experimentally 
to be 407.7 K by interpolation of the EMF vs. T data, and the enthalpy of phase transformation is 
6.06 kJ•mol–1. The Gibbs energy of formation for Ag2

. )005/(408,0.21827)42.17847(9895)0.035062.17(J,

   408),/(350,1.53034)94759.27(58129).040869.14(J,

SeAg - �

SeAg -�

2

2

		�
�
���

		�
�
���

KTTG

KTTG
Se is given by 

Introduction

Anode slimes are a by-product of the electrolytic refining of copper anodes, containing 
significant amounts of silver, gold, the platinum group metals, and selenium. Slimes typically 
contain from 5 to 53 pct copper, 5 to 20 pct silver, up to 1 pct gold, 1 to 45 pct selenium, and 2 to 
30 pct lead, as well as small amounts of tellurium, sulfur, arsenic, bismuth, antimony, and nickel.
Silver is found partly in the metallic state, associated with selenium as silver selenide (Ag2Se) 
and silver copper selenide (AgCuSe); copper is present in the metallic state, as the sulfate or the 
oxide and associated with selenium as copper selenide (Cu2Se) and AgCuSe; lead is present 
mainly as lead sulfate (PbSO4
The primary aim of the processing of anode slimes is to remove copper, selenium, tellurium, etc., 
and to leave silver, gold, and the platinum group metals, as an alloy called ‘‘dore´.’’ However, 
the thermodynamics of anode slime smelting have received little attention. The chemical 
potential diagram for the Ag-Se-O and Cu-Se-O systems and a simple computer model were 
presented by D. Swinbourne, A. Yazawa, and G. Barbante [1].

).

The objective of the present study is to determine the thermodynamic stability of Naumannite 
experimentally, by using electromotive force (EMF) measurements in solid-state galvanic cells at 
low temperatures. Ag2Se(cr) is the only intermediate phase in the Ag-Se system and it exists in 
���
 �����������
 �
 ���
 �!
 "��
 �-polymorph (low naumannite) is stable below 406 K. The 
temperature range from 350 to 500 K was chosen in order to obtain thermodynamic data for both 
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�-Ag2Se (stable below 406 K) and �-Ag2

2. Experimental

Se (stable above 406 K) in equilibrium with pure 
selenium.

2.1 Materials synthesis
Silver powder from Alfa Aesar (99.99 % in purity) and selenium powder from Koch-Light 
Laboratories Ltd (99.999 % in purity) were used for synthesis of the intermetallic Ag2
The Ag

Se phase.
2Se intermetallic compound was prepared by a direct synthesis from the elements. The 

Ag and Se powder were mixed in mole ration 2:1 together and sealed in an evacuated quartz 
glass ampoule. Then the ampoule was heated up from room temperature to 673 K at a rate of 4 
K/min and kept for 2 days. After that it was heated to 873 K and then kept at that temperature for 
2 days. Finally, it was heated to 1173 K (the melting point of Ag2

The resulting phase mixture from the synthesis was examined to be homogenous by SEM and 
EDS. The compounds were ground with 1% atomic excess of selenium and pressed uniaxially to 
obtain a pellet of 6 mm in diameter and 2 mm in thickness, under pressure of about 0.1G Pa. 

Se) and kept there for one hour, 
and then cooled down to room temperature.

The solid electrolyte, RbAg4I5, was synthesized according to the method described by Owens 
and Argue [2]. Weighing of 0.8 mole fraction of silver iodide from Alfa Aesar (99.9 % in purity) 
and 0.2 mole fraction of rubidium iodide from Alfa Aesar (99.8 % in purity) was followed by 
mixing. The mixture was sealed in a glass tube under vacuum, and heated at 220 °C for 2 hr. 
Then after being cooled down and maintained at 160 °C for 15 hours, thereby RbAg4I5

2.2 Temperature and EMF Measurements

was 
obtained.

Constant temperature profile inside a Lenton tube furnace type LTF 12/50/610 was located by 
measurements using a moveable thermo-resistance. Schematic illustration of the experimental 
furnace for carrying out measurements with the solid electrolytes is shown in Fig 1. During the 
EMF-measurements, temperatures on both ends of the galvanic cell were measured using two 
PT100 sensors (platinum resistance thermometers, PRT). The PRTs, with tolerance class B 1/10 
DIN, i.e. ± 0.03 °C variation at 0 °C, according to the manufacturer, were calibrated in a mixture 
of ice and water at 0 °C. The obtained resistance values above 100 $
&*�
+
-99!9;<
$
���
*�
+

100.03 $�
 �������
=���
 >
 ����
 �����
 ��
 �
 ���	���
 based on LabVIEW  software code from 
National Instruments that records the temperature values from each PRT. The accuracy of 
temperature and EMF readings reach 0.0001 K and 0.001 mV, respectively. 
The identical platinum wires for the EMF-measurements were used and the lead wires from the 
PT100 sensors for temperature measurements were connected to a KEITHLEY-
6517B/electrometer/high resistance meter and a KEITHLEY-2000-multimeter, respectively. 
Input impedance of the electrometer for EMF-measurements was 2? 1014 @�
 ��
��
 ������
 ���

cells to function in a reversible way. The measured EMF-values and temperatures were 
simultaneously transferred to a computer through a IEE-488-GPIB-cable and a KEITHLEY-
KUSB-488A USB-to-GPIB interface adapter, and the readings were recorded by the software 
giving two measured values every 5 seconds. 
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Fig.1. Schematic illustration of a experimental furnace for carrying out measurements with the solid electrolytes (1)
platinum wire, (2) spring, (3) inert gas inlet/outlet, (4) PRT, (5) furnace tube of quartz glass, (6) sample system, (7) solid 
electrolyte,  (8) reference system,  (9) Lenton tube furnace

Most measurements were performed by heating and cooling the cell in steps from 1 to 10 °C. To 
reach steady state EMF reading, it took from few hours up to two weeks. The equilibriums were 
considered to be reached when the EMF-values were constant, or their variations were not 
significant (< 0.1 mV) and they were oscillating about a certain value for several hours. 
Temperature differences between the two electrodes of the EMF cell were controlled to be much 
less than 1 °C (0.1 < T(°C) < 0.8), by manually adjusting the horizontal position of the galvanic 
cells and observing the real-time temperature readings over the cell from the highly accurate 
PRTs. The uncertainty of temperature and EMF was established to be ± 0.5 K and ±0.1 mV, 
respectively. Thus, the possible thermoelectric effect generated in the cell EMF by the 
temperature gradients is negligible. 
Functionality of the experimental electrochemical system was tested by measuring the EMF of 
the symmetric cell Ag | Ag+

In this particular cell design, the resistance thermometers are connected to each end of the cell, in 
order to record the temperature exactly on the anode and cathode, thus eliminating the 
temperature errors of measurements. 

| Ag, which theoretically should not result in any measurable EMF 
or electric potential difference. The equilibriums in this study were considered reproducible 
when the EMF readings in heating and cooling coincided, and another galvanic cell with the 
same chemical composition resulted in the same EMF-values.

Gas flow of dry argon (99.999% in purity) to the EMF cell was purified before introduction to 
the cell, by passing though an auxiliary furnace with titanium wire at 900 K for removing oxygen 
traces. Owing to these improvements, the accuracy of EMF measurement and its stability as a 
function of time was very good, allowing also very long measuring campaigns for each 
experimental cell. 
2.3 EMF cell
The measurements were performed on the solid state galvanic cell when one mole silver selenide 
is formed from solid pure silver and selenium, and its virtual cell reaction is given by (A).
The virtual reaction of the electrochemical cell is 
2 Ag(s) + Se(s) = Ag2
The EMF of the cell

Se(s)                                                                                        (A)

(-) Pt |Ag(s) | RbAg4I5(s) | Ag2
was measured in a temperature range of 350 K-500 K,  under the ambient atmospheric pressure.

Se(s), Se(s, l) | Pt (+)

The Gibbs energy change of the cell reaction, except for the work of volume expansion, is 
related to the reversible EMF of reaction (A) by the Nernst equation

zFEG ��� SeAg2 (1)
where E is the electromotive force produced by the cell and F is the Faraday constant (96 485

1molC �� ) and the number of elementary changes transferring in the virtual cell reaction (A) is z
=2. 
The other fundamental thermodynamic properties of Ag2

PT
EzFS �

�
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�
�
�
�

�� SeAg2

Se at selenium saturation can be derived 
from the general properties of Gibbs energy and its functional relationships with temperature [3]:

(2)
and

P

E
T
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�

�
�
�

�
��

�



�
�
�
�
�

��� SeAg2

(3)
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3. Results 
The observed values of EMF (E, mV) at different temperatures obtained in this study are shown 
in Table 1, where temperature is the mean value of both end of electrodes, the Ecalc column gives 
the EMF values according to linear equations obtained in the present study by the least squares 
fitting.
Table 1. Experimental EMF values
T, K E, mV Ecalc, mV Emeas -Ecalc, mV
465.33 283.61 283.44 0.18
455.51 281.41 281.29 0.12
445.77 279.22 279.16 0.06
426.24 274.93 274.89 0.04
406.89 270.70 270.50 0.21
404.02 270.06 270.10 -0.04
402.06 269.63 269.82 -0.19
392.52 268.08 268.47 -0.39
368.51 264.85 265.09 -0.24
359.09 263.74 263.76 -0.02
349.65 262.41 262.43 -0.02
350.41 262.05 262.58 -0.53
360.01 264.03 263.96 0.07
369.64 265.85 265.34 0.51
379.32 267.06 266.73 0.33
388.95 267.98 268.11 -0.12
398.71 269.13 269.51 -0.38
408.44 271.02 270.98 0.04
418.20 273.12 273.12 0.00
427.91 275.22 275.24 -0.02
437.67 277.32 277.37 -0.06
447.47 279.43 279.52 -0.09
457.33 281.59 281.67 -0.09
467.17 283.80 283.82 -0.02
476.99 286.12 285.97 0.15
486.85 288.24 288.13 0.12
496.77 290.13 290.29 -0.16

The analytical equations were obtained by the least square method using the linear relationship E 
= a + b · T as:

                  (5)                    )005/(408,0.0011)(0.21860.51)(181.70mV,
                   (4)                    408)/(350,0.0079)(0.14483.01)(211.79mV,

		�
�
�
		�
�
�

KTTE
KTTE

The Gibbs energy change of reaction (A), according to equation (1), representing the two 
polymorphic forms of Ag2

(7)          )005/(408,0.22)42.18(99)0.035062.17(J,

(6)          408)/(350,1.53)59.27(581).040869.14(J,

SeAg-�

SeAg-�

2

2

		�
�
���

		�
�
���

KTTG

KTTG

Se over their stability rages in these measurements, are given by 
equations:
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As the EMF of the cell was measured as a function of temperature, the molar entropy and 
��������
 ������
��
 ��
 �-Ag2��
 ���
 �-Ag2

1-1-
SeAg-� molKJ0.22)42.18(2 �
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Se at selenium saturation can be derived from 
equations (2) - (3), as following:

(8)
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SeAg-� molKJ1.53)27.95(2 �
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4. Discussion 
Figure 2 shows a comparison of the EMF measurements obtained by various authors according 
to the literature sources and the data wherein.  Obviously, our data agrees pretty well with 
Oehsen & Schmalzried [5] by solid coulometric titration. Moreover, the data obtained in this 
study confirm the results given by Osadchii & Voronin [6] at lower temperatures, and with 
Kiukkola & Wagner [7] at higher temperatures above the polymorphic transformation 
temperature. However, Yamamoto & Takahashi’s data below the polymorphic transformation 
temperature are clearly higher than all the other author’s values. At 373.15 K, the EMF value 
difference with the other authors is as large as 5.2 mV. This may result from the non-equilibrium 
in the measurement, due to lack of sufficient equilibration time in the observations, which was 
limited for a few hours only. In fact, the equilibrium of reaction (A) was typically reached in this 
work after 1-2 weeks in the present experimental condition, resulting from slow diffusion of 
silver ions at low temperature [8].

Fig.2. Variation of EMF of Ag2
Takahashi & Yamamoto [4], Oehsen & Schmalzried [5], Voronin & Osadchii [6], Kiukkola & Wagner [7]

Se with temperature according to various authors and the present work
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Using the fundamental equations of thermodynamics, the thermodynamic features of the 
crystallographic modifications of naumannite under constant atmospheric pressure were 
calculated. The results are shown in Table 2 and compared to the literature data.
Table 2. A comparison of values of the standard thermodynamic properties of Ag2Se
Compound kJ/mol,G�� -1-1molKJ, ��S kJ/mol,H�� References

�- Ag2Se 49.47±0.13 144.99±0.56 42.73±0.29 Osadchii & Echmaeva [9]
�- Ag2Se 48.90±1.0 148.20 42.70 Nasar & Shamsuddin [10]
�- Ag2Se 49.59 149.20 43.09 Voronin & Osadchii [6]
�- Ag2Se 49.24±0.46 154.60±0.22 41.12±0.58 This work
�
- Ag2Se 47.43±0.29 169.01±0.78 35.02±0.48 Osadchii & Echmaeva [9]
�
- Ag2Se 48.87 148.20 42.70 Nasar [10]
�
- Ag2Se 47.58 169.44 35.04 Voronin & Osadchii [6]
�
- Ag2Se 47.64±0.07 169.57±1.53 35.06±0.099 This work

Table 2 shows the standard thermodynamic functions calculated for the Gibbs energy of 
formation of Ag2Se using the data obtained in this study and reported in the literature. Phase 
transition of the ���
��������Q��
��Q����
��
&�- Ag2Se) to its �
	�
��������Q��
���
�
���
��
&�

- Ag2Se) occurs at an equilibrium temperature of 407.7 K, and its enthalpy of transformation
calculated from the observations of this work is 6.06 kJ·mol–1. However, data varies somehow
even for the same author. In different studies, Osadchii & Echmaeva [9] in 2007 reported the 
stable polymorphic transformation temperature Ttrs= 405.4 K, whereas Voronin & Osadchii in 
2011 reported that Ttrs= 397.5 K [6,6]. This difference may result from their electrolyte 
selections, where AgCl + KCl was used in the later experiment instead of RbAg4I5

5. Conclusion 

. This is 
supported by the fact that ionic transfer numbers affect accuracy of the measurements [11].

In this study, new experimental data on the stability of naumannite, Ag2

The equilibrium temperature of polymorphic phase transformation from �- Ag

Se in equilibrium with 
pure selenium, were obtained over a temperature range of 300-500 K. The results obtained in this 
study agree very well with the previous experimental data, and provide a higher accuracy based 
on the advanced EMF cell design and direct control of temperature difference over the solid 
electrolyte. At lower temperatures, the results obtained were well compatible with the data 
provided by Osadchii & Echmaeva [9], while they tend to confirm the experimental observations
by Kiukkola & Wagner [7] at higher temperatures. Furthermore, our data agrees very well with 
Oehsen & Schmalzried [5] by solid coulometric titration.

2��
��
�
- Ag2Se is 
determined in this work experimentally to be 407.7 K, by interpolation of the EMF vs. 
Temperature data. The transformation temperature obtained is slightly higher than the earlier 
reported value of 406.3 K [7]. The enthalpy of phase transformation is 6.06 kJ·mol–1, which is 
slightly lower than the value 6.824 kJ·mol–1 given in the literature [9]. The results obtained in 
this study clearly indicate that RbAg4I5
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Abstract

Tellurium is added to sulfur free-cutting steel in order to improve its machinability by 
inclusion control. However, the thermodynamic properties of the steel and inclusions have 
not yet been studied. In the present work, the dissolution of tellurium into steel was 
investigated. First, the equilibrium Te2(g) partial pressure of solid tellurium was determined 
at 663–693 K by the transpiration method. The equilibration of molten iron under a 
controlled tellurium partial pressure, prepared by the transpiration method, was then 
performed at 1823 K. An approximately linear relationship between the tellurium content of 
the molten iron and the partial pressure of Te(g) was found at mass% Te < 0.01.

Introduction

Lead-added free-cutting steel is widely used as a steel with excellent machinability. 
Currently, environmental restrictions affect lead usage, and the general trend is to minimize
or eliminate lead in free-cutting steels. Although sulfur free-cutting steel is also a major free-
cutting steel, the anisotropy of its mechanical properties is regarded as a serious issue. MnS 
inclusions form in sulfur free-cutting steel and contribute to the stress concentration factor to 
provide machinability in cutting processes. However, such inclusions elongate after hot-
rolling processes, resulting in anisotropic mechanical properties of the steel. Tellurium is 
known to be an effective additive element for modifying elongation by forming an MnS–
MnTe liquid phase around MnS inclusions in steels, and preventing elongation of the MnS 
inclusions by a sacrificial effect [1]. In controlling tellurium addition and inclusion formation, 
the thermodynamic properties of tellurium in the steel and inclusions are crucial, but the 
necessary thermodynamic information is not available. 
Tellurium is added to free-cutting steels in amounts of less than 0.05 mass%; therefore 

precise addition control is indispensable for obtaining the required steel properties. In the 
present work, the thermodynamic properties of tellurium in molten iron were investigated at 
1823 K. First, the equilibrium Te2(g) partial pressure of solid tellurium was measured at 663–
693 K. Then, the equilibration of molten iron under a controlled tellurium partial pressure 
was conducted, using the transpiration method, at 1823 K.

Experimental

Measurement of Tellurium Partial Pressure
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Experiments were conducted using an experimental apparatus consisting of a horizontal 
Kantal furnace equipped with a quartz tube (shown in Figure 1). The temperature was 
maintained at 663–693 K with an accuracy of ±1 K, using a proportional integral differential 
(PID) controller and a chromel–alumel thermocouple. Granular tellurium (99.99% purity, ~1 
mm diameter) was charged in the tube and placed in the hot zone of the furnace. Argon gas 
was flown through the tube at a constant rate of 9.17 × 10−4 to 3.67 × 10−3 m3/s. The gas was 
cooled in region 5 in Figure 1, and solid tellurium deposited. The deposited tellurium was 
dissolved in acid, and the amount was determined using inductively coupled plasma emission 
spectroscopy (ICP-AES). Although tellurium exists in several molecular forms, the majority 
is present as Te2(g) below the melting point of tellurium (722 K). The tellurium partial 
pressure was therefore determined as follows: 

 
Here, m (g) is the amount of tellurium deposited, M (g/mol) is the atomic weight of 

tellurium, and F (m3/h) and t (h) specify the flow rate of argon gas and experimental time, 
respectively. 

Figure 1. Schematic diagram of the experimental apparatus for measurements: 1 K-type 
thermocouple, 2 quartz reaction tube, 3 Kantal furnace, 4 granular tellurium, 5 space for 
deposition of tellurium, 6 mass flow controller, 7 Mg(ClO4)2 + soda lime, 8 silica gel, 9 Mg 
deoxidation furnace, and 10 bubbler (mixed acid). 
 
Equilibration of Molten Iron Under Controlled Tellurium Partial Pressure 

The experimental apparatus consisted of a vertical MoSi2 resistance furnace equipped with a 
mullite reaction tube (Figure 2). The temperature was controlled at 1823 K with an accuracy 
of ±1 K using a PID controller and a Pt–6%Rh/Pt–30%Rh thermocouple. The granular 
tellurium (99.99% purity, ~1 mm diameter) was charged in the quartz tube and placed in the 
hot zone of the upper furnace and heated at 663–693 K. By introducing argon gas at a 
constant rate (3.67 × 10−3 m3/s) into the tube, saturated tellurium vapor was generated. Iron (4 
g; >99.9% purity) was placed in a high-purity alumina crucible, which was hung at the end of 
the gas lance with tungsten wires and placed in the hot zone of the lower furnace. The iron 
was melted under a controlled tellurium partial pressure at 1823 K for a period of 16 h. It was 
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then pulled up and quenched in the furnace. The concentrations of tellurium in the iron were 
determined by ICP-AES. 

Figure 2. Schematic diagram of experimental apparatus: 1 silica gel, 2 Mg(ClO4)2 + soda 
lime, 3 Mg deoxidation furnace, 4 mass flow controller, 5 B-type thermocouple, 6 stainless-
steel flange, 7 mullite reaction tube, 8 Kantal furnace, 9 MoSi2 resistance furnace, 10 granular 
tellurium, 11 alumina gas lance, 12 tungsten wire, 13 alumina crucible, and 14 molten iron. 
 

Results and Discussion 
 

Measurement of Tellurium Partial Pressure 
 

The region for cooling the gas after the experiments is shown in Figure 3. Needle-shaped 
deposits appear in the high-temperature region, whereas a coating on the quartz tube is seen 
in the low-temperature region. As the tellurium content of the acid in the gas bubbler placed 
after the furnace was negligible, the evaporated tellurium was completely collected as these 
deposits. The vapor pressures of Te2(g), calculated from the measured amounts of tellurium in 
the deposits, are plotted against the flow rate in Figure 4. The vapor pressures were observed 
to be constant, even when the flow rate of the argon gas was varied in the range 9.17 × 10−4 
to 3.67 × 10−3 m3/s. The temperature dependence of the vapor pressures of Te2(g) is shown in 
Figure 5, together with the reported data [2, 3]. The data in the present study are in good 
agreement with those reported. We therefore concluded that the transpiration method is 
suitable for generating stable tellurium vapor, and adopted these partial pressures in the 
equilibrium experiments.  can be written as Eq. (2) in the temperature range used. 
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Figure 3. Deposited tellurium in quartz tube. 

Equilibration of Molten Iron Under Controlled Tellurium Partial Pressure 
 
Te2(g), which was generated by the transpiration method at 663–693 K, dissociates at high 

temperature. The standard Gibbs energy change of the disassociation reaction in Eq. (3) is 
expressed by Eq. (4). 

 
 
The equilibrium constant in Eq. (4) is extremely small at 1823 K, and the generated Te2(g) is 

considered to dissociate completely. 

 

The concentrations of tellurium in molten iron are plotted against the partial pressure of 
Te(g) in Figure 6. It is clear that the concentration of tellurium in iron increases with 
increasing partial pressure of Te(g). The dissolution reaction of tellurium into molten iron is 
given by Eq. (5), and the standard Gibbs energy change for the reaction, , is given by Eq. 
(6). 

Figure 4. Measured partial pressure of 
Te2(g) against gas flow. 

Figure 5. Temperature dependence of 
partial pressure of Te2(g). 

Reciprocal of the temperature 
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Here, R and T are the gas constant and the experimental temperature, respectively, and  
is the activity coefficient of tellurium relative to the 1 mass% standard state in molten iron. 
As an approximately linear relationship between the tellurium content of molten iron and the 
partial pressure of Te(g) is observed in Figure 6, it is speculated that the activity of tellurium 
in molten iron obeys Henry’s law in this concentration region. A precise determination of the 
standard Gibbs energy change for the dissolution of tellurium will be made after conducting 
additional experiments.  

Figure 6. Relationship between partial pressure of Te(g) and tellurium concentration in iron 
samples. 

 
Conclusions 

 
In order to determine thermodynamic properties of tellurium in iron, dissolution of tellurium 

vapor, generated by transpiration method, into molten iron was investigated and obtained the 
findings as below. 
(i) The equilibrium Te2(g) partial pressure of solid tellurium was determined at 663–693 

K by the transpiration method. Since the data obtained in the present study are in good 
agreement with those reported, the transpiration method was found to be suitable for 
generating equilibrated tellurium vapor. 

(ii) The equilibration of molten iron under a controlled tellurium partial pressure, 
prepared by the transpiration method, was performed at 1823 K. An approximately 
linear relationship between the tellurium content of the molten iron and the partial 
pressure of Te(g) was found when Te content was less than 0.01 mass%.  
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Abstract

Acidic metal sulfate solutions are generated in a large scale in the hydro- and 
pyrometallurgical industries. Acid mine drainage has long been a significant 
environmental problem in coal and metal mining. Acidic metal sulfate solutions are also 
produced in steel industry. The demand of recycling and reuse of materials has increased 
significantly especially in EU. Dumping a neutralized deposit is not an option any more. 
Thus, several techniques of recycling and reuse of sulfuric acid and/or metal sulfates 
from the side streams are needed.

When developing alternative solutions a better understanding of the thermodynamic 
behavior of MnSO4–H2SO4–H2O system is needed. In this study a thermodynamic 
model of this system is developed using Gibbs energy minimisation, Pitzer model and 
CALPHAD method to yield thermodynamically consistent set of values for solubility of 
metal sulfate in a wide temperature and concentration range.

Introduction

The water – manganese sulfate – sulfuric acid system has been studied in the literature 
due to its key importance in many hydrometallurgical processes, which typically operate 
at temperatures between 50 and 300 °C. Hydrometallurgical processes such as stainless 
steel pickling acid regeneration, manganese ore leaching as well as acid mine drainage 
from tailings ponds need internally consistent thermodynamic databases to improve, 
develop and deeper understand the systems and phenomena in the aqueous process 
solutions and environments.

Manganese has oxidation states of +2, +3, +4, +6 and +7 but in this work only the most 
stable +2 state was considered. In aqueous sulfuric acid solutions, manganese sulfate
forms hydrates with 1, 2, 4, 5 and 7 molecules of crystalline water. Thermodynamics of 
the MnSO4-H2SO4-H2O system have been modelled earlier by Przepiera [1] using the 
Pitzer model. The Pitzer parameters used in Przepiera’s model have also been reviewed 
critically in this work.

145

REWAS 2013: Enabling Materials Resource Sustainability 
Edited by: Anne Kvithyld, Christina Meskers, Randolph Kirchain, Gregory Krumdick, Brajendra Mishra, 

Markus Reuter, Cong Wang, Mark Schlesinger, Gabrielle Gaustad, Diana Lados, and Jeffrey Spangenberger 
TMS (The Minerals, Metals & Materials Society), 2013 



Przepiera [1] assessed the MnSO4-H2SO4-H2O system at 0-100°C and up to 30 mol/kg 
of sulfuric acid using the Harvie’s modification [2, 3] of the Pitzer model for describing
activity coefficients. Przerpiera included both enthalpy of solution and solubility data in 
his assessment, but the paper is lacking some thermodynamic data and that is why 
Przepiera results are not recalculated in this work. Przepiera tabulated solubility data at 
20, 40, 70 and 90 °C and they are included in figures 1-4 for comparison up to 10 mol/kg 
of H2SO4. The concentration range of Przepiera seems to be too high for Pitzer model, 
with 30 mol/kg of sulfuric acid.

The new improved thermodynamic models of the binary systems MnSO4-H2O and 
H2SO4-H2O have been published in separate papers [4, 5] by the authors. In the MnSO4-
H2O paper MnSO4·7H2O(s), MnSO4·5H2O(s) and MnSO4·H2O(s) were found to be 
stable phases with the peritectic transition temperatures at 9.2 and 23.9 °C, respectively. 
Adding sulfuric acid to the system will decrease this temperature due to lowering the 
activity of water so that there is a peritectic point with different compositions at each 
temperature from 0-90 °C. The MnSO4-H2O system was successfully assessed from -11
to 175 °C from pure water up to solubility limit of manganese sulfate 4.26 mol/kg. The 
H2SO4-H2O system has been assessed by Sippola [5] with experimental EMF cell and 
osmotic coefficient data only, and it is valid up to 6.1 mol/kg and over a temperature 
interval of 0-55 °C. Sippola found out that four different K2 equations for the dissociation 
of HSO4

- are equally suitable for presenting the H2SO4-H2O system. The K2 equation of 
Matsushima and Okuwaki [6] was chosen in this work since it has been found out by the 
authors to be able to describe well the FeSO4-H2SO4-H2O and NiSO4-H2SO4-H2O
systems well [7, 8].

The aim of this study is to compile and reassess the experimental observations of the 
system MnSO4-H2O-H2SO4 at 0-90 °C and H2SO4 concentration range up to 10 mol/kg 
in order to validate our previous MnSO4-H2O and H2SO4-H2O binary models [4, 5] with 
this ternary system. All experimental data used in the modelling were taken from the 
literature. The resulting thermodynamic model was obtained using the thermodynamic 
equilibrium software package MTDATA® (www.mtdata-software.com), which uses a
global Gibbs energy minimisation routine and includes the Pitzer activity coefficient 
model for the excess Gibbs energy of the aqueous solutions. The CALPHAD
(CALculation of PHAse Diagrams) method [9] was used in the modelling, to ensure 
internal consistency of the thermodynamic database.

Theory

The Pitzer model is one of the most used activity coefficient models for the aqueous 
solutions. The original approach assumes that the aqueous solution consists only of ions, 
and no ion complexes are formed. Details of the Pitzer model used are available in [10-
12]. Later, Harvie and Weare [3] and Harvie et al. [2] included unsymmetrical 
electrostatic mixing terms in their modification of the Pitzer model, which has been 
shown to improve the fit in multicomponent systems. The values for the internal constant 
parameters of the Harvie’s modification of the Pitzer equation used in this work are 
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shown in Table I. All the necessary Pitzer model equations, variables and parameters 
have been explained in our previous paper [5, 13].

Table I. Internal parameters (b = 1.2) of the Pitzer model used in this work
parameter 1-1, 1-2, 1-3 and 1-4 electrolyte 2-2 electrolyte

�1(kg/mol) 2.01/2 1.4
�2(kg/mol) ---1/2 12

The consistent concentration unit in aqueous solutions is molality of MnSO4 and H2SO4
(mol/kg of water), which is used throughout this paper. The temperature dependency 
equation in MTDATA® for heat capacity of a species has the following form:
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and thus Gibbs energy has a temperature dependent form
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The general temperature dependency available in MTDATA® for the Pitzer equation 
parameter (p) is
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Parameter optimizations

Evaluation of the thermodynamic properties of the aqueous phase as well as the 
condensed manganese sulfate hydrates was carried out using the MTDATA® assessment 
module, version 4.81 and MTDATA Studio, version 5.03. The assessment module 
minimises the weighted sum of squares of errors between the measured and fitted values,
according to equation (4). Thus, the objective function (OF) to be minimised in the 
optimisation can be written as

2
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i i

ii
i U

ECWOF (4)

where n is the number of properties (data items) to be reproduced, Ci and Ei are the 
calculated and experimental values of property i, Ui is the uncertainty associated with 
value Ei and Wi is the weight assigned to property (data item) i.
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Experimental phase equilibrium data used in the optimisation

The solubility measurements have been made at temperatures ranging from 0 to 90 °C
[14, 15]. The solubilities have been reviewed by Linke and Seidell [16]. The 
experimental solubility data used in the optimisation at temperature range of 40-80 °C are 
shown in Table II. The H2SO4 concentration upper limit was 10 mol/kg. Details of the 
experimental data used have been added as supplemental material including uncertainties 
of each experiment.

All weights for experimental data were set to 1, with the exception of rejected values, 
where W = 0 was used.

Table II. The experimental data used in the assessment of H2O-MnSO4-H2SO4 ternary
system. H2SO4 cut-off limit was 10 mol/kg

Data points
Experiment Temperature / °C accepted total
Solubility of MnSO4·H2 40-80O(s) 12 12 [14]

Thermodynamic data used in the optimisation

The simplified HKF model [17, 18] was used for the ions (except HSO4
-(aq)), see 

Appendix 1. Thermodynamic data for HSO4
-(aq) were calculated from SO4

2-(aq) data 
and the sulfuric acid second dissociation (HSO4

-(aq) = SO4
2-(aq) + H+(aq)) constant K2

value of Matsushima and Okuwaki [6], from equation (5). 

24
10210 1037566.1283133.012717log01.246214.577),(log TT

T
TKTK ������� (5)

Cp function of the H2O was fitted to experimental data from the literature; see details in 
Kobylin et al. [13].

The thermodynamic values YfH°298.15, S°298.15 and Cp for ions and Cp for 
MnSO4·7H2O(s), MnSO4·5H2O(s) and MnSO4·H2O(s) were taken from Hämäläinen et 
al. [19] and DeKock [20], respectively. Y fH°298.15, S°298.15 of MnSO4·7H2O(s), 
MnSO4·5H2O(s) and MnSO4·H2O(s) at 25 °C were optimised with H2O-MnSO4 binary 
system published earlier by the authors [4]. The gas phase was assumed to be ideal.

Results and discussion

The temperature dependencies of the Pitzer parameters �(0), �(1) and C� for Mn2+-HSO4
-

binary interaction were optimised in this work with temperature dependency of APitz +
FPitz/T. The optimised Pitzer parameters are shown in Table III. The interaction 
parameters used for H2SO4-H2O binary from [5] are also shown in Table III and MnSO4-
H2O binary parameters are published in [4].
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Table III. Assessed Pitzer parameters used in this work. MnSO4-H2O binary parameters 
from [4] were used.

A FPitz Pitz
� 0.00000(0) 100.6319 Mn2+(aq)-HSO4

- this work(aq)
� 5.26731(1) 0.0000 Mn2+(aq)-HSO4

- this work(aq)
C -0.01528� 0.0000 Mn2+(aq)-HSO4

- this work(aq)
� -0.04083(0) 20.4876 H+(aq)-SO4

2- [5](aq) a

C 0.18522� -42.794 H+(aq)-SO4
2- [5](aq) a

� 0.02808(0) 54.141 H+(aq)-HSO4
- [5](aq) a

� -0.00516(1) 147.759 H+(aq)-HSO4
- [5](aq) a

a”Okuwaki set A” from reference [5] was used in this work.

The solubility of MnSO4 in the aqueous sulfuric acid solution was calculated at 
temperatures from 0 to 90 °C, using the optimised properties of this work from 40 to 80
°C. Calculated solubilities at 20 and 90 °C are thus extrapolated. Figures 1-4 show the 
solubility results together with the experimental points at 20, 40, 70 and 90 °C, 
respectively. Data from the earlier thermodynamic modelling study by Przepiera [1] have 
been superimposed in the figures. At 20 °C, the experimental data are quite consistent; 
see Figure 1. At 40 and 70 °C, both models are working reasonably well. At 90 °C this 
work is not able to extrapolate the experimental solubilities well. The MnSO4 solubility 
to pure water is somewhat different at 90 °C than the experimental observations. Mean 
activity coefficients of both H2SO4 and MnSO4 were calculated at 20 and 90 °C to show 
the non-ideal behaviour of the solution; see figure 5.
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Figure 1. The assessed and experimental solubility data of the system at 20 °C. �this 
work (extrapolated); ---Przepiera [1]; Krepelka [21]; Petlicka [14]; Taylor [15].
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Figure 2. The assessed and experimental solubility data of the system at 40 °C. �this 
work; ---Przepiera [1]; Rohmer [22]; Petlicka [14].

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 2 4 6 8 10

So
lu

bi
lit

y 
of

 M
nS

O
4

/ m
ol

kg
-1

H2SO4 / molkg-1

Figure 3. The assessed and experimental solubility data of the system at 70 °C. �this 
work; ---Przepiera [1]; Krepelka [21]; Petlicka [14].
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Figure 4. The assessed and experimental solubility data of the system at 90 °C. �this
work (extrapolated); ---Przepiera [1]; Krepelka [21]; Petlicka [14].
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Figure 5. Calculated mean activity coefficients at 20 and 90 °C as a function of H2SO4

additions. Molality of MnSO4 is 0.3 molkg-1. ��±(MnSO4); ---�±(H2SO4).

Conclusions

In this work, the earlier model was carefully compared using the available solubility data
in the literature. The current model presents the experimental data available with a good
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accuracy and consistently up to 90 °C, and to sulfuric acid concentrations up to 10 
mol/kg.

Due to the lack of experimental data, the heat capacity of crystalline MnSO4·7H2O(s), 
MnSO4·5H2O(s) and MnSO4·H2O(s) should be measured on a wide temperature 
interval, preferably from 0-500 K. More solubility measurements of MnSO4 in sulfuric 
acid solutions at higher temperatures, above 90 °C, are also needed to ensure the correct 
solubilities. There is also a need to make water activity and vapour pressure 
measurements at moderate to high temperatures to improve the current model in the areas
of industrial processes. Since thermodynamic properties of crystalline phases evaluated in 
[13] are related to the chosen values of manganese ion it would be more convenient to 
use YfH°298.15, S°298.15 and Cp values of Mn2+ ion that are well evaluated and generally 
accepted.

Appendix 1. Thermodynamic properties of ions

Enthalpy of formation and standard entropy of the ions were taken from the literature; see 
Table A.I.

The heat capacities of the ions were estimated using a simplified HKF model, explained 
in detail in our previous paper [13]; see Table A.II.

Table A.I. The thermodynamic properties of ions at 25 °C
Ion �fH°298.15 / J·mol S°-1

298.15 / J·mol-1·K-1

H+ 0.0(aq) 0.00 by definition
OH- -230015.0(aq) -10.90 [23]
Mn2+ -220597.2(aq) -73.64 [24]
SO4

2- -909340.0(aq) 18.50 [23]
HSO4

- -885200.0(aq) 137.50 Eq (5) and SO4
2-(aq) data

Table A.II. The temperature dependency of Cp(J/(mol·K)) = A + B(T/K) + C(T/K)2

+D(T/K)-2 for ions. Data of Sippola [25]; the minimum temperature of the Cp function is 
283.15 K. Heat capacity of HSO4

- ion was calculated from equation (5) and the heat 
capacity of the SO4

2-

Ion
ion.

Tmax, AK B C·10 D·10-3 5

OH- 343.15(aq) 21245.30 -84.1929 93.5145 -4083.14
448.15 -5250.28 20.4720 -23.0421 985.66

Mn2+ 323.15(aq) 13234.90 -53.9590 61.8370 -2365.61
398.15 -414.06 2.8850 -4.8000 -27.90
448.15 2737.52 -4.9020 0.0000 -1314.44

SO4
2- 328.15(aq) 46200.60 -186.8004 211.9290 -8546.29

403.15 1080.77 -0.7188 -3.9917 -676.58
448.15 5857.78 -10.7722 0.0000 -2907.89

HSO4
- 328.15(aq) 48246.05 -197.6415 227.7310 -8546.29

403.15 3126.22 -11.5599 11.8103 -676.58
448.15 7903.23 -21.6133 15.8020 -2907.89
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Abstract

Practicable thermodynamic description of sulfuric acid - water system is essential when 
modeling of acidic sulfate solutions required in process optimization and waste management. 
Traditional Pitzer model is limited up to 6 mol/kg (35w%)  sulfuric acid solutions. Local 
composition models such as electrolyte NRTL can deal H2SO4-H2O systems up to high 
concentrations but their use is practically limited to vapor-liquid equilibrium.  Mole fraction 
based version of Pitzer equation is capable to describe H2SO4-H2O system up to 40 mol/kg 
(80w%) acid concentration at temperatures range from 328 K (55°C) down to 200 K but the 
number parameters is quite extensive for practical purposes. Recently developed NPL Pitzer 
model has proved to be capable to describe sulfuric acid -water system in temperature range 0-55 
°C using only five parameters with simple temperature dependency of a+b/T. The capabilities of 
NPL Pitzer model is demonstrated here in wide temperature range up to 40 mol/kg (80w%) 
solutions with H2SO4-H2O and H2SO4-FeSO4-H2O systems.

Introduction

Sulfuric acid is an important chemical and widely used in industry such as phosphate fertilizer 
and pigment production, steel pickling and many hydrometallurgical applications, production of 
organic chemical, explosives, etc. [1]. Quite often spent acidic sulfate solutions, such as acid 
main drainage, are generated as undesired by-product.   

Thermodynamic modeling of sulfuric acid is complicated due to the incomplete dissociation of 
sulfuric acid 

HSO4- = SO4
2- + H+       K2 = a(SO4

2-) a(H+) / a(HSO4
-

Both Pitzer equation and its modifications as well as several NTRL models has been used to 
describe the behavior of sulfuric acid-water system. The number of used parameters and terms 
within has increases during the years generating more precise descriptions and extended 
temperatures for the sulfuric acid-water system (table I). However, the complexity of the models 
has made them unusable in practical purposes especially for higher order systems.

) (1) 
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Table I. Pitzer interaction models for aqueous sulfuric acid.

Author(s) Year Modifi-
cations

Temperature 
rangea

Number of 
parameters

Total number 
of terms

Pitzer et al. [2] 1977 5-55°C 4 8
Reardon and Beckie [3] 1987 U 5-55°C 4 9
Sippola [4] 1992 U 5-55°C 4 8
Holmes and Mesmer [5] 1992 25-200°C 5 17
Clegg et al. [6] 1994 UA 0 -55°C 9 32
Clegg and Brimblecombe [7] 1995 M -70 -55°C 10 40
Knopf et al. [8] 2003 A -90 -200°C 10 34
Christov and Moller [9] 2004 U 0-200°C 5 20
Friese and Ebel [10] 2010 M -70 -55°C 11 66
a

Most of the local composition models for H

U=unsymmetrical mixing terms [11]; A=Archer extension [12]; M=mole fraction scale

2SO4-H2O system (Table II) are focused on vapor-
liquid equilibrium and the speciation of sulfuric acid. Electrochemical cell measurements are 
generally omitted in model parameter estimation. Thus, the vapor-liquid equilibrium is presented 
quite well but they are not very successful in describing the behavior of aqueous sulphuric acid at 
concentrations below 1 mol/kg, i.e., where the dissociation of bisulfate ion practically occurs.
Some models even neglect this equilibrium completely. 

Table II. Local composition models for aqueous sulfuric acid.

Author(s) Year Model Tempera-
ture range

Concentration
range (mol/kg)

Number of 
parameters 
(terms) 

Liu and Gren a 1991[13] Liu-Harvey-
Prausnizt 25°C 1 - 76 2

Rosen and Engels a 1998[14] NRTL 0-240°C 0 – 96 w% 10 (17)
Messnaoui and 
Bounahmidi [15] 2006 eNRTL 25-75°C 1 – 7 4(6)

Bollas et al. [16] 2010 eNRTL (refined) 25°C 0-50 (65) 10
Simonin et al. [17] 2006 MSA-NRTL 25°C 0.1-6.0 6
Simonin et al.b 2004[18] MSA (BIMSA) 25°C 0.1-27 6
Campos et al. [19] 2006 UNIQUAC 0-150°C 0-100 w% 7(15)
a) Complete dissociation of sulfuric acid is assumed.
b) Bisulfate ion is considered via equilibrium only. No ion specific parameters used.

In 2010  Sippola [20], later published in ref [21] modeled the aqueous sulfuric acid with original 
Pitzer model and found out that only 4 Pitzer parameters with simple temperature dependency of 
(a+b/T) is sufficient to present the stoichiometric osmotic and activity coefficients in temperature 
range 0-55°C up to 6 molal sulfuric solution equally well as the more complicated models by 
Clegg et al. [6] and Clegg and Brimblecombe [7].  Six different K2-equations were tested and the 
differences in predicted values between K2 equations were found well below experimental 
accuracy.

Recently, a modified Pitzer equation for concentrated aqueous solutions was developed in 
National Physical Laboratory (UK) [22]. The NPL modification of Pitzer equation (NPL Pitzer) 
was found to be able to model sulfuric acid solutions well and to the high concentrations. The 
temperature and concentration range used in the assessment were 0–55°C and 0–15 mol 
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H2SO4/kg H2O, respectively. One of 14 studied parameter sets (set K) was found to have 
excellent extrapolation capabilities to higher temperatures and concentrations. [23].

Theory 
Original Pitzer equation
Pitzer [24] introduced an interaction model for excess Gibbs energy of aqueous solutions which 
is based on virial coefficients similar to gas phase. After recombining virial coefficients and 
changing moles to molalities (m) the excess Gibbs energy divided by gas constant R, absolute 
temperature (T) and mass of solvent (ww
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where c refers to a cation, a to an anion and n to a neutral species. Bca, Cca are interaction 
parameters for the cation c and the anion a, �cc' and �aa' for two different cations and anions, 
respectively. zi is the charge of the ion. Parameters �cc’a �aa’c are for interactions between three 
ions. Function f(I) describes the long range forces between ions and is dependent on temperature 
and ionic strength defined as: 
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Assuming � and C to be independent on concentration, the equations for activity and osmotic 
coefficients are obtained with appropriate differentiation from equation (2) and summarized in 
equations (4) – (7)
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Osmotic coefficient (�) is generally used in aqueous systems instead of activity of water and is 
defined as:

w
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where Mw is the molecular weight of water. More detailed description of the Pitzer model can be 
found elsewhere [24-27].

NPL Pitzer equation
NPL Pitzer equation is obtained by replacing the reduced molality and ion strength defined as 
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with their counterparts in equations 4-6 [22].

The reduced molalities will converge to molalities in dilute solutions. Thus, the model coincides 
with the original Pitzer model at infinite dilution.

Experimental data and methods
Sulfuric acid – water -system
The experimental data used for the evaluation were chosen to be the most accurate considered 
ones and are listed in table III.  The detailed discussion of the used experimental data can be 
found in refs [21, 23, 28]

Table III The experimental data used for the sulfuric acid sulfate – water –system

Experiment Measurements Temperature 
range (°C)

m (H2SO4 Excluded 
molalities

)
(mol/kg)

Cell A [9] Pt,H2 | H2SO4 |PbSO4 0-50,Pb,Hg 0.005 - 0.02 All data <0.005
Cell B [10] Pt,H2 | H2SO4 |Hg2SO4 5-55,Hg 0.1003 - 8.0 5.767 (5°C) 

Cell C [11] Pt,H2 | H2SO4
|PbO2,PbSO4

5-55,Pt 0.1 - 7.2

Isopiestic data [12] Critical evaluation of several 
isopiestic measurements 25 0.2 – 15.0 0.1 (25°C)

All data >  15

Isopiestic data [13] Isopiestic measurements 110-200 0.5 - 5.6 

Iron sulfate – water -system
The experimental data used for the parameter assessment are the same used previously to fit 
parameters for the original Pitzer model [29]. The detailed discussion of the used experimental 
data can be found in the same reference.
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Table IV The experimental data used for the iron sulfate – water –system.
Experiment Temperature range 

(°C)
m(FeSO4)
(mol/kg)

Freezing point depression [30] -1.819 to -0.172 0.067-0.978
Eutectic point [30] -1.821 0.982
Solubility of melanterite [31] 0-55 1.036-3.483
Solubility of szomolnokite [32] 65-100 1.666-3.098
Solubility of szomolnokiteb 120-220[33][34] 0.022-1.481
Peritectic pointa 56.6[32] 3.59
a(H2 25O(l)) aqueous solution [35] 0.1-1.9641
a(H2 18.6-31.9O(l)) saturated solution 
[36],[35],[37]

Saturation

Enthalpy of solution [38] 19-21 0.036-1.696
Heat Capacity of solution [38][39] 9-91.6 0.176-3.545
Dissociation pressure [40][41]

a) This peritectic point between melanterite and szomolnokite is not directly measured.
b) Bruhn et al. [33]120 and 150 °C and Hasegawa et al. [34] 130 and 150 °C values not included.

Iron sulfate – sulfuric acid – water - system
The experimental data used for the evaluation were chosen to be the most accurate considered 
solubility data [32, 42-44]. The Okuwaki and Matsushima’s equation [45] for K2 was chosen to 
retain consistency with the earlier assessment with original Pitzer model [29].

Computer software
MTDATA version 4.81 was used for parameter fitting [46].

Results
Fitted parameters
The fitted binary parameters and their temperature dependencies are shown in table V.

Binary interactions H Fe+ HSO2+
4

-

SO4
2- C�

�

: a + b/T

(0) : a + bT + cT2 + d/T
�(1) : a + bT + cT2

�
+ d/T 

(2)

C
: a  

�

(

: a + b/T

(
) : a+b/T

HSO4

�
-

(0)

�
: a + b/T 

(1)

C
: a + b/T

�

�

: a + b/T

(0)

�
: a + b/T  

(1) 

C
: a + b/T

� : a + b/T
Ternary interactions Fe2+ - SO4

2- - HSO4 H- + - Fe2+ - SO4
2-

� : a + b/T � : a

Thus, the total number of parameters for ferrous sulfate – sulfuric acid – water system is 14 
including 29 fitted terms. 

Sulfuric acid – water – system
The predicted osmotic coefficients at temperatures 25, *110, *140, *170 and *200°C are shown 
in figures 1 and 2. The comparison with more complicated model by Clegg and Brimblecombe
[7] is shown in figure 3. Please note that the maximum concentration used in the parameter 
estimation was 15 mol/kg at 25°C and + 8 mol/kg elsewhere. 
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Figure 1. Predicted stoichiometric osmotic coefficients of aqueous sulfuric acid at 25°C versus 
experimental data [12]. The values above 15 mol/kg are extrapolated.

383.46 K
413.95 K

443.42 K

473.21 K

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0 1 2 3 4 5 6
m (H2SO4)

�st

Figure 2. The experimental [13] and predicted stoichiometric osmotic coefficient at around 110, 
140, 170 and 200 °C. 
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Figure 3. Stoichiometric osmotic coefficient data at 0, 25 and 50 °C compared to values from 
Clegg and Brimblecombe’s [14] model (dots). These values were not included in the assessment.

Iron sulfate – water – system
The predicted and measured solubility of iron sulfate are shown in figure 4. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 50 100 150 200
t (°C)

m
 (F

eS
O

4)

Figure 4. A comparison of the predicted solubility of iron sulfate (solid line) with experimental 
data (dots, see ref [29]) in temperature range 0-200°C. Squares present heptahydrate, diamonds 
tetrahydrate (metastable) and triangles monohydrate.
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Iron sulfate – sulfuric acid – water – system
The predicted solubility of ferrous sulfate at temperatures 25, 50 and 90°C are shown in figures 
5-7.
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Figure 5. A comparison of the predicted solubility of iron sulfate in aqueous sulfuric acid (solid 
line) with experimental data [32, 43, 44, 47] at 25°C. Squares present heptahydrate and triangles 
monohydrate.
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Figure 6. A comparison of the predicted solubility of iron sulfate in aqueous sulfuric acid (solid 
line) with experimental data [42] at 50°C up to 50 mol/kg. Squares present heptahydrate and 
triangles monohydrate.
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Figure 7. A comparison of the predicted solubility of iron sulfate in aqueous sulfuric acid (solid 
line) with experimental data [42] at 90°C between 10 - 50 mol/kg. Triangles present 
monohydrate and filled circle transition point from monohydrate to anhydrous iron sulfate. 

As can been seen in figure 7, the predicted values are quite close to the experimental ones up to 
the transition point to anhydrous ferrous sulfate. Since the anhydrous FeSO4 is not included in 
the model, it cannot be extrapolated beyond this transition point, .i.e. beyond 50 molal sulfuric 
acid solution. The transition point varies slightly with temperature.

Conclusions
As can been seen figures 4 - 7 the NPL modification of Pitzer equation is capable to describe 
acidic ferrous sulfate solution quite well with reasonable number of parameters and terms within. 
Moreover, the extrapolating capability of the sulfuric acid water system is excellent (figure 3).
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Abstract

Based on thermodynamic data, this paper analyzed the feasibility of removing fluoride in the 
waste acid solution using lead ions. Lead-fluoride ion-water system E-log[F-] diagram and the 
solubility curve of lead fluoride at 25 were drawn. It was found that insoluble PbF2 only 
exists stably in a certain concentration range of fluoride ion. With the increase of lead ion 
concentration, the stable area for solid lead fluoride expands and the total fluoride ion 
concentration decreases. Therefore, it is possible to remove fluoride ion in the waste acid 
solution lead ion.

Introduction

In recent years, with the sharp increase of the production capacity of non-ferrous smelting 
industry, a large number of fluoride, chloride, and heavy metal ions transferred to the smelting 
flue gas in the process of roasting, smelting and blowing. 
Acid making with flue gas process will produce a lot of waste acid in smelters. The waste acid 
contains large amounts of fluoride, chloride, sulfate and heavy metal ions, which has been 
recognized as one of the major problems smelting industry. This imposes a serious threat to 
human health and environmental issues. Thus, a renewed interest in the ions removal from 
industrial wastewaters has been greatly increased [1, 2, 3, 4, 5, 6]. Removal of fluorine is an 
unavoidable problem to cyclic utilization and standard discharge of waste acid. At present, lime 
precipitation treatment is still widely used as an important method [7, 8, 9]. Additionally, 
electrodialysis [10, 11, 12], sorption [13, 14, 15, 16], ion exchange resins [17, 18, 19, 20] and membrane 
technology [21, 22, 23, 24, 25] have been reported.

Lime method is low cost, but it will generate a lot of waste residue, inconvenience of subsequent 
disposal and results in second pollution. Electric flocculation and ion exchange method are 
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difficult to deal with the high concentration of fluoride and result in high energy consumption, 
more processing costs. According to the above finding and requirements of the handling of 
waste acid in smelter, we make use of materials containing rich lead oxide which come from 
smelter production process as defluoridation reagents. This paper mainly makes a theoretical 
analysis of the fluoride removal from waste acid based on smelter rich lead oxide materials, 
which is of great significance for the smelter waste acid treatment.

Equilibrium Equations in Solution

The divalent lead ion can react with fluoride ion to create a series of complex ions in the fluoride
solution. The complex reactions and equilibrium constants are shown as follows:
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Where Ki , Kj and Kk are cumulative stability constants of complex ion at all levels. The stability 
constants [26] of ions are shown in Table 1.

Table 1 Stability constants of ions in Pb-F-H2

Complex

O solution at 25

lgK lgK1 lgK2 3 lgK4

Pb2+-F 1.44- 2.54 3.42 3.08
Pb2+-OH 6.3- 10.3 13.3 7.6

H+-F 3.176- 0.591

The total concentrations of lead, [Pb] T, and fluoride, [F] T

4 4
- - 2

T
1 1
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, in the solution can be calculated by 
Eqs. (4)- (6):
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Where [M]T denotes the total concentration of M and [M] is the concentration of free M. 

168



When the solution coexists with insoluble fluoride (PbF2), the relationship between [Pb2+] and 
[F-] is determined by the solubility product (Ksp) of lead fluoride: 

-82-2 107.2][F]Pb[ ,��� �
spK (7)

[Pb]T, [F]T and [H+] in Eqs.(4)-(6) can be controlled during practical work. The concentrations 
of free [Pb2+] and [F- ]can be calculated at the three given values.

Moreover, when the solution is in an equilibrium condition, only one electrode potential exists 
based on the principle of simultaneous equilibrium:

2 - 2-2 3 4
PbF (s)/PbPb /Pb PbF /Pb PbF /Pb PbF /Pb

E E E E E� �� � � � (8)

The above value can be calculated by the following equation: 

2
2

Pb /Pb PbF /Pb
ln[Pb ]RTE E

nF
-

� �
�� �                          (9)

Using the total concentration of lead, [Pb]T, to take the place of the concentration of free lead ion, 
[Pb2+], in Eq.(9), Eq.(10) is formed. And the relationship between the lead electrode potential and 
[F-] at given total concentration of lead, [Pb]T, is represented by Eq.(11): 
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Then, E-lg[F]T diagram at a given temperature and a total lead concentration is plotted based on 
the relationship between [F�] and [F]T, Eq.(11). In order to demonstrate the effect of [Pb]T on
lead electrode potential, E-lg[F]T diagram of lead is plotted.

In E-lg[F]T diagram, two intersection points of the two curves are ascertained by Eqs.(10) and 
(11), which ���
���}��
��
�
���
��
�������
=���!
~��
���
���	�
�� [F]T corresponding to the two 
points is the concentration range of total fluoride, in which the precipitation PbF2 exists stably.
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It is concluded that [F�] and the corresponding [F]T are gained with the help of Eq.(12) and 
Eq.(6), respectively. The total fluoride concentration ����������
�	
 ��
 �
 ���
 �
 ����	��
 ��
 ���

total lead concentration changes. So, the practical solubility curves of solid PbF2 at different 
temperatures are gained according to [Pb]T–[F]T diagram.

Thermodynamic Analysis of Pb-F-H2O System

Relationships between Distribution of Fluoride and pH Value

The distribution fraction of fluoride and lead in the aqueous solution at different pH value is 
shown in Fig.1 and Fig.2.
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Fig.1 Relationships between distribution of lead and pH value

Fig.1 shows the distribution fraction of lead ion, lead hydrogen complexes and lead fluoride 
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solution. Once the pH is greater than 7, there are mainly lead hydrogen complexes in the 
solution.

Fig.2 shows the distribution fr���
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 ��
 ��Q��
��
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 �
�	���
 ��

different pH. When the solutions have pH values greater than 4, hydrogen fluoride were less than 
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10%, and the fluoride ion were more than 80%. We attempt to study the equilibrium in 
near-neutral pH condition (pH=5 6), and the fluoride ions are more than hydroxide ions, so the 
complex of lead with hydroxide ion can be ignored.

                      

Fig.2 Relationships between distribution of fluoride and pH value

Relationship between Solubility Product and lg[F]T at Different [Pb]T

To elucidate the reaction mechanism of lead and fluoride in Pb-F-H2O system, the relationship 
between solubility product and lg[F]T at different [Pb]T is studied. Fig.3 shows the curves of 
[Pb2+][F�]2 vs lg[F]T in Pb-F-H2O system at different [Pb]T. PbF2 precipitation is just observed 
��
���
�
�
�
�	
��
��
&�>�
����������
�	
��
���
=��Q� of [Pb2+][F�]2 in the solution larger than the 
solubility of the PbF2. However, when [F]T reaches the limiting ��
��
��
 ���
����
�
�ated PbF2
will dissolve into the solution again because the value of [Pb2+][F�]2 in the solution is smaller 
than the solubility of PbF2. That is to say, the insoluble salt PbF2 will only exist stably in a
certain concentration range of the chlorine ion (between �
���
�>!
"��
��
���
�
��=�
��
left ���
�

move to right with increasing [Pb]T in the system and the concentration range of the fluoride ion 
expands significantly. The total fluoride concentration is usually less than 1 mol/L in waste acid
from sulfuric acid production process. So, if we want to use lead ions to remove the fluoride ion 
in solution, the bigger lead ion concentration the better. Thus, using lead ions to deep purification 
fluoride becomes feasible because the insoluble salt PbF2
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will exist stably in the certain 
concentration range of lead ion.
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Fig.3 [Pb2+][F-]2 as function of lg[F]T in Pb-F-H2O system at 25

E—lg[F]T Diagram at Different [Pb]T

To elucidate more clearly, the changes of E with [F]T at different [Pb]T are studied as well. Fig.4
shows the E lg[F]T diagram at different [Pb]T

/PbPb2�E

. It is clear that the equilibrium concentration 
ranges of fluoride ion ascertained by ��
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 ���
 �
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 fluoride exists stably at given conditions 
expand a little with 
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����������
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��
�
��=�s to top left corner while 
��
��
�
��=��
��
������
�
	�� corner, thus the ascertained areas in which metal lead exists stably 
also expand a little with increasing the total lead concentration. Moreover, the corresponding

potentials and (s)/PbPbF2
E increase with increasing the total lead concentration. In 

summary, when the acidity of system are given, [F]T ����������
�	
 ��
��
���
�
���
�
����	��

with increasing the total lead concentration, as well as changes with increasing the lead solubility 
in the solution, demonstrating easy removal fluoride at a higher [Pb2+].
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    Fig.4 E-log[F]T diagram of lead-fluoride ion-water system at different [Pb]T (t=25 )

Solubility Curve of PbF2(s) 

0

Fig.5 Relationship of [Pb]T and [F-] at 25

Fig.5 shows the solubility of PbF2(s) as a function of [F]T in Pb-F-H2O system at 25 . It is 
clear that the [F]T concentration reaches a low value  in solution with [Pb]T

i
i

�2PbF

concentration 
reaching 120 mg/L in the system. That is to say, when the total lead concentration is more than 
120 mg/L, the fluoride ions can be removed from the solution. However, when the total lead 
concentration is less than 120 mg/L, the solubility of fluoride rises sharply because less lead can 

form soluble lead fluoride complexes ( , where i=1,2,3,4) with fluoride. The same 

phenomena were reported by other researchers.
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Thus, using lead ions to deep purification fluoride becomes feasible and the bigger lead ion 
concentration the better, because the insoluble salt PbF2 will exist stably in the certain 
concentration range of lead ion.

Conclusions

1) The thermodynamic analysis of Pb-F-H2O system is introduced here based on the principle of
simultaneous equilibrium.

2) The E-lg[F]T diagram, [Pb2+][F�]2-lg[F]T diagram and the solubility curves of lead fluoride 
are plotted, respectively.

3) The insoluble salt PbF2 only exists stably in a certain concentration range of fluoride ion. The 
solid lead fluoride exists stably would be expanded and the total fluoride ion concentration 
would decrease with the increase of lead ion concentration. Therefore, using lead ion removal 
of fluorine ion is possible.
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Stock dynamics and emission pathways of the global aluminum cycle

Daniel B. Müller1, Gang Liu1, and Colton Bangs2

1 Norwegian University of Science and Technology
2 Umicore

Key Words: Climate change mitigation, stock dynamics, recycling, socio-economic metabolism, 
material flow analysis (MFA)

Climate change mitigation in the materials sector faces a twin challenge: satisfying rapidly rising 
global demand for materials while significantly curbing greenhouse-gas emissions. Process 
efficiency improvement and recycling can contribute to reducing emissions per material output; 
however, long-term material demand and scrap availability for recycling depend fundamentally 
on the dynamics of societies’ stocks of products in use, an issue that has been largely neglected in 
climate science. Here, we show that aluminium in-use stock patterns set essential boundary 
conditions for future emission pathways, which has significant implications for mitigation 
priority setting. If developing countries follow industrialized countries in their aluminium stock 
patterns, a 50% emission reduction by 2050 below 2000 levels cannot be reached even under 
very optimistic recycling and technology assumptions. The target can be reached only if future 
global per-capita aluminium stocks saturate at a level much lower than that in present major 
industrialized countries. As long as global in-use stocks are growing rapidly, radical new 
technologies in primary production (for example, inert anode and carbon capture and storage) 
have the greatest impact in emission reduction; however, their window of opportunity is closing 
once the stocks begin to saturate and the largest reduction potential shifts to post-consumer scrap 
recycling.

The full paper is available in the following journal publication:

Liu G., C. Bangs, and D.B. Müller (2012): Stock dynamics and emission pathways of the global 
aluminium cycle. Nature Climate Change. Published online 07 October 2012.
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Abstract 

With a mandate to reach 20/20/20 targets, new strategies are now focusing on the increased use 
of electricity to power transportation. Particularly in major urban areas of the EU, capillary use 
of electric vehicles are being encouraged, however, as these vehicles will be powered by the grid, 
there is always the risk that load peaks will occur. This work is just one of several being 
developed as part of the 23.9 MLN Euros INGRID European project started in July 2012, which 
combines solid-state high-density hydrogen storage systems with advanced ICT technologies for 
distribution grids. One possible solution which has been designed, is an off-grid utility to store 
renewable electricity captured from wind/solar sources and a re-charging point for full battery 
electric cars. This work shows the preliminary financial assessment of two business models for 
the Park-for-Recharging concept to promote green e-mobility as a more convenient and 
economical means of by-car transport.  

Introduction 

With a mandate to reach 20/20/20 targets, new strategies are now focusing on the increased use 
of electricity to power transportation. Particularly in major urban areas of the EU, capillary use 
of electric vehicles are being encouraged. By the year 2020, European countries expect to see up 
to one million electric cars on the road. 
As these cars will be powered by a grid, there is a real risk that load peaks will occur causing 
dips in the power supply as the power network that exists today does not have the capability to 
handle a large increase in demand. But if the power supply and demand for that power could be 
more closely matched, it would allow hundreds of drivers to recharge car batteries 
simultaneously at random points throughout a city, even while attending a soccer game or 
leaving their cars in long term airport parking facilities. 
To avoid the frequency at which alternating current is transmitted deviate from the stipulated 50 
Hz, falling when there is an excessive demand, and rising in the case of oversupply, the 
introduction of a large number of e-vehicles must be carefully planned. For example, let’s 
assume that 20.000 battery powered electric city-cars, each with a 20 k WH battery capacity of 
50 km and an approximate fuel efficiency of 0,11 kWh/km, would need to be re-charged daily, 
and that each car would require around 5,5 kWh per day. If 50% of the fleet, 10,000 cars, would 
simultaneously tap into the grid, the required output would be approximately 200 MW, the 
amount of electrical power a medium size centralized power storage station could provide in an 
instant. One possible solution which has already been designed is an off-grid utility to store 
renewable electricity captured from wind/solar sources and a re-charging point for full battery 
electric cars. This work addresses one of several issues which will be developed as part of the 
INGRID European project, which began in July 2012. Seven European partners were granted a 
financial contribution of 13,8 MLN Euros by the European Commission’s Seventh Framework 
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Programme for European Research. The project will be coordinated by: Engineering Ingegneria 
Informatica, the largest private-owned Italian ICT technology provider (active as ICT specialist 
for the Smart Grid market); the Agenzia per la Tecnologia e l’Innovazione (ARTI), which 
represents the operational arm of the Puglia regional authority for the innovation and technology 
transfer in Puglia Region (Italy); Enel Distribuzione, which is Italy’s largest electricity 
distribution company; Hydrogenics (Belgium), a leader in water electrolyzer and fuel cell units; 
the French McPhy Energy SA company, a leader in the area of innovative technologies for solid 
hydrogen and safe storage; and the research institutions Fundacion Tecnalia Research & 
Innovation (TECNALIA, Spain); and Ricerca sul Sistema Energetico (RSE, Italy). 
The core innovation of the INGRID project will consist of combining solid-state high-density 
hydrogen storage systems with advanced ICT technologies for smart distribution grids which 
will monitor and control a large number of renewable energy sources in order to balance power 
supply and demand. 
The seven company consortium will design, build, deploy and operate a 39 MWh energy storage 
facility using McPhy hydrogen-based solid state storage and Hydrogenics electrolysis technology 
and fuel cell power systems in the Puglia region of Italy where over 3.500 MW of solar, wind, 
and biomass have already been installed. The hydrogen energy storage installation, including a 
novel fast responding 1.2 MW hydrogen generator, will provide effective smart grid-balancing 
support.
The goal of the INGRID project is to illustrate (fig.1) the main concept of hydrogen-based 
storage through Mg-hydrides for a true “zero-emission” supply-chain that can deliver and 
dispatch renewable electricity (green-electricity). 
Furthermore, this project would lead in future large modular power storage concept that can 
provide power for refueling large urban electric e-vehicle fleets with real zero-emissions over the 
well-to-wheel path. Based on plug-in battery electric vehicles (BEVs) like citycars, electric 
compact minibuses and electric public taxis, a Green Urban Mobility System would be 
developed according to the Parking-for-Recharging (or P4R) concept detailed in fig.2. 

Fig. 1 - The overall concept of European 
INGRID project 

Figure 2 – The scheme of the P4R concept to be 
realized as demonstrative show-case.

This work aims to illustrate results from the preliminary financial assessment of a possible 
business for the P4R concept studied to promote green e-mobility as a more convenient and 
economical means of by-car transport. 
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The Project Scope and Background 

 
The GUMS concept concerns on fully integrated intelligent monitoring, control and 
communication solution which can be one natural deployment of large amount of RES captured, 
stored and delivered by INGRID modular systems. The promising result is offered by an 
inexhaustible magnesium-based material which has been produced and sold by Mc Phy Energy 
Company since 20091. Today, the storage of a large quantity of GWh at an affordable cost can 
represent a key-solution to solving the balance of a renewable energy source and a large 
intermittent electricity supply, in order to accommodate variable electrical demands. Hydrogen 
can be stored in solid form by several materials; among these materials magnesium metal, under 
certain conditions, acts as “sponge” absorbing and desorbing hydrogen gas just “locking” (i.e. 
storing ) H2 molecules by MgH2 solid phase compound formation. 
The innovative solution Mc Phy Energy has brought into marketplace consists in impressive 
increase in the kinetics of absorption and desorption of H2 in magnesium-based materials. This 
fact allows such material to be a practical solution for commercial scopes where reduced time for 
storing and delivering of hydrogen is really mandatory. An important consequence of practical 
solid-state storing of hydrogen is new solutions to overcome historical infrastructural barriers, 
which up to now have prevented hydrogen deployment for power generation, transmission and 
conversion into electricity for fueling electric devices. The final result of this process is an 
industrial application of a real “zero-emission” supply-chain, as shown in fig.3: a water 
electrolyzer, device capable to slit water into hydrogen and oxygen, is fed by RES meanwhile 
hydrogen can be indefinitely stored safely in solid state mode until demand side requests it. 
 

 
 

Figure 3 – Layout of the regenerative system for the renewable electricity production realized by a 
conventional open-loop. 

 
More specifically, the P4R concept studied is aimed to set and demonstrate a key-solution for 
building a market-ready high sustainable supply-chain for delivering renewable electricity 
(green-electricity) to feed large urban mobility systems, based on plugged-in battery electric 
vehicles (BEVs) like citycars, electric compact minibuses and electric taxis.  

                                                 
1 There are several ways of producing magnesium, with the electrolytic and thermal reduction processes (Pidgeon) 
most widely used. These processes vary significantly with respect to their raw materials, energy carriers, country of 
production, etc. Therefore, their carbon footprints and energy demand vary too. Studies shows that the electrolytic 
method has  the lowest carbon footprint - ranging from 14.4 kg CO2 eq./kg Mg in Canada to 24.5 kg CO2 eq./kg Mg 
ingot in Australia [D, E]. The thermal Pidgeon process, used mainly in China, generates the highest amount of GHG 
emissions - ranging from 27-42 kg CO2 eq./kg Mg ingot, due to a high energy consumption and use of coal for 
process heat and electricity [2, 3, 4, 5]. For last years a novel lo impacting magnesium extraction process has been 
developing by Gossan Resources, a Canadian company that lead a magnesium large extraction project in Manitoba. 
Primary magnesium produced using the Gossan-Zuliani Process is claimed to achieve a Global Warming Potential 
of only 9.1 kg CO2 eq./kg Mg ingot [6].   
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While technical feasibility is highly assured by several applications previously exploited by the 
main partners active in green-power generation and exploitation of fuel cell systems, such mature 
technologies today can be successfully coupled with a more recent advanced and cost effective 
energy storage system. Large quantify of GWh can therefore be stored into solid state hydrogen 
and distributed at different times and places, and in differed modes. The main aim of the supply-
chain proposed is to bridge the source availability and the power demand, addressing future 
amounts of electric power needed to feed capillary, fully electric mobility systems, which will be 
truly 100% emission-free over the entire supply-chain. Such a safe storing technique of hydrogen 
can function as a cost-effective solution for an easy integration and development of a Green-Fuel 
Distribution System (GFDS) for urban centers, namely a ready-solution to build capillary “on-
demand” electricity distributed generation (DG) access points for fueling large fleets of battery 
electric citycars. 
 

Expected Results  
 

The GUMS concept pursues the following broad objectives2:  
� to realize a true zero-emission supply-chain to feed “green-electricity” to urban mobility 

systems, which were previously blocked by infrastructure barriers which prevented the 
exploitation of hydrogen (primarily, the initiation of a cost-effective “Hydrogen 
Economy”);  

� to assess the Parking for Recharging (P4R) concept, the decentralized delivering points 
which will feed 100% green-electricity to electric citycars.  

� to exploit a “dual-side” communication system between vehicle and supply point by 
introducing an “intelligent dispenser” (as shown fig.3) which allows the collection of 
information on vehicle plugged-in (battery charge status, GPS location of the plugged-in 
vehicle, time to complete charging, actual average travel distance capacity, etc.);  

� to control and manage (in the real-time) the uninterrupted supply of green-electricity in 
an on-demand mode;  

� to develop an ICT communication platform to effectively transfer relevant information 
acquired by the intelligent dispenser to the consumer, thus allowing rapid and 
economically effective access to vehicles at P4R sites (fig.4);  

 
 

Figure 4 – The P4R cluster area as demonstrative show-case. 
 
                                                 
2 In agreement with the “Strategic research agenda for Europe’s electricity networks of the futures”, European 
Commission, source: www.smartgrids.eu, latest check on 30 October 2012.   

183



Environmental and financial assessments were prepared during the design stage, and relevant 
results are shown below. A more studied assessment could be done by gathering data from the 
construction and testing stage after the installation of the pilot. A sustainable mobility 
regional/local scenario has been created, (fig.5) and analyzed in terms of environmental (net 
reduction of global warming potential, KgCO2/eq cut by alternative scenarios) and economic 
impact (profitability, return of investments from shareholders, etc.), using a EU town which 
introduces P4Rs as the most efficient means of mobility compared to private, conventional 
unclean and expensive cars. 
 

 
 

Figure 5 -  A vision of the Green Urban Mobility System concept applied to an EU town  as presented 
to Puglia regional authority. Green-electricity is produced and stored either in wind or solar farms 
nearby towns (main cope of EU-INGRID project) or employing distributing generation (DG) of 
green-electricity deploying large spaces for photovoltaic system  (airports, railway station, shopping 
centers, etc). Thanks the magnesium hydrides solution, green-hydrogen - produced by electrolizers 
fed by green-electricity - can be safely stored and  dispatched; green- hydrogen stocks dispatched to 
delivering point, the P4R, feed e-urban vehicles available for people at distributed access points in 
towns. 

 
The Environmental Problem Targeted 

 
An in-depth ex-post evaluation work undertaken by the Commission [7], has shown that, while 
several features of the transport system have improved in the last decade - notably its efficiency, 
safety and security - there has been no structural change in the way the system operates. The 
inability to modify the current transport paradigm, presently based on fossil fuels and on the 
dominance of road transport for both freight and passengers, is one of the main causes of 
unsustainable trends: growing Green House Gases (GHG) emissions, persistent oil dependency 
and mounting congestion. In other words, EU Commission stated that mobility of people and 
businesses today is not sustainable and needs to be re-considered structurally [7].  
Today transport accounts for around 25% of EU CO2 emissions and CO2 emissions from 
transport have been growing over the last 20 years. Although most attention has focused on CO2, 
there are several other (GHG), some of which on a per-kilogram emitted basis have a much 
greater warming potential than does CO2. Currently, it is used to generally refer to CO2 as the 
transport-related emissions from road transport [7]. Secondly, transport emissions are assumed to 
include not only direct emissions from the combustion of fuel by vehicles, but they also should 
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take into account further emissions associated with the production and distribution of transport 
fuels – i.e. the “well-to-wheel” emissions (ratio between the final energy transmitted to the 
wheels divided by the primary energy at the source) - by a complete and more significant Life 
Cycle Assessment (LCA).  
The renewed sustainable development strategy of the European Union adopted by the European 
Council in June 2006 defines a sustainable transport system as the one that “meets society’s 
economic, social and environmental needs whilst minimizing its undesirable impacts on the 
economy, society and the environment”3. As EU Commission stated, transport is a complex 
system that is based on the interaction of many components all of which need to evolve together: 
vehicles, infrastructure, behavior etc. Sustainable transport implies for EU to find a proper 
balance between (current and future) environmental, social and economic sustainability goals. 
For example, among very active EU State Members, Federal German Government in 2011 
declared intention to put into force a national plan on electro-mobility. One million full-electric 
cars (or battery electric vehicles, BEVs) for example, would take up approximately 0.3% of total 
power demand. This order of magnitude will certainly not be exceeded in the medium term (till 
2020), but a considerably large fleet of electrical cars is envisaged in the long run. Replacing a 
third of today’s total car traffic with electric operation (not significantly before 2020) will require 
about 5% of present gross electricity demand.  
Based on these key-issues, the GUMS concept seeks to demonstrate a “zero-emission” green 
supply-chain for feeding BEVs as a new approach to implement a public car-sharing service. The 
proposed P4R station pilot will work fully off-grid, producing “green-fuel” for charging BEVs, 
as described in Fig.1 by using the method shown in fig.2 which employs “green-fuel” stored in 
solid form hydrogen as it can be produced: a) locally by solar energy captured by PV panels 
covering large floor surfaces (public and private common spaces) areas, in airports, railway 
station, shopping centers, etc. (fig.5); b) available in access point production and storage sites 
according to the scheme in fig.1. In each case, the P4R conceptual station is completed by the 
Intelligent Dispenser (ID) that manages the charging phase while having the capability to pick-
up relevant data in real-time from plugged-in vehicles such as the GPS position and the travel 
distance allowed by current battery charge levels. The ID processes the data and transfers it in an 
user-friendly form to mobile devices. Users are then able to access the GUMS services, via an 
applet on their own mobile devices, to check location and mileage allowed by citycars connected 
in all the P4Rs available in their own area.  
The main benefit of the widespread application of the GUMS proposal in the EU the realization 
of 100% green urban mobility. If electro-mobility is preferable to fossil fuel mobility in terms of 
CO2 emission, would it not be true that an electric vehicle can be considered a zero-emission 
vehicle. In referring to ‘well-to-wheel’ CO2 emissions, all emissions generated at a power 
generation site should be taken considered since the e-city car is recharged via the grid, and 
electricity sourced grid to vehicle generates indirect emissions (emission not directly produced 
by travelling) that strictly depend on the electricity mix of the EU countries.  
To reliably assess CO2 emission potentially saved by GUMS pathway, it is necessary to create a 
comparison scenario, this the “as-is” scenario for current urban mobility system made of diesel 
or petrol cars.  
 
 
 
                                                 
3Microclimates in urban centers and urban sprawl today are heavily impaired by exhaust, fine-dust and noise 
emissions from traffic. The need to reduce such emission and keen competition among European municipalities and 
regions as sustainable places where to live and work are leading to a wider acceptance for zero-emission mobility in 
urban areas.   
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A) “Well-to-wheel” of combustion engine vehicle  
To assess the “well-to-wheel” emissions it is necessary to assess emissions produced over the 
“well-to-tank” pathway (extraction of crude oil, refining process and final delivery to refueling 
station) thus adding the “tank-to-wheel” emissions produced by vehicle during transport. 
According to a 2006 study research of the European Commission Joint Research Center Institute 
for Energy (EJRC-IE) it has been possible to calculate the total efficiency of the petrol 
consumption for a vehicle as it stated that around 22% of the energy contained in diesel (18% of 
that contained in petrol) is actually transmitted to the wheels, in ideal conditions (meanwhile the 
rest is lost as heat). Since gasoline’s energy content accounts for about 34.3MJ/l, thus 42MJ/l 
(=34.3MJ/l/81.7%) are energy expressed in MJ of crude oil needed to produce 1 liter of gasoline 
at the gas pump.  
Referring to the most efficient gasoline cars, rated at around 23 km per liter of gasoline, implies 
efficiency of around 23km/l/42MJ/l=0.54km/MJ. Finally, considering that CO2 content of crude 
oil is 73.0 gCO2 per MJ, verisimilarly a modern efficient petrol powered car could emit around 
135gCO2/km.  
 
B) “Well-to-wheel” of BEV vehicle connected to the grid  
According to the EU JRC-IE, the “tank-to-wheel” efficiency of a lead acid BEV averages 60% 
(72% if BEV is equipped with lithium batteries). As a BEV averagely consumes about 0.11 kWh 
of electricity from the battery to drive 1 km, an average of 0.18 kWh/km (=0.11kWh/km/60%) of 
electrical energy is required tank-to-wheel equipped with lead acid batteries, considering the 
normal urban driving condition. Considering the production and distribution, 1kWh of electricity 
generates, with the 2006 average EU energy mix, around 0.443kg of CO2, consequently a BEV 
fuelled by EU grid electricity emits averagely around 79g CO2/km (=0.443 
kgCO2/kWh·0.18kWh/km). A BEV fuelled by EU grid electricity emits averagely around 79 
gCO2/km.  
Concerning overall efficiency of the electro-mobility, EU-JRC IE calculated that around 40% of 
the primary energy arriving at the power plant is converted into electricity, while the energy 
efficiency of electricity distribution is around 92.5%. The “well-to-tank” energy efficiency is 
therefore estimated at around 37% (=40%·92.5%), and the total average “well-to-tank” 
efficiency for a plugged-in to grid is therefore accounted around 22% (=60%·37%) for BEV lead 
acid batteries, 26% (=72%·37%) for BEV equipped with lithium batteries.  
Therefore, comparing the pathway A) and B) in terms of total emissions and efficient 
consumption of power source, we can note that:  

� gasoline fuelled vehicles are 18-22% energy efficient with average emissions of 130gCO2 
/km;  

� BEV are 22-26% energy efficient with average emissions of 0.443 kgCO2/km when 
fueled by the EU electricity mix.  

 
C) “Well-to-wheel” of BEV vehicle sourced by “green-fuel” stored via solid state hydrogen 
The “well-to-tank” conversion path shown in fig.2, consisting of electricity provided 
hypothetically by solar power, converted into hydrogen by electrolizers, stored in solid form as 
magnesium hydrides and then reconverted on-demand by a fuel cell is 27% efficient (= 
70%·95%·42%, where 70% is the average efficiency  
of electrolizers, 95% the efficiency of hydrogen solid storage and 42% efficiency of fuel cells). 
To such value we have to add the 75% “tank-to-wheel” efficiency for a BEV (see above).  
A BEV vehicle travelling through GUMS concept has an average 20,2% (=27%·75%) overall 
“well-to-wheel” efficiency, close to a low efficiency of gasoline vehicle, but with zero emissions.  
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Therefore, consider a medium-size EU city that deploys GUMS concept substituting 100 gas 
fuelled vehicles that travel averagely 50 km per day, each car can reduce 0.675 tonCO2/day 
(=100 vehicle·50 km/day·0.135 kgCO2/km).  
 
Financial assessment of the concept: business model and a market solution for a public use 
 
Today grid is not able to interact with the next scenarios that consider large fleets of BEVs to 
plug-in. The main problem is the difficulty of balancing peak loads caused by thousands of 
BEVs connecting that foreseen or managed by SMART grids4.  
This fact assumes that in a transient regime, (i.e. few BEVs plugged-in to urban grid) the demand 
for electricity by local electric citycars can be managed through the SMART grid "pushing" 
users to recharge at night or by managing and manipulating peak request loads that are possible 
at any point of the local grid by “transferring” electricity from BEVs which are “predicted” (or 
“known”) to extend their own connections from other points where large number of BEVs would 
also connected at the same time, (i.e. the early morning when many e-citycars move from home 
and re-connect to other recharging points in business centers and downtown).  
Therefore, preparing the transmission infrastructure for the distribution of electricity based 
entirely on SMART grids, it becomes crucial that the grids have the capability to manage 
thousands of BEVs in order to prevent bottlenecks (as we have today) if sustainable electro-
mobility is to grow.  
Actually this problem is quite similar to the chicken and egg problem5 suffered by the hydrogen 
economy that has resulted in a long-standing debate in the United States: hydrogen deployment 
could create attractive markets, but such markets can’t be easily developed because of the large 
infrastructure investment needed to allow this novel technology solution of hydrogen 
deployment to effectively compete in the marketplace.  
Also problematic is the possibility that BEV owners willingly accept that the car battery is 
"used" to re-balance the network energy since they would expect that the level of the charge 
would be increased according to the amount of time the car has been plugged-in. This is not so 
much an economic or a technical issue, obviously, but only a habit that could create unexpected 
conditions that could be undervalued6 today.  
An insight of a future sustainable urban mobility in the EU has to consider that BEVs shall be 
fed by totally green electricity produced from renewable energy sources (RES), as clarified in the 
previous section.  
Starting from these initial assumptions, we can predict large opportunities for the exploitation of 
electricity that can be produced locally (or stored then delivered locally) and dispatched as green-
fuel to P4R sites. As shown, the P4Rs are different from conventional pubic car parks that are 

                                                 
4 Most probably the problem of monitoring and satisfying large BEV fleet in urban center could be solved by next 
generation of SMART grids that could be fully integrated with adequate and efficient back-up systems that allow to 
get demand and supply of power properly balanced. This is main scope of the large collaborative INGRID project.  
 
5 When they refer to a “chicken and egg” problem, philosophers and scientists intend to point out a circular problem, 
unsolvable since it is hard to identifying how solve the problem because cause and effect are not distinguishable. 
Solving a circular problem needs to get out from circular consequences, for example introducing a new element that 
has not already been considered in the circular consequence   
 
6 Authors disagree with a certain school of thought that claim that management of variability of power generated by 
RESs (especially those ones that characterized by an extreme variability, as wind source) can be solved introducing 
an another high variable "system", as it must be considered plugging-in of masses of BEVs which decide to connect 
to the network when they want or need.   
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based on a business model of "parking for staying". The battery charging system adopted is the 
pattern established in recent years consisting of a charger pillar. The largest advantage of P4R 
concept consists in the ability to produce ‘green fuel” in a completely off-grid mode.  
One of the biggest problem of storing and delivering electricity through the hydrogen double 
conversion is the low energy efficiency of the loop, namely the low "round trip efficiency" 
(RTE) of the system water electrolyzer-hydrogen storage-fuel cell. More specifically, the RTE of 
the loop is greatly affected by the low efficiency of (today) fuel cells as hardly achieves values 
higher than 30-40%. As stated in the previous section, the overall “well-to-tank” efficiency of the 
C) scenario, namely BEV fueled by green-electricity provided by P4R concept, has about the 
same overall efficiency of today efficient gasoline cars7, with the substantial differences being 
that no emissions are produced.  
In the following we discuss two scenarios. The calculations were made on the technical features 
of current commercial systems like water electrolizers (WE), hydrogen solid storage systems 
(HSS), fuel cells (FC), small electric city-cars, photovoltaic panels, wind turbines, etc. available 
today. But it is worth stating that especially for the loop WE�HSS�FC, the calculations took 
into consideration separate system unit data which is not fully and effectively integrated. For that 
reason, the preliminary results may be overly conservative in some aspects.  
A more refined financial assessment of the proposed business model will be done. In fact the 
P4R pilot is expected to "generate" a useful database to be used to refine preliminary assessment 
based, as explained above, on literature and commercial data of separate system units. 
 
Stage I - Defining the reference "systems" and boundaries  
The system under discussion is made up of 4 main subunits that complete the entire supply-chain 
(i.e. well-to-tank) from the production of the “well”, the green-electricity, to the final upload of 
the BEVs’ “tank”: a) a PV system of proper size; b) water electrolysis (WE) units to convert 
green-electricity produced by PV system into green-hydrogen; c) a back-up energy unit to 
indefinitely store – without losses – a high efficiency hydrogen via-solid state in form of 
magnesium hydrides (HSS); d) a fuel cell unit (FC) to dispatch electricity from hydrogen 
reconversion to electric cars as needed.  
 
Stage II – Sizing the reference "system"  
Early dimensioning has been made for all the subsystems. Size was chosen to target the 
recharging of a small BEV fleet of 166 vehicles equipped with 15 kWh battery capacity that can 
travel approximately 70 km per day. Considering 0.11 kWh/km efficiency of a BEV, every BEV 
of the fleet consumes about 7.7 kWh per day in an normal urban setting. An approach to 
conservatively size subsystems being careful to:  

a) employ reliable data, especially the unit costs of sub-systems;  
b) not underestimate costs of equipment (main capex), operating and maintenance plant 

costs (O&M),  
c) include capex and opex for a small fleet of BEV.  

 
The basic calculation was made using the daily maximum power consumed by a BEV of the 
sample fleet to travel approximately 70 km per day, allowing for recharging. Considering basic 
relationships of the in and out of material flow over the supply-chain subunits (refer to Table I), 
                                                 
7 Some detractors claims that calculation of “well-to-tank” efficiency of electric cars sourced by RES electricity, 
shall consider also low efficiency of solar panels that convert solar energy into electricity. We consider this a 
misjudged issue, since it should be the same – to make a correct comparison –for the petroleum natural resources, 
thus calculating how much if efficiency of the original transformation of ancient fossilized organic materials into 
fossil fuel that originated energy storing into crude oil.   
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the average hydrogen produced per day by the WE subsystem was calculated and therefore the 
power (electricity) needed by WE to satisfy a production was about 150,5 kgH2 per day. 
 

Table I – Summary of inlet-outlet for each subsystem of supply-chain from WELL (left side of table) to 
TANK (right side). 

 

 
 
.  
This brought the kWh needed per day at the dispatching points (the TANK side) to feed the 
entire 15 kWh battery capacity for the fleet, to 2’265 kWh. The demand of the kWh necessary 
for the operation of WE requires a PV subsystem (average data from commercial literature) as 
set forth below in Table II. 
 
Table II - PV subsystem sizing and cost necessary to fulfill the kWh required for the normal operation of 

the unit WE. 
 

Total required  energy per year  3.392.640,00 kWh 

Yearly functioning 3100 hours 

Functioning factor per year  0,95   

Total irradiation 1900 kWh / anno/ mq 

Energy consumption 3.392.640,00 kWh 

Plant efficiency  0,127   

Required surface 14.059,84 Mq 

Power per module 120 Watt 

Power capacity per module 80 Watt/mq 

Module surface 1,5 Mq 

Number of modules 9.374,00 

Total surface 14.061,00 Mq 

Peak power of plant 1.124,88 kW 

Total energy produced by plant  3.382.514,16 kWh 

Unit cost 5.000,00 Euro/kWp 

Total cost (Capex) 5.624.400,00 Euro 

 
Dimension of HSS subsystem was conceived to satisfy a total storage capacity of - at least - 
300kg of hydrogen.  
The preliminary analysis on a “well-to-tank” system was completed considering dispatching 
points equipped with distributed fuel cells at P4R access points that have to operate in stationary 
mode for - at least - 12 hours per day (an average FC subsystem of 208 kW working averagely 
12 hours per day satisfy 2’495 kWh per day).  
Based on this assumptions, it was possible to calculate costs of all the listed subsystems, both 
capital cost (Capex) and operating costs predictable (O & M). To align whole system to an 
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average duration of photovoltaic system when it is well-maintained, the lifetime (i.e. period time 
for assessing investments, revenues and costs) was set at 20 years but it is worth to notice that 
such a prolonged "lifetime" take into account periodic heavy maintenance / substitution / revenue 
of all system units. In other words, the duration of the current systems WE, HSS storage and FC 
is certainly not extendable to twenty years but especially for these three subsystems it has been 
assumed that, after a certain number of years subsystems must be renewed and / or regenerated. 
Whereas, a new capital costs resulted from these interventions.  
Finally a tentative price of kWh dispatched has been defined conservatively targeting break-even 
point at the end of twenty years, but considering in the O&M costs also profits of not still 
specifiable investors.  
 
Define and analyze the sustainability of the system based on an intelligent public car-sharing 
business model.  
Such a scenario considers that one or more investors cover purchasing, maintenance and periodic 
renewal of the fleet of BEV that are get available in urban centers accordingly with scheme of 
Fig.1 and Fig.2 and provided to push a green “intelligent” car-sharing public use upon payment 
of a monthly fee that grants access sure to BEV, with unlimited mileage and 24 hour day. By 
“intelligent” we mean that users have real-time access to relevant information for every vehicle 
plugged-in to P4R point, e.g. battery charge status (travel distance allowed) and moreover 
location of that vehicle. Such information are provided to users on a virtual map on electronic 
device (e.g. smart phone, tablet, website access mode) to instantaneously locate vehicle to pick-
up.  
In our simulation it was stated the number of users of "e-car sharing" service considering the 
availability of 15 P4R sites: an average turnover of 7 users for the 166 vehicles has been 
considered. 
 
Table III – Summary data results from financial 
assessment simulation of “public intelligent e-

car sharing” scenario. 
 

 
 
 

Table IV – Calculated service costs for citizen 
for a profitable P4R service. 
 
 

 
 

Conclusion 
 

The EU Commission ROADMAP 2050 – Practical guide to a prosperous, low-carbon Europe 
(April 2010) states that the energy transition towards a decarbonized economy has benefits, that 
reach beyond climate change mitigation. Over the past decade a combination of high growth in 
demand for energy, slowing growth in oil supply and growing concern about climate change 
have been driving the case for renewable energy and energy diversification. This ROADMAP 
has developed a reference projection of the energy transition to test different scenarios for 
technology and climate policies in the next half-century. Among those ones, lower energy costs 
per unit of output, more stable and predictable energy prices, an increased security of energy 

NPV 
€ 462.179,46 

IRR 
0,51% 

Break-Even time (years) 
20 

Break even price (EUR/kWh supplied) 
€ 1,00 

Break even price (EUR/ kg H2 
delivered) € 0,06 

Card holders (number) 1164 

Card holders per car 7 

Yearly card strike price  € 786,86 

Strike Revenue 2012 € 916.284 

Mark-up 110,00% 

Yearly “card” price  € 1.652,40 

Monthly “card” price  € 137,70 
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supply for much more economic stability, a more stable sustainable energy. In such context, the 
GUMS concept can contribute in a concrete and fundamental portion in sustaining the European 
vision for this pathway.  
The basic concept of a P4R plant has been developed in order to building the pre-requisite 
conditions for the setting up of the EU “green energy economy from RES” in the near term 
period. Managing and deploying energy from RES for BEVs recharging help securing EU 
Countries from energy dependency on fossil fuel. 
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Abstract

To establish a knowledge base for new recycling processes of critical elements, recycling-
orientated product characterization for Electric and Electronic Equipment (EEE) can be used 
as a tool. This paper focuses on necessary data and procedures for a successful 
characterization and provides information about existing scientific work. The usage of this 
tool is illustrated for two application: Hard Disk Drives (HDD) and Liquid Crystal Display 
(LCD) panels. In the first case it could be shown that Neodymium and other Rare Earth 
Elements are concentrated in magnets (25% by weight) and contribute largely to the end 
demand of Neodymium. Nevertheless, recycling is limited by the difficult liberation and 
competing other target metals contained in HDD. In the second case it could be shown that 
also for this application the usage of Indium is concentrated in LCDs, but unlike in magnets 
the concentration is lower (200 ppm). The design of LCDs with two glued glass layers and the 
Indium-Tin-Oxide layer in between make the Indium inaccessible for hydro-metallurgical 
recovery, the glass content puts energetic limitations on pyro-metallurgical processes. For the 
future technical development of recycling infrastructure we need an in depth understanding of 
product design and recycling relevant parameters for product characterization focusing on 
new target metals. This product-centered approach allows also re-think traditional “design for 
recycling” approaches. 

Introduction & Background 

Current and future innovations in the information, telecommunication and entertainment 
sector base increasingly on the use of technology metals like e.g. Gallium, Indium, Tantalum 
and Rare Earth Elements (REE), which provide specific chemical and physical properties. 
The rising contents of these high-functional and strategic metals in WEEE build up an 
important source for secondary raw materials. Despite the fact that the primary resources for 
these metals are finite, no relevant recycling is applied yet.
Based on estimations of future supply situation and the impact on the economy, the EU 
Commission declared a number of metals as critical. Following this study, Antimony, 
Beryllium, Gallium, Germanium, Cobalt, Indium, Magnesium, Niobium, Tantalum, Tungsten, 
Platinum Group Metals (PGM) and Rare Earth Elements (REE) have to be considered as 
critical metals. [1] A raw material is “critical” when the risks of supply shortage and their 
impacts on the economy are higher compared to other raw materials. The indicator “supply 
risk” takes into account the political and economic stability of the producing countries, the 
level of concentration of production, the potential for substitution and as well the recycling 
rate. Therefore, restraints through the currently applied recycling technologies are one of the 
key arguments for classifying metals as critical. Recovery of critical metals from waste 
electronic equipment (WEEE) is very limited in current practice due to a lack of incentives 
under present socio-economic and technical boundary conditions. Any effort in a priori
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planning of new infrastructure for recycling has to be based on a good understanding of 
historic and future usage of metals and detailed product characterization. For bulk materials 
like plastics, steel, aluminum, copper, and precious metals exist well-established methods and 
a profound knowledge base that enable detailed process modeling. 
This paper aims at introducing ‘recycling-oriented product characterization’ for WEEE as a 
tool to enable recyclers on each step of the value chain to identify the composition and 
recycling potential for materials in general, and for critical metals in processed mass flows in 
particular. This information provides the basis for a multi-dimensional optimization of the 
recovery of these materials in treatment processes. As an example, two case studies will 
present results for Indium in LCD flat screens and REE in hard disk drives. In addition, 
questions on information storage and accessibility for third parties have to be addressed if 
‘recycling-oriented characterization’ is used for holistic optimization of metal recovery along 
the value chain. Finally yet importantly “recycling-oriented product characterization” can link 
the recycling industry with equipment manufacturers by addressing ‘design for recycling’.  

Recycling-oriented product characterization

Recycling-oriented characterization is defined as a systematic approach to support the design 
and the operation of recycling processes [2]. It provides and requires a deep understanding of 
the needs for recycling processes, specifically focusing on the prevention of avoidable 
material mixing and dilution while also providing relevant information for the design of new 
EEE [2]. The characterization of WEEE is structured using following levels:

1. General data on the equipment: equipment type, producer, model name or number 
and year of production  

2. Physical and mechanical properties: weight and size of the whole equipment, material
fractions, assemblies, components, connection types 

3. Chemical analysis of the assemblies and components: e.g. polymer characterization 
and element analysis

The data analysis (for example estimate of the content of metal in a specific equipment mix) 
is facilitated if the data are recorded and organized systematically in a database. Information 
on the uncertainties, measured for example through a standard deviation, should accompany 
all datasets.

The focus on critical metals affects for instance level 3, in which the content of critical metals 
will be measured. However, recyclers report that not only the metal concentration is relevant 
for the process design and operation, but also: 

� Mechanical properties of the metal-containing assembly (for example: Tantalum-
containing capacitor): What is the particle size? Which other materials are connected, 
and how are they connected? Are the other materials abrasive?

� Can assemblies or components that contain critical metals be identified visually?

The analysis of data available in the literature shows that the scientific community focuses 
either on specific metals, or on specific equipment types. Even though some investigations 
report the results of own analyses, most research uses secondary data and assumptions to 
calculate the content of critical metals.

Oguchi et al. [3] report the results of measurements of the concentration of tin, silver, gold, 
palladium, cobalt, gallium, tantalum and other metals in printed circuit boards of 21 different 
equipment types including televisions, computers, mobile phones and digital cameras. Other 
publications focusing on specific equipment types investigated the content of critical metals 
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of mobile phones [4], mobile phones and computers [5], personal computers [6] and LED 
products [7]. Further research focuses were the content of indium in flat display [8], and the 
composition of electronic components [9]. Buchert et al. [10] combined literature data to 
estimate the content of cobalt, gallium, germanium, indium, platinum-group metals, rare earth 
elements and tantalum in flat displays, notebook computers, Smartphone and LED lighting 
products. 

To conclude, even though some equipment types like mobile phones and computers were 
analyzed in several investigations, the available data do not provide with sufficient 
information for further research, for example to estimate the potential of WEEE as a source of 
raw materials. The data gaps concern all detail levels, from the detailed analysis of the metal 
content in relevant assemblies and components (like tantalum in capacitors, rare earth 
elements in magnets and gallium in ICs), to batch analysis of critical metals in complex
equipment mixes received for treatment by the recycling industry.

Example: Indium & REE in WEEE

The characterization of end-of-life products reveals critical metals containing components in 
WEEE. With this knowledge, further treatment steps can be adapted such that certain
assemblies can be separated upfront. To assess the recycling potential of critical elements in 
end-of-life products, in first instance devices with high theoretical contents and a high 
proportion of collected WEEE will be investigated.

74% of primary Indium is used for the production of flat panel Liquid Chrystal Displays 
(LCD) [11]. Returned LCD monitors are therefore a potential source for secondary Indium.
Approximately 25% of the worldwide production of rare earth elements is Neodymium [12]. 
13% of this share goes into the production of Neodymium-Iron-Boron (NdFeB) permanent 
magnets [1] and hence in the production of Hard Disk Drives (HDD). Current estimates place 
the rate of magnets in circulation worldwide applied in personal computers at 34% [13]. Both 
metals show examples for high recycling potential on the basis of the concentrated use in 
defined applications 
With the basis of the two cases it will be illustrated how further the characterization 
procedures help assessing “whether” and “how” critical metals can be recovered. 

Due to the limited number of available of literature data an experimental investigation was 
carried out with discarded HDDs sampled at several German recycling plants undergoing 
following steps  

REE in NdFeB – magnets

� Assessment of product disassembly
� Material and component composition 
� Chemical analysis of separated magnets

The disassembly of devices shows the complexity in product design and gives information 
about adequate liberation strategies. It is possible to calculate the effort for an economic 
recycling. Through the manual disassembly of devices and components also the constitutional 
heterogeneity expressed by the material composition and its variation can be described.  
Furthermore, the by analyzing single components in particular trace elements can be located 
and quantified. Figure 1 shows the average composition of HDD. HDDs consist of a variety 
of components and materials like Aluminum, Ferrous or Copper. Focusing on REEs, NdFeB 
magnets are of great interest, but also the installed printed circuit boards (PCBs) contain 
traces of Scandium, Europium, Lanthanum and Cerium. Nevertheless, printed circuit boards 
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have in the same time high content of precious metals like Gold which is recovered in highly 
efficient integrated smelters where REE end up in the slag. [14]

Figure 1: Statistical evaluation of the composition of HDDs. Red [absolute weight per unit):
Median; grey: upper (80) and lower (20) quantile; max, min as error bars 

Although a few chemical analyses of NdFeB magnets have been published, specific, 
separated investigations of the two types of installed permanent magnets could not be found 
in literature. The contents of REEs and possible alloy differences were examined. The 
comparison with literature data is shown in Table 2.

Table 2: REE content in NdFeB magnets according to selected authors and own experiments 

Unit
% 

Xu et al.; 
2000

Du, Graedel; 
2006

Zakotnik et
al.; 2008

Lyman, 
Palmer; 1993

Own analysis* - hard disk drives 
(n=3) (preliminary results)

Sample Mix Mix Mix Mix Voice-Call Motor Spindle Motor
Nd 18 20 13.78 26.3 23.3 25.4 
Pr 1.82 5 n/a 1.85 3.9 0.3 
Dy 5.3 5 0.66 n/a 1.6 0.06
Tb n/a 1 n/a n/a 0.01 0.02
Value 
type exp. theo. exp. exp. exp.

* The digestion methods aqua regia and nitric acid-water (difference in result 1-2%) showed the highest 
solubility relative to sulfuric acid. The REE content was determined by a first screening with X-ray 
fluorescence analysis (XRF) and the adapted chemical analyses an ICP-OES (Inductively Coupled Plasma - 
Optical Emission Spectrometry) 

An assessment of recycling strategies of critical elements in NdFeB magnets based on this 
dataset is possible. In the first place the magnets can be recycled as alloys by reinterring. This 
requires a predictable composition not only in terms of the Neodymium content but also of the 
alloying elements. While many studies generalize the composition for NdFeB magnets the 
detailed own results show that there is a distinct difference of alloying element between two 
motor magnet types both used in HDD, the voice call motor and the spindle motor. Only 
manual disassembly would allow a distinction between these two magnet types after 
liberation which is necessary for alloy-specific recycling. Other processes like 
hydrometallurgical separation requires only the general liberation and separation of magnets 
from the other HDD material, in particular the PCBs due to the competing recovery of various 
elements (precious metals & copper vs. REE).
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LCD panels in computer monitors consist of a high percentage of Indium and represent the 
currently leading technology in flat panel display production. Still, no recovery processes for 
Indium from LCDs are available on an industrial scale. Therefore, Indium containing 
fractions are sent either to landfill or incinerations processes, so that the scarce metal is lost 
for recovery. [8] 

Indium in LCD

To assess the assembly of LCD containing devices and the composition, information from 
literature and preliminary results from own experiments were used. In order to provide more 
profound data on the Indium content of LDC panels  experiments focused on the disassembly 
of selected LCD devices like notebooks, personal computers, LCD TV devices, and mobile 
phones. An optimal analytical procedure has been identified by comminuting, heating, burring 
and acid leaching trials with material of obsolete LCD. 

Unlike HDD LCD panel are glued compound of several thin functional layers. The material 
composition is shown in figure 1. 

Figure 1: Composition of LCD panels [Source: Götze, Rotter 2012]

Results of own chemical experiments and the comparison with selected literature are shown in 
Table 3. 

Table 3: Indium content in LCD panels according to selected authors and own experiments

   Angerer et 
al., 2009 

Böni et al., 
2012  

Takahashi et 
al., 2009  

IUTA & 
FEM, 2011  Own analysis**  

Sample Mix Mix Mobile 
Phones

Computer, 
TVs, Laptops

Notebook/PC 
(n=23)

Mobile phone
(n=11)

mg/cm2 4000 234 4408* 696* 722±300 710±570
mg/kg 1000* 58.5* 1102 174 175±60 320±160
Value 
type theo. theo. ? exp. exp. 

* own recalculation using a specific weight of the LCD panel 4 kg/m2
**  LCD pieces of ca. 1 cm² were digested with 10 ml nitric acid solution (65% HNO3) and heated up to a temperature

of 180° C with 20-bar pressure. The Indium concentration was determined by using an atom absorption 
spectroscopy analysis device (AAS). 
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The recovery of Indium from LCD panels is challenging, due to the low concentration of the 
critical metal in the whole device. The design of this type of monitor makes the dismantling of 
the device and the disassembly of the flat panel itself very hard.
Currently used shredding technologies dissipate the Indium in non-recyclable concentrations. 
To avoid this, a complete disassembly of the LCD monitor is necessary. Further mechanical 
processing steps have to be done in a sealed atmosphere to prevent losses by dust discharge. 

Concluding from these results, the need but also potential strategies for upgrading the Indium 
concentration though pre-processing can be identified (Figure 2). Starting from Indium 
distribution and Indium content in LCD devices, available recycling and Indium recovery 
processes were investigated from scientific literature and interviews with selected companies 
[8]. Each shown pathway of Indium recovery from waste LCD equipment requires 
verification in terms of economical and thermodynamic limits.

Figure 2: Possible recycling paths for Indium from waste LCD equipment [Source: Götze,
Rotter 2012]

Recycling-oriented characterization and data management

Data about contents of critical metals in WEEE, recycling potential and possibilities of 
liberalization is important for target-orientated recycling approaches. Many research teams 
worldwide characterize EEE products in order to generate knowledge on this topic. 
Subsequently, in practice working recyclers are frequently confronted with non-filtered 
information out of scientific community and try to implement this partially into their running
recycling processes. On the other side, recyclers themselves generate an extensive knowledge 
about their processed materials flows. Nevertheless, this information is sparely shared with 
others, especially competitors. This can result in reduced overall recycling rates for specific 
metals and missed business opportunities e.g. less profitable division of labor between 
different market actors. [15]
One approach, to face this problem is to build up a commonly generated database (Bottom-
Up) to combine best practices, individual strategies and general experience as common 
knowledge basis of single market actors within the recycling market. The fundamental idea of 
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this database is Crowdsourcing1, which means the availability for every company connected 
to the recycling industry and the possibility to read and insert data. Compared to out-sourcing 
where a product or service is purchased from a specific business partner, Crowdsourcing tasks 
are announced to a generally large group of people in the form of an open call [16]. In this 
case, companies from recycling industry shall constitute the group, contributing with more or 
less detailed information about recycling strategies, material composition or demand and 
supply of waste material. This tool can handle each recycling step starting at the waste 
collection and ending with the production of new products. Figure 3 shows the relevant 
stakeholders for a successful database.

Figure 3: ‘RESUME’ - Recycling Data Base as a Crowdsourcing product

The recycling database is set up as an online tool, splitted in two main functional units. The 
first is a value creation calculator, which characterize recycling mass flows. Stored 
information about EEE, containing components of each device and the elementary 
composition can be retrieved. If available, materials are linked to current up-to-date market 
prices from the London Metal Exchange and other online databases. Combining the online 
data and contributed information, material potentials are calculated for available ways of re-
cycling, allowing to compare the different outcomes regarding recycling rate and ecological 
attractiveness. 
The other functional unit is a market place, where materials can be traded directly. Like on an 
online market place like eBay, each material shall be offered or requested. The platform is 
realized as PHP web page with backend SQL database.

Linkage to manufacturers – Design for Recycling

The product design essentially determines the materials used in the product, the material 
combinations and the type of connections (screws, glue etc.), and considerably influences the 
efficiency of the recycling process. A concrete example of design-for-recycling relates to the 
accessibility of printed circuit boards. The manual removal of printed circuit boards would 
partially prevent the losses of precious metals in side-streams [19]. How easy the manual 
removal is, depends on product design. Design-for-recycling models to link product design to 
                                                            
1 Crowdsourcing is a process that involves outsourcing tasks to a distributed group of people. The difference 
between Crowdsourcing and ordinary outsourcing is that a task or problem is outsourced to an undefined public 
rather than a specific body. Crowdsourcing is related to, but not the same as, human-based computation, which 
refers to the ways in which humans and computers can work together to solve problems. These two methods can 
be used together to accomplish tasks. [17, 18]
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the amount and composition of the output fractions of mechanical pre-processing and to the 
products of the subsequent material recovery processes were developed by Reuter and Van 
Schaik [20].

The example of Indium in LCD shows that an early separation of the LCD through 
disassembling conditions the recovery of the Indium. In this case, design for recycling should 
focus on making a quick removal of the LCD possible. In the case of the Rare Earth Elements 
in NdFeB–magnets, even though the separation into a separate fraction also conditions the 
recovery of the REE, it may be possible to separate the NdFeB-magnets later in the pre-
processing facility, for example after size reduction. In this case, the connection of the 
magnets to other materials (for example casing) should be able to break easily to make the 
magnets easily sortable, also in automated processes. Two examples – two different 
recommendations of the designers! 

Recycling-oriented product characterization plays a central role to link product design and 
design of recycling systems. As explained before, it gives the recyclers the possibility to get 
and analyze data on the characteristics of products to adapt their processes. As a feedback,
they can communicate to manufacturers or associations of manufacturers which product 
characteristics affect positively or negatively the efficiency of recycling, and formulate 
recommendations for an improved product design. From a manufacturer’s perspective, it 
provides the designers with concrete basic ideas on which product characteristics are keys for 
the recyclers. Therefore, recycling-oriented product characterization can be seen as a tool for 
an improved dialogue among actors of the product life cycle.

However, even though recycling-friendly designed, products have an improved recyclability;
it does not mean that the materials are actually recycled. Recyclable materials can only be 
recycled if adequate infrastructure, consumer attitude and appropriate business models are 
implemented to collect and treat the materials [21].

Conclusions

The following conclusions can be drawn
� A recycling-focused approach towards product characterization enables a priori

planning of new technology and infrastructure for the recovery of metals in general.
� The present knowledge base of recycling-relevant product characteristics has to 

extended to tackle challenges of recycling critical metals.
� Beyond the information of the recycling potential expressed as ‘concentration’ or 

‘grade’ information on liberation behavior, content of alloying elements and impurities 
is relevant to design recycling systems, as shown for LCD panels and HDD.

� ‘Design-for-recycling’ recommendation are metal and product specific and cannot be 
generalized.

� We have to rethink traditional ‘design-for-recycling’ recommendation if it comes to 
new recycling challenges of critical metals
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Abstract

The designers of products subject to the European regulations on waste have an obligation to 
improve the recyclability of their products from the very first design stages. The statutory texts 
refer to ISO standard 22 628, which proposes a method to calculate vehicle recyclability. There 
are several scientific studies that propose other calculation methods as well. Yet the feedback 
from the CREER club, a group of manufacturers and suppliers expert in ecodesign and recycling, 
is that the product recyclability calculation method proposed in this standard is not satisfactory,
since only a mass indicator is used, the calculation scope is not clearly defined, and common data 
on the recycling industry does not exist to allow comparable calculations to be made for different 
products. For these reasons, it is difficult for manufacturers to have access to a method and 
common data for calculation purposes. 
A critical analysis of the standard and the various calculation methods identified in scientific 
journals was performed. An initial discussion brought to light several possible scopes of 
calculation. Additional indicators, such as quality loss or economic value loss, would be 
complementary to the mass indicator. Case studies were performed to compare these different
methods. A new method and its scope of calculation are proposed in order to develop a reference 
method. 

Glossary
ELV: End-of-life vehicle

WEEE: Waste Electrical and Electronic Equipment

PRM:  Primary raw material

SM: Secondary material

SRM: Secondary raw material

Introduction

The European directives on end-of-life product treatment are now in application. The assessment
of recycling networks in terms of the quantities collected and the efficiency of the treatment and 
recycling is one of the objectives of the statutory texts. Recycling efficiency will be improving in 
the near future thanks to the use of increasingly successful sorting and transformation 
technologies. But this is not sufficient. Companies must have an ecodesign strategy for their new 
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products that integrates the constraints of recycling in order to improve the efficiency of end-of-
life product treatment.

This strategy must also integrate the use of recycled materials, provided that there are important 
and long-lasting sources as well as good quality materials; this is the case today for certain
materials, but not all. 
The European directives contain a recyclability calculation reference based on standard 22 628 
[1] for automobiles, while proposals of standards for WEEE and earth-movers are still under
discussion. However, a report drafted by industrial members of the CREER club indicated that 
the product recyclability calculation method used in this standard is not satisfactory, for the 
following reasons:

- The scope of calculation is not defined,
- The data on treatment networks does not exist or is not capitalized in a common data 

base,
- The mass recyclability indicator does not suffice to estimate the quality of the materials

produced.

For these reasons, it is difficult for industrialists to have access to a method and common data for 
calculation purposes.

The objective of this study is to examine the state-of-the-art recyclability calculation methods for
new products, with the aim to define a reference method for designers. 
The study is exploratory and includes 4 sections:

- Critical Analysis of the definitions of product recyclability and principle proposal for the 
calculation of recyclability

- Proposal of the indicators of mass, properties and economic value
- A case study

Critical Analysis of the definitions of product recyclability and principle proposal 
for the calculation of recyclability

Critical analysis of definition of definitions in the European directives and standards

The 22 628 standard on recyclability calculation and vehicle recovery defines recyclability as the 
capacity of components, materials or both to be removed from the end-of-life flow to be 
recycled. The recyclability rate is the percentage of the mass of a new vehicle that can be 
recycled, potentially re-used or both. The recyclability rate thus includes recycled material and 
re-used components. Recycling is defined as the recovery of waste from products, materials or 
substances for the same purposes as their initial function or for other purposes, excluding energy
recovery.

The standard does not indicate whether the calculation should be made in relation to a regulated 
reference network. A product should be considered as recycled when there is a representative 
recycling network that is economically viable at the national or European level. Regulated 
networks exist in Europe and are financed by consumers through eco-taxes on products that are
redistributed in eco-friendly waste management networks. These networks accept several types
of products. ELVs are accepted and represent up to 40% of the incoming products for shredding 

Recyclability rate
Re-use of component parts Recycling of materials

203



facilities. Certain products such as furniture and high voltage WEEE are not subject to 
regulations. It is therefore difficult to estimate their recyclability in a regulated network. 

There are at least two differences between the notions of recyclability and recycling.
The first difference is that the recycling rate estimates a network treating a set of products while 
the recyclability rate estimates the ecodesign of a product when the latter is treated in a network.
The second difference is the product lifespan; for example, small electric equipment products 
will arrive at their end of life after 5 years on average, versus 15 years for vehicles. The 
recyclability of a product is the efficiency of a reference network with regard to the design of a 
product that will be treated at its end of life, with the end of life varying according to product.

The notion of recyclability is used in Directive 2005 / 64 / CE concerning vehicle re-use, 
recycling and recovery possibilities. It is not referred to in all the directives and is not 
harmonized in the various texts.
The definitions of the recycling rate also differ according to directive. For example, Directive 94 
/ 62 / CE concerning packaging and packaging waste defines the recycling rate as the total 
quantity of waste from recycled packaging divided by the total quantity of packaging waste 
produced. It does not indicate in which recycling step the material is considered to be recycled, 
incoming or outgoing?

A product designer has several scopes (see Figure 1) to take into account in order to calculate the 
recyclability of his product, and several questions to ask:

- How can one integrate a product lifespan if one does not know the efficiency of the 
network at the product's end of life?

- Is it necessary to integrate the re-used components?
- What scope of calculation should be used? Is it necessary to stop at the SM or the SRM

step, i.e. components or components restored to their original level?
- What type of outlet exists for the recycled material?

The design of a product has effects on the mass efficiency and the purity rate of its separate 
fractions as well as on the outlets for the materials. It is necessary to define more reference 
treatment scenarios for every product, i.e. typical networks, and more successful indicators to 
help designers to integrate the end-of-life recycling constraints of their products.

Conclusions:
It is thus necessary to define:

- Recyclability indicators estimating the preservation of the mass and quality of the 
secondary raw material with regard to the primary raw material

- A reference network for a product
- A scope of calculation

We can say that a product's recyclability is the capacity of a product and a reference network to 
restore the materials, the technical properties and the economic value close to those of its origin
when a product arrives at its end of life.
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Principle proposal for the calculation of product recyclabilty

Proposal of indicators
The relevant criteria for network efficiency are thus:

- The preservation of the mass of the primary raw material (PRM) with regard to the mass 
of SRM

- The preservation of quality, which is translated as the preservation of properties and the
preservation of the economic value of the SRM with regard to the PRM.

Proposal of a reference network 
Reference networks are regulated networks in which products are collected. For example, 
household electrical appliances such as vacuum cleaners, coffeemakers etc. are collected and 
treated all together.
Regulated networks exist for:
- ELV 
- WEEE
- Packaging 
- Boats,
- Airplanes,
- Construction and demolition waste
- etc.
There are two possible scopes and three ways to calculate the mass recyclability rate.

Proposal of a calculation scope
The first scope complies with the vision of the 22 628 standard, and there are two methods for its 
calculation.

First method:

Comments: 
Indicator n°1, which expresses the quotient SM/input material, differs from the recycling rate 
measured in the field. By not taking into account the rates of impurities in the SM, in certain 
cases mass indicators are superior to 1 because both the impurities and the main material are 
counted together.
Indicator 1 does not reflect the quality losses due to the impurities of the SM and the mass losses 
during the recycling by melting of the SM to produce MPS (ingots). These losses depend on 
product design. For example, if the designer chooses to make a massive part from aluminum or 
aluminum sheets. The association of materials resulting from design choices that generates these 
losses is not taken into account.
In the calculation of the mass of dismantled parts, market demand and the waste generated 
during part renovation are not taken into account. 
It is easy to calculate this indicator from data supplied by professionals, yet it is not a very 
precise support tool for designers with product recycling objectives.

Product: 
Input material 
by
parts and 
components

Dismantling: 
mass of parts

Shredding :
loss material

Sorting: loss
material

Indicator n°1:
(Input material-
Shredding/sorting 
loss)/Input material
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Figure 1. Definition of the scope for the calculation of product recyclability (color
code: yellow: materials, white: products/components, green: transformation processing)
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Second Method:
Scope 1

Comments:
This indicator can be linked to the measured recycling rate in the field. It is however necessary to 
estimate the impurity rate resulting from material associations for each type of design. This 
requires the use of databases built from field tests.
It also makes it possible to estimate the quality of the SM, but does not integrate the mass losses
during the recycling of the SM to produce SRM.

Scope 2:

Comments:
This indicator takes into account the impurities during grinding and sorting, the SM losses and 
the additives added during melting to restore materials to their previous level. With regard to the 
previous scenario, it requires good knowledge of the main material/impurities phenomena during 
SM melting. This indicator is more precise for designers with product recycling objectives, since
it considers the whole recycling process for various types of material associations. It is correlated 
with the production of secondary raw materials. Indicator n°3 can also be defined as indicated in 
the following diagram.

Discussion of the scopes with regard to the proposed indicators
The economic value preservation indicator becomes integrated into scope 1, since it takes into 
account the quality of the SM and thus the associations of materials in the design, and indirectly 
in scope 2 since the market prices integrate the value of the SRM. However, it takes into account
the material losses at the grinding/sorting level.

Material +
Association 
with other 
material

Shredding/sorti
ng: Mass 
losses+impuriti
es

Indicator n°3:  
SRM- additives
/ Input material

Melting losses 
+impurities 
+ renovated parts
mass

Product:
Input material 
by material 
and parts 

Dismantling:
Mass of parts

Shredding/sor
ting: Mass 
losses+impuri
ties 

Melting losses 
+impurities 
+ renovated parts
mass

Indicator n°3:  
SRM- additives
/ Input material 
  

Product: 
Input material 
by
parts and 
components

Dismantling:
Mass of parts

Shredding : 
losses + mass 
impurities 

Sorting 
losses+
mass 

impurities 

Indicator  n°2: 
SM/Input material
SM=(Input material 
– mass losses + 
mass impurities)
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The mechanical property preservation indicator takes into account the notion of SRM quality; it 
thus becomes integrated into scenario 2. It requires precise knowledge of all the treatment stages 
and the abundant thermodynamic data.

Additives and fillers added to the secondary raw material must not be taken into account.

Based on the previous hypotheses, we propose 3 types of indicators:
- A mass preservation indicator
- A property preservation indicator
- A recycled material value preservation indicator

Proposal of the indicators of mass, properties and economic value

State of the arts concerning indicators

The first difficulty when calculating product recyclability rates is to procure data on typical 
networks, i.e. which products go to which network, since a network treats several categories of 
products. The recyclability rate of a product by a network will actually be that of a set of product
categories.

The second difficulty is to identify the geographical scope of a typical network. Indeed, it will be 
necessary for the various European countries to estimate the performances of their networks 
before determining which is the most successful. Today, every country is attempting to make its 
own technology prevail with the European Commission. The technical scope must also be taken 
into account. In this study, we propose that the scope include the SRM, i.e. that produced by the 
refiners, and the re-used parts after their restoration to standard.

The third difficulty is to procure data on the mass efficiency of the product treatment - what are 
the mass losses at the level of the grinding, the sorting and the melting of the materials into
ingots, and how do we define the notion of mass efficiency?
In any transformation process, according to the laws of thermodynamics, mass losses occur [2].
To estimate them for each material composing a product, one must conduct shredding tests and
analyze the residual product remaining in the recycled fractions as well as in the composition of 
the non-recycled fractions, in order to calculate process efficiency. The residuals in the recycled 
fractions have an effect on product quality. The quality of metals stemming from the recycling is 
relatively high thanks to the manual sorting which is made in Europe on the big particle size 
taking out crushers and in China on the more low particle size.

The mass indicator:
Work was performed to model the ELV treatment system based on grinding tests. For ELVs [2]
and WEEE [3], these models integrate field data and highlight material losses for these products 
during the treatment stages. These losses depend on:

- Grinding particle size. This determines the rate of liberation of the associated materials
[4] [5] and is different for ELVs and small electric devices. The more one crushes at the 
end, the more material losses there are.

- The reactivity of metals with respect to oxidation. Material losses are greater for example
for aluminum and magnesium than steel.

- The material sorting, whose efficiency depends on processes and is not 100%.
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- The melting to produce ingots, since the SM entering the refiner is not pure.

Because the material (metals, plastics, glass etc.) must be brought back to its original level, a
dilution with virgin or recycled materials is necessary, depending on the outlets targeted. This is 
true for steel, diluted to decrease the brass impurity rate, which must be much lower than 0.2%.
Wrought and cast aluminums are mixed after grinding because they cannot be sorted out with the 
existing techniques. The only application for this mixture is for cast aluminum, but a dilution is 
also necessary to reduce the iron impurity rate. The USGS publishes the average rates of 
recycled material inputs in primary metals.
For ELVs, plastics with densities between 0.9 and 1.1 are sorted out at the industrial level by 
certain recycling companies, but this is not a typical technique at the European level. The PP 
sorting efficiency communicated by the shredder company Galloo in 2001 was 44%. To satisfy
noble outlets, the purity rate must reach 97% (with overall property losses lower than 5% [6]).
Plastic sorting is not widespread in Europe today, since crusher companies' know-how concerns 
mainly metal recovery, and practically not at all that of plastics. Crushers did not anticipate the 
changes in product design, which has been incorporating increasingly less metal and more plastic
for several years now. Yet due to the ELV lifespan, plastic must increasingly be taken into 
account today when recycling. 

In standard 22 628, product recyclability is a standardized calculation, similar to an efficiency 
calculation for recovered materials. Due to the lack of data concerning the composition of the 
output of crushed and sorted fractions, the mass losses and the impurity rate are neglected in the 
calculations. Our bibliographical research shows that these two types of data are not 
insignificant. An outgoing fraction "A" can be larger in quantity than the incoming fraction due 
to the impurities. In theory, to calculate the mass efficiency one should take into account the rate 
of losses of the incomers and the impurities rate, just as in any efficiency rate calculation.
Mass efficiencies differ according to product. The mass efficiency of electronic products is lower 
than that of ELVs, with higher impurity rates. On the other hand, it includes significantly more 
precious metals. Plastics are styrenics containing toxic flame retardants, which depreciate their 
value if not sorted out.
For all of the reasons evoked above, one must take material associations into account when 
calculating recyclability.

Economic indicator:
The economic indicator can be a good way to express quality loss [7] [8] [9]. This indicator 
depends on the degree of development of recycling techniques as well as on the costs generated 
by recycling processes. We assume that this indicator is reflected by the monetary value of the 
recycled and virgin materials. The closer the value of the recycled material to the virgin material,
the higher the recyclability rate. If this indicator is used by an engineering consulting firm, the 
designer can determine which types of economic outlets exist after recycling. 
Since the quoted market prices of raw and recycled materials are volatile, the annual average
prices of the secondary primary and primary raw materials as well as the trend curves for price 
evolutions during periods of at least 10 years is taken into account.

The property indicator:
The quality preservation indicator for the properties can be estimated using the exergy 
conservation indicator. Any irreversible process causes a loss of exergy leading to a reduction of 
the useful effects of the process, or has an increase in energy consumption. The data for exergy 
calculation is stable and fixed with regard to the economic values. This indicator can be 
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calculated with software. We can thus calculate the exergy losses due to mass loss, 
contamination with impurities, and dilution [10] [11] [12] [13].
In this context and using the available data, the recyclability of several products was calculated 
using these three indicators.

Conclusions
Conclusion 1:
There are two ways to calculate the material efficiency:
If we consider the input material and the SM, then the efficiencies can be greater than 1, which is 
incompatible with an efficiency calculation,
If we consider the incomers, the SM and their impurities, and the losses during transformation 
into ingots, then the efficiencies are lower than 1. [14]  

Conclusion 2:
There are several types of mass losses during the product treatment cycle producing the 
secondary raw material [15] [16]:
- During the grinding, due to oxidation for reactive metals, 
- Through the imperfect liberation of the associated materials,
- During the melting to produce ingots

Conclusion 3: The mass losses during the grinding / sorting / melting are not insignificant and 
vary depending on the metal.

Conclusion 4: the rate of liberation of the associated materials, as for ferrous metals, copper and 
aluminum, is different for ELVs (99, 89, 88%) [2] and WEEE (94, 78, 82%) [16]. It is lower for 
the electronic products. The losses of ferrous metals, copper etc. thus differ depending on the 
network.

Conclusion 5: 
There is a difference between a product's mass recyclability and its mass recycling rate in the real 
networks [17]:
Example: Small household and electronic appliances:

- Theoretical mass recyclability rate: 82%, versus recycling rate achieved by the networks: 
73%,

- Recycled metals: 73.2% versus 61%, MPS produced efficiency: 90% on average,
- Recycled plastics: 19% versus 7.2%, MPS produced efficiency: 38% on average.

Conclusion 6: the material efficiencies (SM/material/incomers) are different according to the 
type of equipment because the associated materials are different:

- Large household appliances, mass efficiency: ferrous: 99%, non-ferrous: 94%, plastic: 
74%,

- Small electrical household appliances: mass efficiency: ferrous: 96%, non-ferrous: 98%, 
plastic: 38%.

Conclusion 7: 
Metals and plastics are alloys. After grinding and sorting, alloys are mixed, for example 
aluminum, zinc, iron, copper alloys, etc., with the following consequences:[10]

- Material property losses
- Value losses: alloys have different values when they are mixed,
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- Resource losses due to the dilution.

Conclusion 8:
According to the laws of thermodynamics [15], the efficiency of a transformation cannot be 
100%, and the increase in mass efficiency occurs to the detriment of quality preservation. It is 
thus necessary to optimize the mass indicator and the quality preservation indicator (exergy)
according to the economic outlets and thus to the economic value preservation indicator. In the 
future, it will also be necessary to take into account the irreversible contamination that
accumulates in metals since they all include a fraction of recycled metals.

Conclusion 9:
According to the hypotheses taken into account to calculate a quality preservation recyclability 
indicator based on the economic value losses of the SM [8] [9]:

- The loss in value of recycled materials depends on the raw material value. Precious 
metals lose less value when they are recycled (mining/extraction costs quotient and 
recycling costs),

- The economic value of a recycled material depends on its quality, since recycled 
materials with properties close to the virgin material have values that are close but always 
lower,

- The loss of value depends on the use which is made of the SRM in a product.

Conclusion 10: 
The application of the recyclability calculation methods from our bibliographical research shows 
that calculating recyclability according to standard 22 628 results in a significant underestimation
and sometimes in an unrealistic image of the real recyclability.

Proposal of a recyclability calculation method

Three types of losses were highlighted during the treatment of end-of-life products with a
recycling objective:

- loss of mass due to material losses,
- quality losses due to the association of materials, which has the effect of creating 

impurities after grinding (imperfect liberation) and sorting, 
- economic value losses due to the material specificities and to their uses in a product;

this indicator is also a quality indicator. 

From the bibliographical research, three indicators and their calculation methods were tested for 
case studies. These indicators enable assessment of a product's recyclability:

1. Mass preservation indicator, Rm,
2. Exergy preservation indicator, Re,
3. Economic value preservation indicator, Rv.

The data used to calculate the economic value preservation recyclability indicator was updated 
for the year 2007. Databases for exergy preservation allow exergy calculation for any compound 
made from the chemical elements. 
The recyclability of a product is ideal when these indicators approach 1.
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The mass preservation indicator Rm is determined according to the mass efficiency ��

 &see 
Table 1) and is specific to every material during the various stages of the treatment of end-of-life 
products.

*
�+�
�

� ��

�
�
�


• Rm: Mass preservation indicator,
• Mi: Mass of each material i (kg),
• ��
: Mass efficiency indicator specific to a network and a material,
��

is the product of the mass indicators for the shredding (grinding), sorting and refining�
��
+

�	�
���
��,
• If �
+
9, no recycling in SRM or re-use.
For product re-manufacturing:

*
�+
�
��

�����
�
���}��
�����

Table 1. Mass efficiency indicators

Accepted 
material

Unaccepted 
material Refused material Dismantled parts

��
� 0
% recyclability

��
+
9
No recyclability

���
9
���
	�����
�ismantling + 
restoration to standard,

% recyclability

��
�-
restoration for re-use
% recyclability

The exergy preservation indicator Re, determined according to the loss during recycling, is 
estimated using the exergy efficiency indicator ��!

*�+
�
�

���+
*����

�e= e srm/e srm
e srm= em + ei + ed

• Re: Exergy preservation indicator,
• em: Loss of exergy due to the mass loss (MJ/kg),
• ei: Loss of exergy due to impurities (MJ/kg),
• ed: Loss of exergy due to the addition of virgin material for dilution in order to restore to
the SM standard.

Comment: Aspect or color quality losses cannot be estimated using the exergy. In this case, they 
are taken into account in the ENSAM/Renault method [6].

The economic value preservation indicator Rv is determined with respect to the economic 
efficiency indicator �=
|, which estimates the preservation of the material's value after use and 
recycling.

Rv
                                                                                   =

= f(Vprm,Vsm,Vsrm)
��i �= ����i

Vprm: PRM value ($/kg),
Vsm: SM value (/kg),
Vsrm: SRM value (/kg),

212



�=: Economic efficiency. When it is equal to 1, this means that the value of the secondary raw 
material is practically equal to that of the primary raw material. The values for various materials 
are expressed in the graph in Figure 2.

�=
+-

�
*+�9!8 ;1],
�=
+9

�
*+�9 ;0.8],
The value of 0.8 was chosen as a threshold.

Figure 2. Economic value preservation indicator (updated in 2007) [8] [9]

Comment:
According to the laws of thermodynamics, the efficiency of a transformation cannot reach 100%,
and any decrease in mass losses occurs to the detriment of material quality preservation. It is thus 
necessary to optimize the mass losses and the quality preservation according to the economic 
outlets and thus to the economic value preservation.

These three indicators (see Table 4) are defined for typical networks, for example for ELVs or
WEEE. The mass indicator for the ELV network is higher than that of the WEEE, according to 
the studies quoted previously. However, for certain electronic products containing precious 
metals, the economic indicator can be higher.

Table 4 . Product recyclability defined by the preservation of mass, quality and economic value 
efficiency

Accepted 
material

Unaccepted 
material

Refused 
material

Dismantled 
part

Mass
efficiency

Exergy
efficiency

Economic value 
efficiency

ma mii mri mdi
�


i
i+
�g�
�s�
�

���
r �


i
e=esrm/ e �


prm
v= ��i R=(0,8 ;1) / 

��i

Case study

The bibliographical research made it possible to identify indicator calculation methods 
estimating the performances of end-of-life product recycling as well as the quality and value of 
the recycled materials produced. To calculate these various indicators, one must collect data on 
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the mass balance assessment of the dismantling, crushing and sorting as well as the material 
losses up until ingot production by the network operators. This data is still unknown, but certain 
studies have modeled the efficiency of the systems. The databases and software used to calculate 
these various indicators are not always available. For these reasons, it was not possible to test all 
of the methods. As an illustration, mass recyclability according to the standard is compared with
the mass recyclability integrating losses during the transformation process and a scope including 
the production of SRM.

Case study: a car body part

Hypothesis: A car body part (Figure 4) is dismantled. It has a steel core and an aluminum cover. 
During the grinding / sorting, the steel and the aluminum are not separated; the fraction after 
sorting is captured in the ferrous fraction, due to the ferrous mass. During material melting in an 
electric oven, the aluminum is oxidized since it is associated with the steel and thus is found in 
the slag, and it is therefore not recycled. Only the steel is recycled.
In the recyclability calculation, standard 22 628 does not require that the parts be treated in a 
representative network. 

If there is at least one process allowing treatment of this part, the recyclability rate is considered 
to be 100%.

In the case of the car body part, the mass recyclability (see Table 3, 4) is 47%, because there are 
losses at the level of the separation by grinding but especially during the melting. The indicator 
takes into account the material associations.
The economic value preservation indicator does not take into account mass losses due to the 
melting but it does take into account the loss of value of the SM, in this case the aluminum in the 
second melting. With respect to the primary raw material, this loss is significant for the 
aluminum. The recyclability of the body part is 48%. The mass indicator and exergy preservation 
is 35%; it takes into account the losses during the steel refining.

Figure 4. Case study: a car body part

Table 2. Recyclability according to standard 22 628, mass, economic value and exergy 
preservation indicators

Car body 
part: ELV
channel

Mass 
(kg)

�
%
Standard

R
Standard �
����% R Mass �
=%

R
Economi
c value

�
����	�

% R exergy

Steel 0.17 1 0.48 0.98 0.47 1 0.48 0.74 0.35
Wrought 

Aluminum 0.18 1 0.52 0 0 1 0 0.8 0

Total 0.35 1 1 0.47 0.48 0.35
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Table 3. Calculation of the mass efficiency

Car body part: ELV channel �
��
dation �
��paration �
Melting �
�
�����
Steel 1.00 0.99 0.99 0.98

Wrought Aluminum 0.91 0.88 0 0

Summary of the case study:

According to the calculation method used in the standard [1], for a product to be recyclable, a
process or network must exist that allows every component or material in the product to be 
recycled. The scope of calculation takes into account the input materials/components and does 
not take into account the shredding, sorting, and refining processes leading to the production of 
SM and SRM. In the case of a car body part, recyclability is considered to be 100%.
If the recyclability calculation is carried out with a scope covering the MPS, the results are quite 
different from the standard.

This calculation is often very far from reality, as shown by our comparison of the various 
recyclability calculation methods tested in the case studies. There are indeed several types of 
losses.

Conclusion

This study shows that the recyclability calculation method according to standard 22 628 is not 
satisfactory for designers as concerns the scope of calculation. In order to make more relevant 
choices of materials and their associations to improve product recyclability, we recommend that 
they choose a scenario with a calculation scope covering the production of secondary raw 
materials.
This scenario allows more realistic theoretical product recyclability calculation and responds to 
the European ratification objectives. As for the quality preservation approach, a first step is to 
use an economic indicator to guarantee the sustainability of a recycling network. Secondly, when 
recycling processes can be better modeled, it will be possible to apply a quality indicator based 
on the notion of exergy, which we consider more reliable from an environmental standpoint.
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Abstract

It is generally recognised that the grades of metallic ores are falling globally. This trend can be 
expected to increase the life cycle-based energy requirement for primary metal production due to 
the additional amount of material that must be handled and treated in the mining and mineral 
processing stages of the metal production life cycle. Rock (or whole ore) smelting has been 
suggested as a possible alternative processing route for low grade ores with a potentially lower 
energy intensity and environmental impact than traditional processing routes. In this processing 
route, the beneficiation stage is eliminated along with its associated energy consumption and 
greenhouse gas emissions, but this is partially offset by the need for more solid material to be 
handled and heated up to smelting temperatures.  A life cycle assessment study was carried out 
to assess the potential energy and greenhouse gas benefits of a conceptual flowsheet of the rock 
smelting process, using copper ore as an example. Recovery and utilisation of waste heat in the 
slag (via dry slag granulation) and offgas streams from the smelting step was also included in the 
study, with the waste heat being utilised either for thermal applications or electricity generation.

Based on the assumptions made, the results of the study indicated that this conceptual processing 
route does offer the potential for significant reductions in the embodied fossil fuel energy and 
associated greenhouse gas emissions of copper metal production from low grade ores compared 
to the most likely other competing processing route, heap leaching, for these ores. This is 
particularly the case where waste sulphide material is available, as the energy from oxidation of 
the waste sulphide during smelting replaces fossil fuel energy required for smelting. However, in 
the absence of any waste  sulphide material, the embodied energy was only less than for heap 
leaching when the recovered waste heat was utilised in thermal applications. Other issues, 
particularly economics, will also play a significant role in determining the viability of this 
processing route for low grade ores. 

Introduction

Metallic ore grades are falling globally as higher grade reserves  are exploited first and are 
progressively depleted. At the same time, the demand for primary metals extracted from these 
ores is expected to increase, despite increased levels of dematerialisation and recycling. 
Sustainability concerns have highlighted the need to minimise resource consumption and 
environmental emissions while meeting these demands. However, this is becomingly 
increasingly difficult as ore grades fall and deposits become more mineralogically complex. This 
raises the issue of developing possible alternative processing routes for low grade ores with 
lower energy intensities and/or environmental impacts [1].
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Rather than beneficiating an ore by grinding and flotation to produce a concentrate for smelting, 
a possible alternative is to smelt the whole ore directly (ie. “rock smelting”). While this 
processing route eliminates the mineral beneficiation stage and its associated impacts (including 
energy consumption and greenhouse gas emissions), more solid material has to be handled and 
heated up to smelting temperatures (typically 1250/C for copper) requiring additional energy 
input (and associated greenhouse gas emissions).  However, many copper mines have waste 
sulphide dumps containing significant amounts of iron sulphides (pyrite (FeS2) and pyrrhotite 
(FeS)). Using this waste material as a fuel and flux source (the oxidation of sulphides is 
exothermic) in the rock smelting stage has the potential to reduce the fossil fuel-based energy 
requirements of the process as well as disposing of a waste material that can give rise to acid 
mine drainage (AMD - the outflow of acidic water from mine sites). However, this reduction in 
smelting energy is partially offset by additional electrical power requirements for the smelting 
stage due to the additional amount of input material to be treated, as well as for the acid plant to 
convert the additional amount of suphur dioxide in the furnace off-gas into sulphuric acid. The 
other advantage of the proposed processing route is a reduction in the amount of sulphide waste 
materials that could end up in the tailings dam and hence result in AMD.

Sustainability concerns have seen the metal production sector, like other industrial sectors, come 
under increased pressure to reduce its environmental footprint over the various processing stages 
in the supply chain from ore mining though to metal production and refining. Life cycle 
assessment (LCA) is a methodology that has been widely used to examine these concerns. In a 
previous LCA study of the rock smelting of low copper grade ores [1], a conceptual version of 
this processing route was considered, with no particular smelting technology specified, although 
some of the emerging technologies for direct ironmaking could be amenable to this type of 
processing. The possible use of waste sulphide material (assumed to be FeS) in the smelting 
stage was also included in this earlier study. The embodied energy1 and greenhouse gas (Global 
Warming Potential, GWP) footprints of rock smelting of copper ore were compared with those 
of the following processing routes in this earlier study:

� concentration and smelting
� pressure acid leaching
� in-situ leaching
� heap leaching

As lower grade ores tend to be more mineralogically complex, it is anticipated that they will 
require finer grind sizes to achieve mineral liberation, and this will significantly increase the 
energy required for the concentration and smelting route. Pressure acid leaching was shown to 
have similar energy requirements to concentration and smelting at low ore grades, while in-situ 
leaching still has a number of development issues to be addressed. This leaves heap leaching as 
the most likely competing processing route to rock smelting for low grade copper ores, and these 
two processing routes are compared in this paper.

No recovery of the heat contained in the waste streams (slag and offgas) from the smelting stage 
was considered for the rock smelting case in the earlier LCA study [1]. However, CSIRO has 
recently developed a new integrated slag treatment process based on a two-step process 
involving a dry granulator and a packed-bed counter-current heat exchanger [2-4]. A follow up 

1 Fossil fuel energy accumulated over the various life cycle stages of primary metal production.
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study was therefore carried out to investigate the impact of slag waste heat recovery using 
CSIRO’s dry granulation process combined with offgas waste heat recovery on the embodied 
energy  and greenhouse gas footprints of copper metal production by rock smelting of copper 
ores. The results of this latest study are presented in this paper.

Smelting Energy

Modelling of rock smelting of copper ores was carried out using CSIRO’s MPE (multiphase 
equilibrium) model [5] in order to establish suitable smelting conditions to produce a high grade 
copper matte (65% Cu). FeS was assumed to be available on site from a waste sulphide dump as 
outlined earlier. The MPE modelling results were used to derive a series of reactions (along with 
reaction extents) that were incorporated into a METSIM simulation model of the rock smelting 
process [1]. This METSIM model was then used to examine the effect of decreasing ore grade on 
the smelting energy requirement and thereby on the embodied energy of the copper metal 
subsequently produced from these ores. For comparative purposes, the case where no waste 
sulphide material is available as a fuel and flux source for smelting was also considered. A 
simple schematic flowsheet of rock smelting of copper ore as modelled by METSIM is shown in 
Figure 1. The composition of the ore used for the base case was as follows:

Chalcocite (Cu2
Pyrite (FeS

S) 1.3% (ie. 1.0% Cu)
2

Quartz/silica (SiO
) 33.2%

2) 65.5%

Figure 1. Schematic flowsheet of rock smelting of copper ore. 

The results of the METSIM simulations showed that the energy balance around the converting 
stage was very small relative to the smelting stage, which is a reflection of the respective mass 
flows into each stage (ie. 100 t/h of ore into smelting, 1.6 t/h matte into converting). Therefore 
the focus was on the energy balance around the rock smelting stage and this is shown in Table I.
The heat loss for the base case (waste sulphide available) was assumed to be 0.77 GJ/t ore (or 

Gas heat Offgas to
recovery acid plant

  Air

Ore
Rock Converting Blister copper

Waste sulphide smelting to anode furnace

           Air
  Silica

Slag heat Granulated
recovery slag

Matte
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0.45 GJ/t total solid2 (ore + waste sulphide charge) to give a net smelting energy input of zero. 
This heat loss value is similar to that previously estimated for conventional copper smelting [6].
The heat loss is less for the no waste sulphide case as it is assumed that the heat loss is 
proportional to smelting furnace surface area and for fixed cyclindrical geometry and percentage 
charge volume, surface area is approximately proportional to charge mass3.

In the waste sulphide case, the external smelting energy input is zero as the heat of reaction from 
sulphide oxidation balances the energy required to heat the input streams (ore, waste sulphide 
and air) to 1250ºC as well as the heat loss. In the no waste sulphide case,  less energy is required 
to heat the input streams as there is no waste sulphide input stream, but this is partially offset by 
the lower amount of energy derived from sulphide oxidation, resulting in an external smelting 
energy requirement of 1.08 GJ/t ore. The waste sulphide case with no slag waste heat recovery 
(second row Table I) was the case considered in the earlier study [1].

Table I. Energy balance for rock smelting stage (1% Cu ore).
Heating input 

streams
(GJ/t ore)

1
Smelting

reaction heat
(GJ/t ore)

2
Heat loss

(GJ/t ore)

Net smelting 
energy

(GJ/t ore)

Waste 
sulphide 
available

5.96 -6.73 0.77 0.003

No waste 
sulphide 
available

2.82 -2.19 0.45 1.084

1. This term is the amount of heat required to heat the input streams in the smelting stage (ore, waste sulphide and 
air) from ambient temperature (20ºC) to the smelting temperature (1250ºC).

2. This term is the amount of heat released by the exothermic metallurgical smelting reactions.
3.   5.96 + 0.77 – 6.73 = 0.00
4. 2.82 + 0.45 – 2.19 = 1.08

The smelting stage results in Table I were incorporated into a LCA model of copper metal 
production that also accounted for the other material and energy inputs over the copper 
production life cycle. The LCA-based energy consumption (ie. cumulative energy consumption 
over all life cycle stages) is referred to as embodied energy (or Gross Energy Requirement, 
GER). Figure 2 shows the energy inputs over this life cycle for the two cases (1% Cu ore with 
and without waste sulphide), with the embodied fossil fuel energy indicated. The embodied fossil 
fuel energy for the no waste sulphide case in Figure 2 is about 2.0 GJ/t ore. This corresponds to 
the fossil fuel-based energy input over the copper metal production life cycle from mining 
through to smelting (indicated as the sum of the “other stages” and the “smelting stage” in Figure 
2). It does not include the energy input derived from the exothermic sulphide oxidation reactions 
in the smelting furnace as this is not fossil fuel based. The smelting stage fossil fuel energy input 
for the no waste sulphide case in Figure 2 is 1.08 GJ/t ore which corresponds to the value shown 
for this case in the “Net smelting energy” column in Table I. There is no fossil fuel energy input 
for the smelting stage in the waste sulphide case shown in Figure 2 as smelting reaction heat 
provides the required energy (see Table I) with no external fossil fuel energy required. The 
combined amount of fossil fuel energy and sulphide oxidation energy in Figure 2 less heat losses, 

2 0.77 GJ/t ore x 100 t ore/(170 t ore + waste sulphide)  = 0.45 GJ/t solid charge.
3 Alternatively, more ore can be charged into a fixed furnace volume if no waste sulphide is added, but the furnace heat loss is
essentially unchanged, meaning a lower heat loss per tonne of ore charged.
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Figure 2. Energy inputs over copper production life cycle (base case, 1% Cu ore).

represents the maximum amount of input energy that could potentially be recovered as waste 
heat (in slag, matte and offgas) from the smelting stage in each case (viz. 5.96 GJ/t ore for the 
waste sulphide case and 2.82 GJ/t ore for the no waste sulphide case, corresponding to the energy 
to heat the input streams in Table I). In this study it was considered that in practice, waste heat is 
only recovered from slag and offgas as the mass flowrate of matte is small.

If a significant proportion of this energy input can be recovered from the slag and offgas streams, 
this figure indicates that the embodied fossil fuel energy of copper production could be reduced
substantially, perhaps even to less than zero (i.e. a fossil fuel energy credit) as the sulphide 
oxidation energy substitutes for fossil fuel energy. The potential for such an outcome  is reflected 
by the relative amounts of sulphide oxidation energy and smelting fossil fuel energy in Figure 2, 
with the sulphide oxidation energy for the waste sulphide case in Figure 2 being many times 
greater than that of the smelting fossil fuel energy.

Waste Heat Recovery and Utilisation

As noted above, recovery of the waste heat contained in the smelting slag and offgas has the 
potential to significantly improve the energy and greenhouse gas footprint of copper ore rock 
smelting. However, in order to do this, there must be opportunities to utilise the recovered waste 
heat, either on-site or off-site4

4 Quality of the waste heat is key factor to be considered when analysing potential applications for utilising the recovered waste 
heat, with high grade heat usually referring to heat sources of 600ºC and over.

. On-site utilisation of the waste heat could involve thermal use 
(direct or indirect) or it could be used to generate electricity to partially offset plant electrical 
power consumption. Off-site utilisation would more than likely be in the form of generated 
electricity unless the off-site thermal application was nearby. While preheating the smelting 
input streams with the recovered waste heat is possible, when waste sulphide is present the heat 
of reaction from sulphide oxidation provides this preheating energy, so this application would 
only be an effective use of the recovered waste heat in the no waste sulphide case. In the 
following analysis, the following two extreme scenarios are considered: 
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� all recovered waste heat is utilised thermally;
� all recovered heat is used to generate electricity.

The potential amounts of slag and offgas waste heat available for recovery are based on both slag 
and offgas being cooled from 1250ºC to 50ºC, with the actual amounts recovered and utilised 
discussed in the following sections. While it may prove difficult to extract high grade heat (>600
ºC) if the slag is cooled to 50ºC, with a practical limit perhaps closer to 100ºC, the former value 
was used to estimate the maximum potential waste heat available in the slag.

Slag

As mentioned earlier, CSIRO has developed a new integrated slag dry granulation and heat 
recovery process involving a spinning disc granulator and a packed-bed counter-current heat 
exchanger which has been tested up to semi-industrial pilot plant scale. Development of this 
process has been described elsewhere [2-4], with initial work focussed on the slag granulation 
stage, but currently focussed on the heat recovery stage. This process has the potential to recover 
a significant proportion of the available smelting slag waste heat in the form of hot air at 
temperatures up to 600ºC which can then be utilised in the applications outlined above. Vatanaku 
et al [7] reported that 80% of total slag thermal energy was recovered in the slag dry granulation 
plant that operated at the Fukuyama Steel Works in Japan during the 1980’s and early 1990’s and 
it was assumed that same percentage of slag waste heat was recovered to the hot air stream for 
this analysis.

Offgas

A range of waste heat recovery equipment has been developed to recover the waste heat from 
flue gases (or offgases) from furnaces, kilns, boilers and ovens. Recuperators are one of the most 
widely used devices for this purpose. A recuperator is a gas-to-gas heat exchanger placed on the 
stack of a furnace. There are numerous designs, but all rely on tubes or plates to transfer heat 
from the outgoing offgas to the incoming combustion air, while keeping the two streams from 
mixing and cross-contaminating each other. The thermal energy efficiency of these devices is 
reportedly similar to that assumed for slag waste heat recovery above, ie. 80%. While it may be 
necessary to strip the SO2 and fumes from the offgas before it can be utilised, which may mean 
lower thermal efficiency, for the purpose of the study an offgas waste heat recovery efficiency of 
80% was assumed.

Other assumptions made for the purposes of the analysis were as follows:

� efficiency of hot air utilisation in thermal applications is 80%
� efficiency of electricity generation using hot air is 32%
� electricity consumption of dry slag granulation plant is 9.5 kWhe/t slag [3] or 0.14 GJth/t ore 

(waste sulphide), 0.08 GJth

� electricity consumption of offgas waste heat recovery system is 3.3 kWh
/t ore (no waste sulphide)

e/t slag [3] or 0.05 
GJth/t ore (waste sulphide), 0.03 GJth/t ore (no waste sulphide).

Based on the above assumptions, the amount of waste heat recovered and utilised either 
thermally or for electricity generation from slag, offgas and both combined are shown in Table II
for the waste sulphide and no waste sulphide cases. The combined slag and offgas waste heat 
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recovered and utilised for the two applications from Table II is compared in Table III with the 
smelting energy requirements from Table I. The results in Table III indicate that with combined 
slag and offgas waste heat recovery there is an excess energy credit both with and without waste 
sulphide for thermal application of the recovered waste heat. Electricity generation gives an 
excess energy credit only when waste sulphide is available, although the smelting energy 
required is still reduced (ie. from 1.08 to 0.33 GJ/t ore) for this application with no waste 
sulphide available. However, these results are strongly dependent on the composition assumed 
for the ore as well as the thermal efficiencies.

Table III. Net smelting energy with utilisation of slag and offgas waste heat.
Smelting 
energy

(GJ/t ore)

Smelting slag and offgas 
heat recovered

Net smelting energy 
required or excess energy 

credits1

Thermal 
application
(GJ/t ore)

Electricity
generation
(GJ/t ore)

Thermal 
application
(GJ/t ore)

Electricity
generation
(GJ/t ore)

Waste 
sulphide 0.00 4.13 1.65 -4.13 -1.65
No waste 
sulphide 1.08 1.87 0.75 -0.79 0.33

1. A positive value indicates that thermal energy over and above that recovered from the slag and offgas is still required 
for smelting, while a negative value indicates an excess of energy, ie. an energy credit.

Embodied Energy and Greenhouse Gas Emissions

The excess energy credits or net smelting energy requirements shown in Table III were 
incorporated into the copper ore rock smelting LCA model developed as part of the earlier study 
[1], and the model was then used to examine the effect of ore grade by varying the input ore 
grade over the range 0.1-1%5 for the various scenarios considered in the study. The embodied 
fossil fuel energy of copper metal produced via the rock smelting route for the base case ore 
grade (1% Cu) for the different scenarios is given in Table IV while the effect of ore grade on 
embodied energy is shown in Figures 3 and 4. Table IV includes the fossil fuel energy 
consumption for the other stages in the copper metal production life cycle (viz. 0.97 GJ/t ore –
see Figure 2 – or 100 GJ/t Cu). The corresponding effect of ore grade on  the GWP6 results is 
shown in Figures 5 and 6. Figures 3-6 also include the corresponding results for heap leaching.

The results in Figures 4 and 6  indicate that if waste sulphide is available for use as a fuel and 
flux source in the rock smelting stage, copper metal production by this route with waste heat 
recovery, based on the assumptions made, has a lower embodied energy and greenhouse gas 
footprint than heap leaching. In fact the embodied energy and greenhouse gas footprints are 
negative (ie. a credit) when waste sulphide is available. However, if waste sulphide is not 
available, Figures 3 and 5 indicate that copper metal production by the rock smelting route only 
has a lower embodied energy and greenhouse gas footprint than heap leaching if the recovered 
waste heat is all used in thermal applications. 

5 In the earlier study [1], it was assumed that rock smelting of  copper ores would likely be used for ore grades of 1% Cu or less.
6 The GWP calculations are based on the assumption that any recovered waste heat is used to replace fossil fuel in the application 
considered with a mean greenhouse gas emission factor of 75.8 kg CO2e/GJ (oil 79.9, coal 92.7, natural gas 54.8 kg CO2e/GJ).

224



Figure 3. Embodied fossil fuel energy of copper production (no waste sulphide case).

Figure 4. Embodied fossil fuel energy of copper production (waste sulphide case).

Figure 5. GWP of copper production (no waste sulphide case).
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Figure 6. GWP of copper production (waste sulphide case).

Discussion

The assessment of rock smelting of copper ores combined with waste heat recovery carried out 
in this study is a broad analysis of this processing route, and as such, the results should be
considered as indicative only. The objective of the study was to evaluate the potential 
sustainability benefits of this conceptual process in terms of fossil fuel energy consumption and 
associated greenhouse gas emissions, rather than provide definitive results. Nevertheless, it is 
worth noting that the results obtained in the study are affected by a number of 
variables/parameters, including:

� ore composition (particularly sulphide content)
� waste sulphide mineralogy (ie. sulphur content)
� the fossil fuel actually replaced with the recovered waste heat – the GWP calculations here 

assumed an emission factor that was the mean for oil, black coal and natural gas
� thermal efficiencies assumed for waste heat recovery technologies and for waste heat 

utilisation applications.

It is worth noting that the case studied here, i.e smelting with air rather than with oxygen 
enriched air, represents a base/worst case scenario for smelting of sulphide material with respect 
to energy requirement and GHG emissions.  With oxygen enrichment, a considerable reduction 
in thermal smelting energy requirement results, and this along with other benefits such as a
smaller volume of offgas to treat, will make this case much more attractive.

Some of the various issues influencing this processing route are discussed below.

Thermal Efficiencies

The thermal efficiencies assumed for the various waste heat recovery technologies and waste 
heat utilisation applications were as follows:

� slag dry granulation – 80% of slag energy is recovered to hot air
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� air/gas preheating – 80% of hot air or offgas energy is recovered to air or gas being preheated
� electricity generation – 32% of hot air thermal energy is converted to electrical energy (70% 

boiler, 45% turbine, ie. 70 x 45/100 = 32% overall).

To illustrate the likely effect of lower thermal recovery and electrical generation efficiences on 
the results, the above efficiencies were reduced by half and the embodied energy calculations 
repeated. The results of this analysis are shown in Figures 7 and 8, corresponding to Figures 3 
and 4 but with the lower efficiencies. Figure 7 indicates that with these lower efficiencies for the 
no waste sulphide case, the embodied energy for thermal and electricity applications are now 
both higher than for heap leaching. However, if waste sulphide is available, Figure 8 indicates 
that even with these lower efficiencies the embodied energy for both applications is still less than 
for heap leaching, although only the thermal application continues to have an embodied energy 
credit.

Figure 7. Embodied energy of copper production with reduced thermal efficiencies of waste heat 
recovery and utilisation (no waste sulphide case).

Figure 8. Embodied energy of copper production with reduced thermal efficiencies of waste heat 
recovery and utilisation (waste sulphide case).
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Drivers For Waste Sulphide Use

It was pointed out earlier that many copper mines have waste sulphide dumps containing 
significant amounts of iron sulphides. Exposure of these waste sulphide dumps to air and water 
can give rise to acid mine drainage (AMD) which can enter waterways and result in significant 
(and often long-lived) environmental impacts. As illustrated in this study, this waste sulphide 
material can be used as an energy source for smelting, replacing fossil fuel consumption and 
thereby reducing the embodied fossil fuel energy and associated greenhouse gas footprints of 
copper production. If energy supply is the main driver for use of the waste sulphide, the most 
energy and resource efficient approach to its utilisation is to use an amount that is just sufficient 
to cover all smelting energy requirements as for the waste sulphide case in this study (see Table 
I). This approach utilises the sulphide oxidation energy directly in smelting while at the same 
time maximising the waste sulphide resource for ongoing use.

On the other hand, if AMD is the main driver for waste sulphide use, the most effective approach 
for its utilisation would be to use as much of this material as possible in the smelting stage, 
thereby removing the source of the AMD problem as quickly as possible. In this case it would be 
necessary to ensure that the smelting operating conditions were such that all the additional iron 
and sulphur in the waste sulphide are oxidised so that they report to the slag and offgas streams 
respectively, without significantly influencing the matte phase. It is likely that copper losses 
would increase as a result of the increased slag volume. This approach is not the most energy 
efficient approach to utilising the waste sulphide material because the thermal inefficiencies 
associated with waste heat recovery and utilisation mean that less of the excess sulphide 
oxidation energy is utilised compared to its direct use in smelting. However, the focus of this 
approach is to address the AMD problem in the most timely manner possible. 

Other Issues

While the results of the LCA study described in this paper have shown that conceptually rock 
smelting with slag and offgas waste heat recovery has the potential to reduce the embodied fossil 
fuel energy (and greenhouse gas emissions) for copper metal production from low grade ores, 
there are a number of other issues that must be considered in assessing the feasibility of this 
processing route. One is the large amount of slag generated relative to the amount of copper 
metal produced which must be handled through the slag waste heat recovery system. This is 
shown in Figure 9 for both sulphide scenarios considered. Economics is another issue that has 
not been considered in this study which will have a significant impact on the viability of the 
process. The large volumes of ore and slag relative to the amount of copper produced will 
substantially affect the capital costs of the process and also the operating cost if transportation 
distances are significant. For this reason, it would be expected that the rock smelting plant would 
be located in close proximity to the mine site.

The concentration of copper oxide in the slag for the base case shown in Table I (1%Cu ore) was 
0.03%. The high slag volume produced by rock smelting, particularly as the ore grade falls, 
could affect the copper recovery through entrapment of copper matte prills in the slag.  Thus 
settling is required to ensure good copper recovery from the emulsified matte in slag.
Furthermore,  rather than aiming for a high grade copper matte of 65% Cu as mentioned earlier, 
lowering the target matte grade could potentially reduce copper losses to the slag. The use of a 
slag cleaning furnace to recover the dissolved copper oxide as well as entrapped sulphide copper 
could also assist in this regard.
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Figure 9. Slag/copper ratio as a function of ore grade.

Conclusions

Falling metallic ore grades together with an increasing focus on sustainability has raised the issue 
of developing possible alternative processing routes for low grade ores with lower energy 
intensities and/or environmental impacts than traditional processing routes. Rock (or whole) ore 
smelting has been suggested as one such alternative, and a study was carried out to assess the 
potential energy and greenhouse gas benefits of a conceptual version of the rock smelting 
process using copper ore as an example, including recovery of the heat contained in the waste 
streams (slag and offgas) from the rock smelting stage. 

The results of the study indicated that this conceptual processing route does offer the potential 
for significant reductions in the embodied fossil fuel energy and associated greenhouse gas 
emissions of copper metal production from low grade ores compared to the most likely other 
competing processing route, heap leaching, for these ores. This is particularly the case where 
waste sulphide material is available, as the energy from oxidation of the waste sulphide during 
smelting replaces fossil fuel energy required for smelting, and with utilisation of the recovered 
waste heat in either thermal applications or electricity generation. Depending on whether the 
driver for waste sulphide use is energy supply or AMD management, different approaches to the 
utilisation of this material (ie. zero net smelting energy or maximum smelting usage) could be 
expected in practice. However, in the absence of any waste  sulphide material, the embodied 
fossil fuel energy was only less than that for heap leaching with thermal application of the 
recovered waste heat. 

It should be appreciated that as the study was a broad analysis of the rock smelting processing 
route only, the results should be considered as indicative rather than definitive at this stage. 
Furthermore, while realistic thermal efficiencies were assumed in the study for waste heat 
recovery and utilisation technologies based on data reported in the literature, the results will be 
significantly influenced by thermal efficiencies achieved in practice. Other issues, particularly 
economics, will also play a significant role in determining the viability of this processing route 
for low grade ores.
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Abstract

In France, a recently started project handled by the French geological survey (BRGM) is aimed 
at identifying interesting old mining wastes deposits at the national level and assessing the metal 
recovery potential of these dumps. By crossing several databases and information from BRGM 
archives, 95 old mining sites with sizeable tailings dumps were identified. Selection criteria used 
to draw up this list were chosen mainly on the basis of the “Criticality Report” compiled for the 
European Commission in 2010, in which 14 mineral raw materials -12 critical metals- have been 
explicitly named as highly critical for the industrial development of the European Union. In most 
of these mines which date back hundreds of years or more, only a single or at best a couple of 
metals were extracted with processes whose performances were considerably lower than those 
used today. Knowing the type of ore commodities and the processes characteristics, it has been 
thus possible to assess the presence of valuable elements for each tailings dump. From this list an
Ag-Pb French abandoned mine has then been selected as a case study to evaluate the potential of 
extraction of metals still remaining in the tailings with special focus on Ag and Sb. A global site 
characterization methodology is proposed which can be extrapolated to other sites according to 
key parameters. 

Introduction

Until recent times, access to mineral resources and especially to metals was not a major 
challenge since they were considered as abundant and easily extractable. However, with the 
strong economic growth in emerging countries such as China, India and Brazil, combined to the 
increase of the world population, the increasing demand in raw materials raises growing concern 
regarding their availability. Many metals, metalloids or rare earth elements which didn’t have 
any application in the past are now critical elements for the manufacture of high added value 
products especially in the domain of ICT or “green technologies”. For example, new low carbon 
technologies like wind turbines, electric cars, energy saving light bulbs, fuel cells and catalytic 
converters, require rare and precious metals for their production. Many of them are by-products 
of base metals production and their reserves are often poorly known and/or very limited. These 
elements are not the only ones which are facing scarcity problem. Many more elements that play 
a crucial role in our daily lives, including nickel, cobalt and copper, are being depleted at a 
remarkable rate.

Supplying and securing the mineral resources with minimum environmental footprint is a serious 
challenge, especially for the European Union which accounts for 25 to 30% of the world’s metal 
consumption but produces only approximately 3% of the world’s ore. European dependency on 
metal import is growing every year despite efforts in the development of recycling technologies 
and in material science. These tensions point out the need to associate the development of the 
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recycling industry to the identification of new potential sources which could be used for the 
recovery of rare and valuable materials in order to close the gap in raw materials supplying. In 
addition to deposits of secondary post-consuming waste, old waste deposits related to past 
mining and metallurgical activities can also be significant reserves of valuable metals. It is 
important to note here, that these wastes also contain residual quantities of base and precious 
metals (Cu, Ni, Zn, Co, Au, Ag) which must not be neglected in today’s context of resource 
scarcity.

In France, a recently started project handled by the BRGM (French geological survey) is aimed 
at identifying interesting old mining wastes as possible secondary resources deposits at the 
national level and assessing their potential for metal recovery. This paper presents the 
methodology developed in this project in order to select suitable mining sites where wastes will 
then be sampled and used to test new recycling processes for metal recovery.

Selection methodology

The methodology developed for the selection of potentially interesting mining wastes deposits 
has mainly consisted in cross-analyses of the database dedicated to mining wastes developed in 
the European research project ProMine and archives produced and managed by the BRGM.

Presentation of ProMine Database

ProMine is a European Union (EU) co-funded project, focused on “Innovative concepts and 
processes for strategic mineral supply and for new high added value mineral-based products”. A 
major goal of the project was to develop a Pan-EU GIS data management and visualization 
system for natural and man-made mineral endowment. In order to reach this objective, the 
project produced pan-European databases of primary and secondary mineral resources, the 
ProMine Mineral Deposits (MD) and Anthropogenic Concentrations (AC) databases, 
respectively (Cassard, 2012; Cassard et al., 2012). These databases were included in a 
homogeneous multi-layer information system covering the whole European territory and 
available through the Internet (http://ptrarc.gtk.fi/ProMine/default.aspx).

The ProMine AC database stores all the information related to anthropogenic mineral 
concentrations in Europe (mine products and wastes, ore processing wastes and treatment 
wastes). Each site is described through about 35 fields distributed into four groups: (1) general 
information, including status, owner, location and the list of processes that have been 
implemented on the site; (2) information on wastes and products including the type of storage, 
the type of waste, the mineralogy, estimation of volume/tonnage, the type of commodity 
available and the grade, with calculation of potential resource, per commodity, at the site scale 
and the type of environmental impact; (3) the environmental aspects, with per environmental 
impact, the type of environmental pathways and receptors, the type of water treatment and the 
description of the type of restoration used; (4) general ccomments, Iconography and 
Bibliography.

Because it is nearly impossible to compile an exhaustive directory of mining wastes covering the 
whole European Union, the ProMine AC database focus on major anthropogenic concentrations
and on the most interesting in terms of volume/tonnage and content (i.e. possible presence of 
strategic metals). It is thus an as exhaustive as possible inventory of concentrations which could 
be processed for the recovery of strategic/high-tech/critical commodities. The total number of 
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records in the database is 3,412, among which 644 are located in France (Figure 1) and were 
analyzed for the present study.

Figure 1 – Past Mining and metallurgical sites in France (with major commodities) with mining 
wastes, extracted from the ProMine AC database.

Selection criteria

Selection criteria used to perform the researches in the databases were chosen mainly on the 
basis of the well-known list of strategic metals. They are generally defined as metals that are 
vital to modern technology and industry, but that have sources susceptible to disruption.
Strategic metals are distinct from "precious" metals, like silver and gold, because most are not as 
vital to either technology or industry in the same way. Likewise, they differ from "base" metals, 
such as copper, lead, iron and zinc, in that those metals are relatively abundant in locations 
around the world.
In July 2010 a working group of the European Commission under the umbrella of the Raw 
Materials Supply Group identified, among the list of strategic metals, 12 critical metals with 
significant concern for future supply in the European Union: Antimony – Sb, Beryllium – Be,
Cobalt –Co, Gallium -Ga, Germanium –Ge, Indium – In, Magnesium -Mg, Niobium – Nb,
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Platinum Group Metals - PGMs, Rare Earths - RE, Tantalum- Ta, Tungsten –W,. The main 
parameters for identifying the 12 critical metals were supply risk and economic importance. 
Taking into account the specificities of the French industrial context, some other metals, like 
silver or titanium, have been added to the European list. It is important to note that in many cases 
a significant proportion of primary global resources of the critical metals are hosted in poly-
metallic deposits. That is, these critical metals commonly do not occur on their own but along 
with other metals. In addition, the critical metals are usually not the major commodity occurring 
in the deposits and are considered as by-products of the main carrier metals. Figure 2 shows the 
relationship between the main “carrier” metals (closest to the center of the circle) and the 
associated co-product metals.

Figure 2. The ‘Metals circle’ shows the occurrence of minor and critical metals with the primary 
carrier metal ores. The co-metals surround the inner circle of carrier base metals. Poly-metallic 

copper, nickel, zinc and lead resources will likely be accompanied by several of the critical 
metals.

The querying and cross-analysis of the databases was made through the list of critical metals but 
also through other relevant criteria such as the volume of wastes, the operating dates, the 
treatment process, the environmental impacts. This work led to the selection of 95 old mining 
sites with sizeable tailings dumps. In most of these mines, among which some date back 
hundreds of years or more, only a unique or - at most - a couple of metals were extracted then
processed with performances that were considerably lower than what could be achieved today. 
Knowing the type of ore commodities and the processes characteristics, it has been possible to 
assess the presence of valuable elements for each tailings dump. 
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Assessment of metal recovery potential: application to a case study

From the selected sites, the study focused then on an ancient Ag-Pb French mine, abandoned 
since the end of 19th century. The purpose was to develop a holistic concept for the recovery of 
trace metal remaining in the wastes that could be applied more generally to other mining wastes.

Presentation of the case study

An initial geological/mineralogical assessment of the mining wastes dumps remaining on site
was carried out from available historical documents. The ore mineralization was dominantly
composed of silica and sulphides: silver and bismuth-bearing galena, sphalerite, pyrite, 
bournonite (PbCuSbS3) and chalcopyrite in a silicate gangue. The mine was operated from early 
19th

The wastes were stockpiled in four dumps accounting for approximately 87,000 m

century for Pb and Ag production. The historic beneficiation schemes comprised successive 
steps of grinding and physical separation at millimetric scale. No flotation was performed; the 
treatment mainly consisted in gravimetric separation and manual sorting. Gravimetric separation 
handled at that time did not enable to treat particles lower than 100 μm, which usually lead to 
significant losses of silver.

3

- Two dumps are made mainly of homogeneous and fine materials which are supposed to 
be the wastes produced by the gravimetric techniques used in this mine. The volume of 
those dumps is estimated respectively to 48,400 m

with
different particle size aspects:

3 (Dump I) and 5,200 m3

- One dump is made of coarse particles probably removed from the treatment by gravity 
separation with shaking tables. Its volume is estimated to 13,500 m

(Dump II).

3

- The last dump is composed of more heterogeneous materials which are probably a mix of 
the previous ones. Its volume is estimated to 20,100m

(Dump III).

3 (Dump IV).

Sampling and characterization methods

For a reliable estimation of the geochemical characteristics of the materials contained in the four 
dumps a representative sampling method is required. For this purpose a sampling map was 
established for each dump. On-site XRF chemical screening analyses were performed on the 
surface and on bulk samples of approximately 5 kg taken at regular intervals down to 5m depth.
In the lab samples were dried at 40°C, homogenized and re-analyzed. On a selection of sample 
ICP-AES, X-ray diffraction and mmicroscopic observations were also performed to investigate 
metal speciation and liberation size (how far tailings should be ground for metal extraction)..
Some of the samples were sieved to produce several particle size fractions (+2 mm, 800 μm, 400 
μm, 200 μm and 80 μm) which were weighed and analyzed by FPXRF. 

Preliminary results

The preliminary results demonstrate that the materials of each dump present quite homogeneous 
metal contents. As an example, the figure 3 shows Pb, Fe, S and Ag contents obtained from 
FPXRF analysis on the samples coming from the dump IV. The preliminary results obtained 
from analysis of particle size fractions demonstrate that particles upper to 800 μm and lower to 
80 μm are enriched in lead and silver. This is probably due to the type of ore beneficiation 
treatment used in this mine where fine and coarse particles where rejected in the tailings.
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Figure 3: Results of FPXRF analysis for Pb, Fe, S, Ag, obtained from samples collected on dump 
IV (squares) and average contents (crosses)

From these data a treatment process flowsheet was discussed and is in progress to concentrate Pb 
and then Ag by sieving separation and gravimetric techniques. Metallurgical balances will then 
be established to affine knowledge on this site.

Conclusions and Perspectives

The study presented in this paper aims at (i) identifying on the French territory mining wastes 
with valuable metals recovery potential, and (ii) developing a methodology to characterize the 
mineralogical and chemical composition of those wastes. It is based on a multidisciplinary 
approach which must be led to the development of suitable and innovative processing 
technologies for further recovery of remaining metals. 
By cross-analyses of suitable databases and archives from the French geological survey, 95
abandoned mining sites with sizeable wastes dumps were identified as potential targets for future 
extraction of remaining metals. One of them, an old Ag-Pb mine operated during the 19th

century, has been selected in order to test an integrated approach to assess the metal contents of 
those wastes. Inventory of historical data related to the mine and a sampling campaign following 
by detailed investigations of mineralogy and geochemistry were performed. Preliminary results 
show homogeneous metal contents in the dumps and an enrichment of lead and silver in the fine 
and coarse particles. From the whole results of chemical and mineralogical analysis, an 
appropriate process flowsheet will then be proposed for the recovery of silver which is the target 
metal in this case study.

Acknowledgements: We thank P. Gentil for access to data and site and M Beaulieu for precious 
help during field trip.
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Extended Abstract 

 
Despite of importance of phosphorous for agricultural food production and for the 

chemical industry, it is present in nature only as a trace element, and what is worse is that high-
quality ores are drastically decreased.  

It is therefore important to consider the quantity and availability of untapped phosphorous 
resources. One of the possible candidates would be some steel-making slags because the total 
amount of phosphorous in such slags in Japan is comparable to the imported amount. Such the 
slags consist of phosphorous rich (more than 10 mass%) and free phases, the each of which can 
be separated under the strong magnetic field after pulverization. The separated phosphorous-rich 
phase is possibly utilized as a new phosphorous resource and the residual matrix can be recycled 
to iron and steel-making processes as flux.  

One of authors has proposed the novel evaluation method of recyclability of materials in 
urban mine in terms of total materials requirement (TMR), that is, the TMR for recycling (urban 
ore TMR, UO-TMR).  

In many of industry, phosphoric acid is rather preferable to elemental phosphorous. Thus 
the aim of this study is to evaluate the quality of phosphoric acid derived from a steel-making 
slag compared with that from natural ore from the viewpoint of TMR. 

The TMR of phosphoric acid produced from natural phosphorous ore (NO-TMR) and 
recycled from a steel-making slag (UO-TMR) using strong static magnetic field were estimated 
and compared. Furthermore, not only TMRs of phosphoric acid but also those of by-products 
such as gypsum were estimated as well.  
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As the results of estimation, the NO-TMR of phosphoric acid was estimated to be 
6.0~11.8 kg/kg and UO-TMR was 5.6~29.4 kg/kg. The fluctuation is ascribed to utilization 
efficiency of by-products. These results mean that the steelmaking slag has potential as new 
phosphorous resource in terms of TMR. 

TMR can be thought of as the indicator that can evaluate how much mining sites are 
developed to obtain resources. This means that the degree of self-sufficiency of phosphorous 
from two resources can be evaluated by analyzing the country-by-country breakdown of TMR for 
these materials. 
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Abstract

The present study evaluates the environmental impacts of a recycling scheme for gravels from 
building concretes wastes, in which the liberated aggregates are reused in structural concretes 
while the residual mortar fines are sent to the raw mill of a clinker kiln. 
The evaluation follows a life-cycle analysis approach performed according to the ISO standard 
14040, and whose scope encompasses the production of clinker through a dry kiln technology, 
the mining processes of the raw materials needed in the kiln, the extraction of round and crushed 
natural aggregates, and the crushing of concrete wastes using usual jaw crushers or pulsed-power 
electrical fragmentation. Insofar as possible, the inventory data are collected at the national scale 
of France and are recovered from the supplier of the fragmentation device, from local quarries 
and from an estimated mean-technology of clinker production. The choice of the impact 
assessment indicators is restricted to midpoints according to a problem-oriented methodology, 
and primarily focuses on a potential reduction in the natural resources depletion and in the CO2
emissions. The study specifically addresses the influence of (i) the amount of recovered cement 
paste added to the kiln raw mill, and (ii) the distance of transportation modalities of concrete 
wastes to the crushing processes and of the recycled aggregates to construction sites. The results 
establish links between significant environmental gains and the various distances of 
transportations that intervene in the alternative processing of concrete wastes. These links will be 
probed more deeply in a future work. 

Introduction

The current management policy of reclaimed concrete in France directs 99 % of recycled coarse 
gravels to low added-value roadway pavement applications. In 2008, 38.2 Mt of wastes were 
generated by C&D operations, from which 15 Mt of gravels were recovered, a figure that could 
reach 23 Mt provided the best available techniques for deconstruction and source separation 
were more widely implemented. On a technical point of view, gravels in reclaimed concretes are 
recovered through impact and jaw crushing, sieving stages and over-band magnetic separations 
of scrap metals [1]. When replacing part of the natural aggregates in concretes, recycled 
aggregates (RA) entail: (i) an increased drying shrinkage, (ii) decreased compressive strength, 
splitting tensile strength and modulus of elasticity, but (iii) no significant variations concerning 
frost resistance, chloride penetration and rate of carbonation [2, 3]. The loss in compressive 
strength is ascribed to the weaker adhesion of RA to the surrounding cement matrix in concrete, 
which is due to higher water absorption of the residual mortar covering the surface of the 
aggregates [4]. This absorption can vary between 4 % and 8 % of the aggregate initial mass, 
while only between 0.8 – 3.7 % for NA [3]. Until recently in France, such absorption capacity 
banned any use of recycled aggregates in concretes [5]. 
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Over the last three decades, several avenues have been explored to address this absorption issue. 
The first of them consisted in prewetting the recycled aggregate to the condition termed “water 
saturated surface dry” before concrete batching, hence preventing the attached mortar from
further drawing local water [4]. However, (i) from a practical point of view, such saturated 
conditions are difficult to be maintained on a construction site, and (ii) prewetting the aggregates 
also implies a concomitant increase in cement, to ensure correct compressive strength and drying 
shrinkage at 28 and 182 days [6] and maintain a good concrete consistency and workability [7].
The second approach to deal with the residual mortar lie on studies having evidenced a better 
reliance towards local cracks propagation in concretes made from recycled aggregates, reliance 
which could be due to local reductions in stiffness promoted by the adhering mortar [9]. The idea 
is therefore to mitigate the negative effect of RA with natural aggregates, and thus, designing
mixed-aggregates concretes. However, the precise quantification of the upper limit for RA 
addition is still difficult by its dependency to the chemical properties of the RA, to the quality of 
concretes from which they stem, to the kind of cement used and to the technology of concrete
production. A broad common estimate for RA replacement ratio in concrete is about 30 % [8]. 
Lastly, the third approach to manage cement paste on the RA was to design cleaning process.
Several methods have been put forward [6], among which gravity concentration [10], screw 
grinding [11], and heating and rubbing of concrete [12]. Gravity concentration and screw 
grinding seem to only fit to coarse aggregates (size above 20-25 mm), with low recycling rates,
about 20 % and 34-45 % respectively. Crushed concrete comprises 49.1 % of aggregate plus 
adhered mortar and 43 % of clean aggregates, the remaining part being composed of ceramic, 
bitumen and other materials [14]. The use of organic extractants has also been proposed by [13],
but the environmental gains brought about by the reuse of the aggregates are counterbalanced by 
the use of organic extractants and the numerous washing steps associated. 
On these considerations at the present time, a choice seems to be made between (i) producing 
cement-covered aggregates after a few basic liberation and separation processes, assess their 
potential use in structural concretes of various grades through standardized indicators related to 
their physical properties, and determine the extra amount of cement required to maintain 
comparable concrete properties, (ii) or ridding the aggregates of their mortar layers through more 
advanced, less environment-friendly separation processes to ensure their use in high-quality 
concrete.

Recently, our team extended the work of [17] and demonstrated that, by pulsing electrical 
discharges into concrete blocks, it was possible to separate coarse clean aggregates from a fine 
fraction having a high grade of a cement paste. Such a fraction could provide substitutes to 
natural limestone, clay and sand in the raw mill of a clinker kiln, while the aggregates could be 
up-cycled in high quality structural concretes. Both of these outlets would provide numerous 
advantages. First, using recycled aggregates could help to meet the forthcoming stringent 
legislation on the opening of new quarries of natural aggregates. Second, recycling aggregates 
could also save money by disposing of a cheaper aggregates supply (the pre-tax price of clean 
recycled aggregates ranges from 15 to 25 euros per m3 in France [16]), while avoiding paying 
tipping fees to landfill inert wastes (amounting to 5 euros per metric ton in France). Third, 
substitutes to raw mill result in reduced consumption of natural calcareous resources, coupled 
with reduced carbon dioxide emissions stemming from less dissociation of carbonated materials 
[15]. Using recycled aggregates would lessen the environmental burdens of landfilling 
installations, while reducing the consumption of non-renewable mineral resources. Besides it 
would offset local shortages of aggregates, thus reducing the need for transportation of 
aggregates over long distances and the various greenhouse gas emissions associated. Thus, the 
environmental impacts of this recycling scheme remain to be quantified.
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To the best of our knowledge, studies addressing this specific issue are rather scarce. In a LCA 
study addressing the production of low and high quality concretes, [18] underlined the 
significance of even the slight additional amount of cement required by the low quality 
aggregates (about 5 % according to [2]), which tended to increase some environmental categories 
linked to respiratory effect, climate change and energy use. On the contrary, incorporating the 
aggregates into low quality concretes entailed no increase in cement content, and hence all 
environmental indicators were reduced. [19] recently reported an evaluation of a recycling 
scheme in which the aggregates were recovered from a heating and rubbing process and were 
incorporated to new concretes, while mortar was used either as a soil stabilizer or as a raw 
material in clinker. As long as mortar was valued, the CO2 balance became significantly negative 
(about -217 kgCO2 per ton of concrete block). 

Yet, these works seems to miss the fact that using RA in structural concrete rather than in roads 
implies that the part of gravels diverted from road to construction will have to be made up for by 
virgin aggregates from quarries. The overall mass balance might be relatively unaffected, but the 
environmental balance may be changed owing to the differences in the cleaning steps aiming at 
removing mortar. While part of the reclaimed concrete gravels have to meet harsher technical 
specifications to be used in structural concrete, the aggregates they replace will follow the 
reverse pattern and will not require an advanced treatment to be included in road bases. Lastly, as 
underlined by [2], the transportation distances of any recycling scheme dealing with heavy 
materials have to be heeded for, as they can set the borders between environmentally beneficial 
recycling schemes and the others. Therefore, various scenarios should be built up to examine the 
sensitivity of the environmental impacts to the transport distances of aggregates and raw 
materials, as well as to the way they are transported, in different concrete recycling schemes. 

The present paper reports an evaluation of the environmental impacts of this alternative 
management of building concretes, performed according a Life Cycle Analysis methodology. 
For each operation considered in the processes, inputs and outputs are collected and aggregated 
to determine their impact on various environmental categories. These inputs/outputs cover 
consumptions of minerals, water or energy, as well as waste heat, air emissions, water emissions, 
and solid wastes to the ground. The implementation of LCA comprises four successive steps: the 
definition of the goal and scope of the study, the inventory of data from the considered processes, 
the impact assessment of these data, and the interpretation of the results [20].

Goal And Scope

Goal

Current practices in concrete recycling consist in largely non-selective crushing and screening 
processes, which do not allow a straight separation between the clean aggregates and the cement 
paste. The resulting gravels are thus restricted to low-added value applications mostly in 
earthworks (excavation filling, roadbeds, or floor foundation). 
Fragmentation of concrete rubbles by means of pulsed electrical discharges can enhance the 
aggregate separation from the cement paste in the concrete gravels [21], thereby broadening their 
range of use towards structural concretes. As an additional advantage, the hydrated cement paste 
mixed with sand (also termed Recycled Cement Paste or RCP) contains numerous chemical 
elements that could advantageously be reused to manufacture new clinkers. 
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Therefore, incorporating fragmentation in the technological handling of concrete wastes result in 
defining a new global processing scheme for these wastes, scheme which comprises new outlets 
for the clean aggregates and the RCP, as well as quantitative modifications in the raw materials 
production for earthworks, building concrete and clinker production.
The objective of the present study is therefore to compare these two processing schemes of 
concrete wastes according to their respective environmental impacts. The study is thus primarily 
intended for aggregates suppliers, cement and concrete manufacturers, but can also be of interest 
to the industry of solid waste management, to several environmental organizations, and to LCA 
practitioners.

System Boundaries And Functional Unit

A preliminary system would include the emissions and mineral resources and energy 
consumptions associated with: (i) the production of the raw materials needed in the clinker kiln, 
and (ii) the usual concrete crushing and the pulsed-power fragmentation processes.
For both processing schemes of concrete wastes, and whatever the functional unit considered -
processing 1 kg of waste building concrete or producing 1 kg of aggregates – a multi-
functionality issue occurs due to the fact that the aggregates produced by the two systems have 
different outlets, either for structural concretes or for road constructions. This multi-functionality 
is unraveled in accordance to the recommendations of the ISO 14040 standard [22] by extending 
the system boundaries to include subsystems fulfilling the functions of (i) producing natural 
aggregates for concrete production and (ii) producing crushed aggregates for road embankments.
In a processing view, the final system is therefore divided into 6 sub-units (Figure 1), and the 
common function of the two recycling scheme included is “processing 1 kg of waste concrete”.
Both inputs are concretes pre-sorted from the building rubbles which contain no scrap metal that 
would come from steel-reinforced structures. The system is not extended beyond aggregates 
production to concrete manufacturing, since the produced aggregates have the same quality, 
hence the same use, as natural aggregates. Thus the comparison is drawn between two extreme 
situations – with a 0 % or a 100 % RA reuse in structural concretes. This deviates only slightly 
from current practices in France, from which almost 2 Mt in 17 Mt of RA are reused without 
further treatments. All the processes of production are followed by the cleaning operations 
needed for the materials to meet the quality standards of their respective function. 
Second, in line with the recommendations of [23], the capital goods are included in the present 
LCA since part of it is intended to compare the production and the operation of alternative
equipment (pulsed power fragmentation) with the continued use of existing equipment (concrete 
crushing). These infrastructure data are fed into the inventory table after being averaged on the 
totalized “functional unit” outputs of the process on its estimated lifetime. In order to be 
consistent, infrastructures data are also accounted for in the inventory. 
Lastly, the LCA involves several transportations of heavy materials, which results in significant 
emissions to air, and for that reason, transports of the raw materials, of the building concrete 
wastes, and of the natural and recycled gravels are within the system boundaries. 
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Figure 1. Boundaries of the systems considered. Up: new scheme, down: current scheme

In Figure 1, it is assumed that crushed and round aggregates correspond respectively to 
aggregates for building concrete and road applications. The reverse case will be also 
implemented in the discussion part of the present LCA.

Comparison Of The Usual And The New Recycling Scheme

The relative increase in the natural aggregate consumption for embankments is accounted for by 
subtracting the environmental impacts associated with sub-unit (5) from that of (3). The decrease 
in the contribution of NA to concrete manufacturing is heeded by the subtraction of the impacts 
associated with (2) from the impacts of (6). The decrease in the consumption of natural resources 
for clinker manufacturing is obtained by subtracting the environmental impacts of (4) from (1).
Let p the recovery rate (on a mass basis) for aggregates in the sub-unit (2). Given that the 
common functional unit for both recycling schemes is 1 kg of concrete waste, (2) produces p kg
of aggregates and 0 1p1� kg of recycled cement paste (see Table 3). Therefore, the 
environmental impacts calculated from [(3)-(5)] and [(2)-(6)] must be multiplied by p .
Considering the recovered cement paste, calculations presented in the Inventory section enable to 
estimate its allowed range of content in the clinker raw feed. Let ck

RCPP this mass proportion of 
recycled cement paste related to the production of 1 kg of clinker. The mass of clinker which can 
be formed from the remaining 0 1p1� kg of recovered cement paste is thus 0 1 ck

RCPPp1� .
Therefore, the environmental impacts of [(1) – (4)] must be calculated for a throughput of 
0 1 ck

RCPPp1� kg.
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As a result, the environmental extra-cost ( EEC ) brought by the use of the alternative process of 
concrete fragmentation will be obtained by applying the following formula:

�  �  )4()1(.P)p1()6()2()5()3(.pEEC ck
RCP ������� (1)

This data treatment provides a solution for the allocation issue arising from the concomitant 
production of aggregates and recycled cement paste in the concrete fragmentation process. The 
environmental burdens are allocated on the basis of the mass repartition of the materials since the 
hydrated cement paste could not be economically balanced against the aggregates. 
Lastly, note that this system excludes the landfilling of non-valuable materials stemming from 
process (5), and thus minimizes the environmental impact of the usual recycling scheme.

Impact Assessment

The environmental categories considered for the impact assessment depend on the position 
chosen on the impact pathway of a given substance, they may be chosen at a midpoint or at an 
endpoint position. As defined in [24] the mid-points indicators concern the human toxicity, the 
ozone layer depletion, the formation of photooxidant species, the inorganic respiratory effects, 
the climate change, the aquatic and terrestrial ecotoxicity and eutrophication, the acidification, 
the abiotic and biotic resources depletion, and the land use. These indicators are further 
aggregated in indicators accounting for the final environmental impacts, or endpoints, on the 
human health, the abiotic and biotic natural environment, the abiotic and biotic natural resources 
and the abiotic and biotic artificial environment. For example, sulphur dioxide causes acid rain 
(mid-point indicator), and damages both human health and the natural environment (end-point 
indicators). The farther the indicators are on the impact pathway, the greater the associated 
uncertainties are. In this study, priority was given to the precision of the results, and therefore the 
indicator point was put as close as possible to the associated emissions, following a problem-
oriented, rather a damage-oriented, methodology.
The environmental impact of a given process can be global or local in scale [25], and the choice 
is made in the present LCA to assess global effects from local inventory data, as advised by [26]. 
The study aims at assessing the long-term impacts of an alternative management scheme of 
concrete wastes on the resource availability, the ecosystem diversity, and the human health. For 
these reasons, the ReCiPe MidPoint method 1.06, egalitarian version, is chosen for impact 
assessment [27]. The alternative scheme should enable to reduce the CO2 emissions, the natural 
resources consumption, and the energy use. CO2

The four selected indicators are therefore climate change (CC), natural land transformation
(NLT), fossil fuel depletion (FD) and terrestrial acidity (TA).

affects the human health and the ecosystem 
integrity through its contribution to the radiative infrared forcing of the atmosphere, therefore,
climate change (CC) is a relevant indicator. Less consumption of natural aggregates can be 
evaluated by the impact category “natural land transformation” (NLT), and conversely, the 
decrease in the energy use by the category “fossil fuel depletion” (FD). In addition, and owing to 
the fact that the present processes can be well documented regarding their emission in SOx and 
NOx, the terrestrial acidity (TA) is also considered, a relevant choice according to a study 
dealing with the environmental impact of cement production performed by [28]. By contrast, and 
due to a lack of data, the various indicators related to eutrophication, ecotoxicity, water depletion 
and particulate matter are discarded from the impact assessment.
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Data Quality

Given that the present LCA is intended to be used in a decision-making process, the quality of 
technical data is crucial. A specificity of this work is that it involves the extraction and use of 
aggregates from earth and from building wastes. Considering that the physical properties of the 
natural aggregates depend on the geographical situation of the extraction site, and that the 
extraction process differs with the nature of aggregate, a special attention must be paid in using 
local rather than global averaged process data. Obviously, a precise description of every quarry 
procedure cannot be envisaged. But, documenting two extremes extraction process (respectively 
from an alluvial source or from a solid rock) allows taking into account this situation to some 
extent. Another consequence is that transportation from a natural mine or from a demolition site 
to the pulsed power or to the usual crushing process are to be precisely defined, and again, at a 
regional scale. Data from processes are collected on ongoing industrial processes as far as 
possible. Lastly, any missing inventory data is supplied by the EcoInvent 7.3.3 database. 
The Life Cycle Inventory was compiled in the SimaPro software (Pré Consultants), which also 
performs the impact assessment using a user-selected method of calculus

Choice Of Variables Assessed

The present study aims at catching the influence of the main variables defining a recycling 
scheme of building concrete gravels based on a straight separation of aggregates and hydrated 
cement paste. This separation is performed by using specific equipment based on pulsed power
fragmentation. Furthermore, the recycling scheme addresses heavy materials (may it be 
aggregates, raw materials for clinker kiln, or concrete gravels) and consequently, the transport 
modalities are of uttermost significance in an environmental evaluation.
On such consideration, the variables taken into account are listed in Table 1. Their specific 
values are specified in the following Inventory part.

Table 1. Variables considered in the study. *Waste Concrete Treatment Unit

Variables Evaluation 
Recycled cement paste (RCP) content in clinker kiln Chemical analysis of RCP  

Transportation  
distances 

Raw materials 
local quarry � clinker plant 

Data from  
statistics offices  

and scientific literature 
 

Natural aggregates 
quarry ���������	
�����
�	�

�� 

quarry ����
��
	����	
�����
�	�

�� 
Concrete gravels 

WCTU* ���������	
�����
�	�

�� 
HCP : 

WCTU ����
	�������	� 
Recycled aggregates 

WCTU ����
��
	����	
�����
�	�

�� 
Mode of  

transportation  
Hauling 
Shipping 

Life Cycle Inventory (LCI)
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Life Cycle Inventory is carried out by considering each process unit as a stand-alone system, for 
which the surroundings environment acts as a source of all the materials and fuels inputs to the 
system and as a sink for all outputs from the system. For each unit process described on Figure 1,
an inventory table is established and gathers the materials and energy inputs as well as the 
individual emissions to the air, to natural water and to the ground.
To account for the data sensitivity to the location and the geographical scale, data are collected 
from local quarries operators. Furthermore, data quality was improved by contacting the pulsed-
power and the jaw crusher manufacturers. Finally, most of the data are reliable with time since 
they come from the well-established processes of clinker manufacturing, and rock and concrete 
crushing.

Pulsed Power Fragmentation Of Concrete

A schematic representation of a reclaimed concrete processing is shown Figure 2, along with the 
alternative part of process under study in the present work, and composed of the high voltage 
pulse power fragmentation device marketed by Selfrag (and termed Selfrag in what follows). The 
materials entering the Selfrag must be below 40 mm in size, and therefore a jaw crushing must 
be maintained in the global line of process. According to Figure 2, the +40 mm fraction is 
directed towards an impact crusher to recover materials under 40 mm in size. Thus, the Selfrag 
can replace the impact crusher according to a scheme highlighted by dotted lines on the figure. 
Several cycles of Selfrag processing are considered to obtain the maximum amounts of hydrated 
cement paste on one hand and of clean aggregates on the other hand.
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Figure 2. Schematic representation of a process for recovering aggregates from concrete. Dotted lines 
correspond to the electrical pulsed fragmentation device

The variable parameters of the pulsed-power fragmentation are the number of pulses and the 
applied voltage. Experiments were carried out in our laboratory on test pieces of concrete to 
determine the values of these parameters to obtain the greater liberation rate of hydrated cement 
paste. The characteristics of the concrete specimens are summarized in were cylindrical, their 
length and diameter were 40 mm and 40 mm respectively, and their precise formulation is given 
in Table 2.

Table 2. Formulation of the concrete specimens

Shape and dimension  Cylindrical, h = 40 mm, ø = 40 mm 
Cement type CEM I 52.5 N 
Mass ratio water/cement 0.6 
Mass of cement 400 kg per m3 of concrete 
Mass of aggregates 1620 kg per m3 of concrete 
Water 240 kg/m3 

According to the chemical analysis, up to 32 % in weight of the initial material could be 
recovered in the -2 mm fraction after 15 pulses of 125 kV were applied. The process was run a 
second time on the +2 mm fraction. The chemical contents of CaO, SiO2, Al2O3 and Fe2O3 in 
the two -2mm fractions obtained enable to determine the proportions and the chemical 
compositions of the -2mm and the aggregates fraction leaving the process at the steady state. 
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These values are summarized in Table 3, and they are used to evaluate the environmental extra-
cost, see the Goal and Scope section.

Table 3. Steady-state composition of the -2 mm and the aggregate fraction after pulsed-power electrical 
fragmentation (operating conditions are 125 kV, 15 pulses)

 (%)wt HCP content (%)wt Aggregates content (%)wt 
- 2 mm 47 (= p1� ) 48 52 

Clean aggregates 53 (= p ) 10 90 

Datas concerning the lifespan of the equipment for pulsed-power fragmentation, the chemical 
composition of its main parts and the total electrical consumption over its lifespan were collected 
from the industrial manufacturer, and added to the module defining the production of Recycled 
Aggregates for Concrete RAC (see below in the LCI section). For reasons of confidentiality 
these data are not disclosed in the present paper, but remain available upon request.

Clinker Manufacturing With And Without Recycled Hydrated Cement Paste

Global Process. Clinker is supposed to be produced in a dry process kiln with multistage 
preheaters and precalciners. Apart from the internal plant transportations, the main CO2
emissions come from the chemical reactions in the clinker kiln, the fuel combustion during 
clinker production and the electrical power consumed for raw materials and clinker grinding and 
milling to the desired sizes. These data fluctuates with time and from one cement plant to 
another, according to a seven-year monitoring of SOx, NOx, CO2 and clinker dust emissions 
performed on six cement plants by [30]. These fluctuations are related to the process stability and 
the efficiency of the dust filters used. Consequently, only mean values for the main 
emissions/consumptions can be used in the inventory, and they are documented from literature 
data.
Estimation Of CO2 Emissions And Minerals And Energy Consumption At The Kiln Scale. The 
usual feeding of the kiln is made of limestone, sand, iron ore and clay, which are the main 
mineral carriers of Ca, Si, Fe and Al. Part of these elements can be supplied by the hydrated 
cement paste recovered from the alternative concrete fragmentation. The extent of replacement 
ratio in the raw feed is determined using a calculation method described in a previous 
communication [31] which extends the pioneering work of [32]. This calculation allows singling 
out the potential decrease in the CO2 emissions and in the energy consumption brought by using 
recycled RCP in raw material.
This methodology relates the raw mix composition (proportions of calcite, clay, iron ore and 
recycled HCP) with the mineralogical composition of the clinker formed (mass proportions of 
C3S, C2S, C3A and C4AF), through a system of four equations determined by using Bogue 
equations [33] and simple mass balances between the inlet and the outlet of the kiln. The CaO, 
SiO2, Al2O3 and Fe2O3 contents in RCP are determined by chemical analysis, and its 
mineralogical composition is assumed to be described by a mix of hydrogarnets C3AH6 
(3CaO.Al2O3.6H2O) and C3FH6 (3CaO.F2O3.6H2O), CSH silicate hydrate gel C3S2H3 
(3CaO.2SiO2.3H2O) and ettringite (C3A.3CaSO4.32H2O), in residual amounts for mature 
concretes. Four specific parameters used by clinker manufacturers and related to the practical 
operating of the kiln are expressed from the mineralogical composition of the clinker. They are 
the Lea and Parker lime saturation ratio (LaP), the silica ratio (SR), the Kühn alumino-ferric 
module (MK) and the sum of CaO, SiO2, Al2O3 and Fe2O3 contents in clinker (their definition 
can be found in [34]). These ratios are allowed to vary within precise ranges to ensure a good 
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clinker workability, which therefore constrains the previous system of four equations. Using a 
Sequential Quadratic Programing algorithm implemented in Matlab, it is then possible to obtain 
the acceptable ranges for proportions of calcite, clay, iron ore and RCP in the raw feed. 
Choosing a definite composition within these ranges enables to perform two calculations: (i) the 
theoretical enthalpy at 25 °C required for clinker reaction with RCP ( RCP

fH� ), (ii) and the specific 
thermic energy consumed, which encompasses the previous enthalpy, the various heat losses 
around the equipment (conductive and radiative losses), and the heat losses leaving the process 
through the exhaust fumes, the clinker dusts, and the clinker itself. All these losses are assumed 
to be not affected by the change in the raw feed, and thus equal to a reference value - estimated 
to be 1.3 MJ/kg clinker [35]. Thus, by calculating the enthalpy for clinker reaction, the specific 
energy ( RCP

SE ) is obtained by RCP
f

RCP
S H3.1E ��� .

Knowing the specific thermic energy and the nature of the fuel used, it is possible to calculate the 
amount of fossil fuel required to fulfill the heat demand of the kiln, and thereby, the amount of
SO2, NOx and CO2 released during the combustion. The former value is added to the CO2 arising 
from the limestone dissociation, and to the emissions related to the electrical power 
consumptions in grinding and milling sections to obtain a global value for the CO2 emissions of 
the process. 
Construction Of The Module In Simapro Software. The generic dry process of clinker production
is chosen in the Ecoinvent database. The grounding, crushing, milling and mixing of raw 
materials, as well as the grinding of clinker and the collection of dusts are already allocated. The 
electricity used for raw meal preparation depends on the hardness of the material and it is 
assumed that the recycled cement paste displays the same workability as the materials it replaces. 
Two modules are elaborated from this generic process. The first one corresponds to a reference 
clinker composed of 57.9 % of C3S, 21.1 % of C2S, 12.6 % of C3A and 8.4 % of C4AF, starting 
from pure minerals (calcite, kaolinite, silica and goethite). The associated specific thermic 
energy 0

SE is 3.14 MJ/kg of clinker, which corresponds to a mean value found in dry process 
kilns operated in France according to [35]. The second module corresponds to a clinker 
manufactured from recycled cement paste and which meets the same module values as the 
reference clinker. The solid combustible for both processes is a bituminous coal with a lower 
heating value of 35.6 MJ/kg and whose elemental composition is 88.5 % of C, 5.0 % of H, 4.5 % 
of O, 1.0 % of S and 1.0 % of N. 
The internal plant transportations depend on the internal logistics of each cement plant (spaces 
allocated to the receipt of raw materials, to the process of production and to the silos containing 
the manufactured cement), which implies that only a mean value can be chosen. For the sake of 
simplicity, the Ecoinvent value is chosen. The external transportations are considered to be 
negligible owing to the fact that cement plants are often located near their respective quarry. 
Table 4 summarizes the values of the data modified in the Ecoinvent module corresponding to 
clinker formation. As a preliminary step, two cases are considered, depending whether the LaP, 
SR and MK mineralogical ratio are chosen to correspond with the values for the reference 
clinker or with the highest decrease in the CO2 emissions.  

Table 4. Data modified in the clinker module from the Ecoinvent database. Data refer to 1 kg of clinker

 
Reference 

clinker 

Clinker with RCP 
Case 1 : 
Equal 

modules 

Case 2 : 
Lowest CO2 
emissions 

Raw  Limestone g/kg*  1217 1093 1048 
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materials Clay/marl g/kg  164.8 137 86.6 
Iron Ore g/kg  30.7 25.3 29.0 

Sand g/kg 149.3 (-) (-) 
RCP g/kg (-) 277 340 

Energy 
Hard coal g/kg 88.2 82.3 78.9 

Specific thermic energy kJ/kg 3140 2895 2769 

Gases 
CO2 g/kg 821.6 748 717 
SO2 g/kg 1.77 1.65 1.58 

Transport 
Raw materials kg.km 41[43] – 170 33 - 137 [41] 30 - 127 

Fuels kg.km 98[43] – 406 79 - 326 [41] 73 - 302 

The specific heat energies are determined for an output of a 1 kg milled clinker. In the 
assessment of the global system, they will be weighted by the theoretical clinker mass which can 
be produced given the extent of substitution of the natural limestone by recycled concrete in the 
raw material, this extent stemming directly from the respective efficiencies of the recycling 
technology considered (pulsed power or impact crushing) and processed on a 1 kg input of waste 
concrete (see the Goal and Scope section).

Crushing Processes Of Concrete And Natural Gravels

Crushing processes refer to the production of aggregates from natural sources and from concretes 
for building concretes and for road embankments.
LCI For RAC And RGE Processes Of Production. Regarding the crushing of concrete to produce 
RAC, technical data are not well documented in the literature since the process is barely 
implemented in the industry. On an energetic point of view, the main difference between the 
processes of production of RAC and RGE is the replacement of the secondary impact crusher by 
the high voltage pulsed power device (Figure 1). According to the technical documentation from 
crusher suppliers, typical jaw and impact crushers need 2 kWh and 1 kWh per metric ton of 
waste concrete, as opposed to 2.5 kWh/t for the Selfrag. On this basis, the total energetic costs 
for a RGE and a RAC process of production are respectively 3 and 4.5 kWh/t. 
Regarding the various emissions and fluid consumptions of the RGE process, Table 5
summarizes inventory data for coarse recycled aggregates obtained from demolished reinforced 
concrete structure and crushed in a typical mobile plant [36]. These data complement the values 
proposed by the Ecoinvent 7.3.3 database for the module “Gravel crushed at mine”, since both 
processes of production involve heavy crushing steps, which liberate dusts and consume fluids. 

Table 5. LCI data for the recovery of recycled aggregates for embankments

 

[36]

Consumption/emission Unit Value 

 
Electricity kWh/t (-) 

Fuel MJ/t 18.2 

GHG 
CO2 g/t 1695 
CH4 g/t 1.59 
N2O g/t 0.67 

Toxic gases 
NOx g/t 19.2 
SOx g/t 6.7 
CO g/t 4.27 

Organics Non-methane VOC g/t 0.48 
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POP g/t 2.49 10-3 

Particles > 30 2m g/t 41.2 

The module corresponding to the RAC process is completed with the data supplied by the 
Selfrag Company, see above the definition of the pulsed-power fragmentation of concrete 
(Figure 2).

LCI For Natural Crushed Aggregates For Concrete (NAC) And Round Aggregates For 
Embankments (NAE). As underlined by [37], three main factors contribute to the environmental 
load of the processes of natural aggregates recovery: their type, accessibility and regional 
availability. Accessibility and regional availability impact on the transport of the recovered 
aggregates to their place of consumption, and have no influence on the extraction process (issues 
related to transport are dealt with in a following section). By contrast, the impacts are quite 
different according to the kind of retrieved aggregates, round or crushed. Round aggregates 
result from the external erosion and the exposure to weather conditions. Except for their 
excavation, optional transport to a processing plant, washing and grading to meet the 
requirements of the national standards, neither complex nor energy-costly processes are needed. 
This is contrasted by the blasting, transportation, crushing/milling, sieving and washing 
operations performed on crushed aggregates. It is assumed those crushed and round aggregates 
are respectively dedicated to building concretes and road applications.
Precise field data concerning these two schemes of treatment remain scarce; however, a thorough 
study carried out by [38] earned our attention and will be the main source of information for the 
present inventory. The study focuses on three sites of aggregate extraction in France, differing 
either by the physical characteristic of their respective aggregates or by their level of production. 
For the sake of simplicity, only data concerning two sites with the same production rate but a 
different kind of aggregates are used. Both inventories include the production of fixed assets and 
maintenance vehicles. 
Round aggregates are assumed to be excavated from a pit by means of a wheel loader, 
transported to the processing unit by a conveyor belt and further processed to produce four size 
fractions, 0/4, 4/6.3, 6.3/10 and 10/14. In 2005 125,000 tons of aggregates have been produced
with 13 % of extracted materials being lost during the washing steps or being removed owing to 
their poor quality. 80 % of the production is used in concrete batching plants or for the 
production of roof tiles. 
Crushed aggregates are supposed to be blasted from rock mass and transported to a crushing and 
milling unit which falls into three successive parts, composed of a jaw and cone crushers and 
sieving units. The physical properties of the recovered aggregates are suitable with a use in 
asphalt concrete. In 2005 180,000 tons of aggregates have been produced with 24 % of extracted 
materials being non-compliant with a road use according to the French standard NF EN 12620. 

The values reported on Table 6 refer to a metric ton of materials produced during the year 2005 
in France. Blasting is excluded from this inventory. 

Table 6. LCI data for the extraction of round and crushed aggregates. *includes fuel burned in building 
machine and diesel needed for internal transportations. **includes loading and unloading operations

 Round aggregates 
NAE 

Crushed aggregates 
NAC 

 Consumption/emission Unit Value Value 
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 Raw material t/t 1.13 1.24 
Electricity kWh/t 5.82 3.94 

Fuel MJ/t 31.0* 20.4* 

GHG 
CO2 

[38] 
g/t 2390 1552 

CH4 g/t 0.48 0.380 
N2O g/t 3.39 2.66 

Toxic gases 
NOx 

[38] 
g/t 53.02 67.61 

SO2 g/t 4.05 2.66 
CO g/t 34.38 29.51 

Organics 
Non-methane VOC [38] 

g/t 14.42 7.82 
POP g/t 2.49 10 1.61 10-3 -3 

Heavy metals 

Cd 

[38] 

g/t 1.94 10 4.83 10-2 -6 
Cu g/t 7.51 10 8.24 10-6 -4 
Cr g/t 1.28 10 2.43 10-3 -5 
Ni g/t 3.75 10 3.40 10-5 -5 
Se g/t 5.26 10 4.83 10-5 -6 
Zn g/t 7.51 10 4.85 10-6 -4 

Particles > 30 2m g/t 30.9** 1239** [36] [39] 

Lastly, in each of these processes the water consumption is missing. The choice of discarding it
in an inventory of aggregates extraction may seem irrelevant, particularly since the consumption 
strongly varies between the two extreme processes. However, choosing one the sparse data 
available in the literature is equally questionable since the distinction between the water 
withdrawn from the environment then released on one hand, and the water polluted after washing 
out clays from the aggregates (spent water) is often not apparent. The volume of spent water also 
depends on the recirculation system, which is installation-specific. As an example water 
consumption needed to produce 1 metric ton of aggregates in the UK ranged between 37 and 401 
t/t in 2009 [40]. Thus, giving a precise estimation for the water consumption in aggregates 
production lines seems unrealistic. 
Regarding the specific case studied in the present work, the alternative scenario developed for 
the management of concrete wastes needs extra water not only for the electrical pulsed-power 
crushing, but also for the extra natural aggregates consumption, meaning that the various water 
consumptions at every stage of the global process do not balance each other. Neglecting this 
additional water consumption results in underestimating the depletion in abiotic resources.

Transports

Distances. Table 7 summarizes all the transports heeded in the present study. The values are 
found in These data represent input variables impacting the environmental balance, and their 
initial value are found in reports form national statistics offices and from the relevant scientific 
literature and by a broad estimation considering the cement plant network at a country scale. 
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Table 7. Transports considered in the present study. *see Figure 2. **Waste Concrete Treatment Unit.

Module* Name Material Starting point Destination Values 
(1) (4) D1 Raw Materials Quarry Cement plant 41[44] - 170[41] km 

(3) NAE D2 Natural 
aggregates Quarry Road  

Road : 20[38] - 100[41] km 
Boat : 100 - 150 km 

(6) NAC D3 Natural 
aggregates Quarry Building  

Road : 40[41] - 59[43] km 
Boat : 100 - 150 km 

(2) RAC 
(5) RGE D4 Concrete 

gravels 
Demolition 

site WCTU** 20[41] - 100 km 

(2) RCP D5 RCP WCTU  Cement plant  150 - 200[46] km 

(5) RGE D6 Concrete 
gravels WCTU Road  10 - 30[45] km 

(2) RAC D7 Recycled 
aggregates WCTU Building  20 - 100 km 

Raw materials
The transport distances of raw materials (first line) show a wide range of variations, mirroring 
two extreme situations for supply of the quarries. 
Concrete gravels from demolition sites (RAC and RGE)
The waste concrete treatment unit (WCTU) handles concrete waste through usual crushing or 
pulsed power/microwave fragmentation: transport distances of concrete gravel are assumed to be 
equal whatever the treatment applied. The value can be different from zero if WCTU is not 
located at the demolition site, i.e. if this is not a mobile unit. According to [41], the distance 
between road demolition sites to landfilling installations is about 20 km. This value will be 
assumed to hold for the distance to the non-mobile WCTU. 
Aggregates from quarry to road site (NAE and NAC)
INSEE (the French National Statistics Office) gives an estimate for the mean transportation 
distance of raw materials in 2003 of 35 km [42]. This distance has been inching up over the last 
decades, an evolution mainly accounted for by several closings of quarries on environmental 
grounds and not compensated by the matching openings. For virgin round gravels, [38] states 
that the distance between the extraction and the production site is less than 2 km, and that the 
graded aggregates are not sent over distances above 20 km to road construction/resurfacing sites. 
This figure falls short of the distances - between 75 to 100 km - considered by [41]. This 
discrepancy illustrates the need to precise the geographical scope heeded, as [38] refers to one 
specific quarry while [41] provide an averaged value. However it is important to stretch that 
none of this figure is closer to the truth than the other, since both suffers from a lack of 
representativeness respectively caused by a too small and a too large scale considered. 
Consequently and for the sake of completeness, both values will be taken into account in the 
simulation. Regarding natural aggregates supply for structural concretes, [43] gives a precise 
value of 59 km, valid in the administrative area surrounding Paris.
Aggregates from various origins to road site (RGE)
Recycled aggregates travel 30 km on average to reach the site of road construction, according to 
the French Union of Carriers and Building Products Industries in a recent publication [45]. No 
other reliable figure was found in literature concerning local data.
Aggregates from demolition sites to building construction centers (RAC)  
The corresponding distances of the aggregates whereabouts remain without a precise value, and 
therefore will constitute the main variables of the study. Distances considered will be kept above
20 km. 
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Recycled Cement Paste
A detailed mapping of the cement plants in France is available in [46], and enables a broad 
estimation of the mean cement plant distance in the area surrounding Paris, around 150 km. 
Various distances, not smaller than this value, will be tested in the study.
Mode Of Transportation. Materials are mainly transported by roads with usual 38 t lorries,
whereas alternative transports such as inland waterway transport could be used. Road 
transportation represents 95 % of total weight transported, which is explained by the fact that this 
mode of transportation fully comply with the constraints facing the building sector, which are (i)
short transportation distances, (ii) a seasonal production cycle, (iii) temporary nature of 
construction site, (iv) small loads transported, and (v) reliable delivery schedules. For such small 
transportation distances, handling operations in unloading areas are far too significant for rail or 
waterway transports to compete. In addition railway stations or inland port be located near the 
quarry or the concrete batching plant are required, and this requirement matter-of-factly 
increases as natural aggregates are more and more sought in far-away quarries. Still, a closer 
look at regional specificities in France indicates that in Paris region, waterway is comparable to 
road in the importation of aggregates (5.3 Mt as against 8.5 Mt in 2002). The Administrative 
Region which mostly contributes to this importation is the neighbor Haute-Normandie Region (3 
Mt), its main inland port being at around 150 km from Paris along the Seine river.   
Given these considerations, LCA simulations will also include the case of a waterway 
transportation of aggregates of 150 km. This value will represent the upper bound considered, as 
the French professional Union in the field gave the estimation of 100 km for a waterway 
transportation averaged at the national scale.

General Infrastructures

The emissions associated with the electrical consumption are modified in every sub-process of 
the global system to take into account the specificity of the French production mix of electricity,
which strongly differs from the default Swiss one proposed in the Ecoinvent database. The share 
of electricity produced by nuclear plants is more important in France, and is made up for in the 
Swiss system by more hydrothermal and conventional thermic source [47].

Impact Assessment (IA) and Discussion

The system definition leads to various scenarios depending on the fragmentation technology 
used, the recycling rate of the cement paste, and the distance of transportation of the various 
materials involved. In what follows, two recycling rates of the RCP obtained by pulsed electro-
fragmentation have been considered, along with two distances of transportation for the concrete 
gravels to the WCTU and the aggregates leaving the WCTU to building construction (D4 and 
D7), see Table 7. The other transportation distances are not modified and are respectively D1 = 41
km for raw materials, D2 = 20 and D3 = 40 km for natural aggregates, D5 = 150 km for RCP, and 
D6 = 10 km for concrete gravels (see Table 7).
This set of parameters allows evaluating the sensitivity of the results to the location of the 
WCTU. Values of D4 and D7 = 0 would correspond to a WCTU close to the 
demolition/construction sites, a condition which is not always met in practice owing to the 
minimal space required for the WCTU operations. 
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Table 8. Variables studied in the present paper.

Transport RCP rate  
Case Recycled aggregates 

D7 (RAC) 
Concrete gravels 

D4 (RAC/RGE) 
ck
RCPP  

20 km 
20 km 

0.340 1 
0.277 2 

100 km 
0.340 3 
0.277 4 

100 km 
20 km 

0.340 5 
0.277 6 

100 km 
0.340 7 
0.277 8 

Results for the environmental extra-cost brought by the alternative processing of reclaimed 
concrete are summarized Table 9.
 

Table 9. Balance of the environmental impacts between the current and the alternative scenario of
processing 1 kg of reclaimed concrete

Case Climate change 
kg CO2 eq 

Terrestrial acidification 
kg SO2 eq 

Natural land transformation 
m

Fossil depletion 
2 kg oil eq 

1 -1.04 -1.09.10 -6.37.10-2 -6.74.10-6 -3 
2 -1.02 -1.08.10 -6.25.10-2 -3.52.10-6 -3 
3 -1.03 -1.08.10 -2.91.10-2 -3.20.10-6 -3 
4 -1.01 -1.07.10 -2.79.10-2 -1.32.10-6 -5 
5 -1.05 -1.09.10 -8.72.10-2 -9.14.10-6 -3 
6 -1.03 -1.09.10 -1.04.10-2 -7.79.10-5 -3 
7 -1.04 -1.08.10 -5.52.10-2 -5.60.10-5 -3 
8 -1.02 -1.08.10 -6.97.10-2 -4.25.10-6 -3 

 
All the impacts categories score to negative values, meaning that the proposed alternative 
processing allows reducing the environmental footprint of concrete wastes. The decrease is 
impressive concerning the avoided emissions in CO2, about 1 kg saved per kg of concrete wastes 
handled. The terrestrial acidification shows a constant value, apparently not affected by the 
various distances of transportation considered. Regarding the natural land transformation and the 
fossil depletion categories, it can be noted that the gain brought by the alternative processing 
scheme diminishes when D4 is increased (except for case 5) or when D7 is lowered. An important 
point is that the gain remains positive, whilst RAC is sent over 100 km to building construction 
sites. 
To better understand the global results, the respective costs associated with the production
processes (i) of clinker, (ii) of aggregates/gravels for embankments, and (iii) of aggregates for 
structural concretes are reported on Figure 3. These costs are expressed as differences between 
the impacts of the various modules presented in Figure 1: (3) – (5) gives the environmental cost 
to produce aggregates for embankments in the alternative scenario, (2) – (6) gives the costs for 
aggregates for structural concretes and (1) – (4) the cost for clinker manufacturing. The 
subtractions are weighted by the mass flows indicated (see Figure 1), to determine their 
respective significance in the global system.
The maximum allowed recycled cement paste in the clinker kiln ( �ck

RCPP 0.340).
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Figure 3. Costs (in term of environmental impacts) of different processes in the global system described
on Figure 1. The numbers on the horizontal axis correspond to the case described in Table 9. The content 

of RCP in the clinker kiln corresponds to the lowest value for CO2 emission ( �ck
RCPP 0.34).

It can be seen from this figure that the production of aggregates for embankments is the main 
contributor to the decrease in climate change and terrestrial acidification.  This is explained by 
the fact that crushing concrete is more energy-intensive than crushing solid rocks to recover 
aggregates, and therefore more fuel is consumed, resulting in higher (CO2 and SOx) emissions. 
The gain in natural land transformation is mainly accounted for by the production of aggregates 
for concrete, which is in agreement with the replacement of natural aggregates by aggregates 
from concrete. Similarly, the positive cost to produce aggregates for embankments (case 1) 
comes from the fact that gravels initially obtained from concrete wastes and now diverted to 
building concretes have to be found in natural quarries. This cost seems to decrease for case 3 
and 7, which corresponds to D4 = 100 km. This is ascribed to the fact that, in ReCiPe Midpoint, 
an increase in the distance of transportation indirectly results in a higher occupation of natural 
land by road. Regarding fossil depletion, an important gain seems to accompany the alternative 
process. This is partly due to the feeding of the clinker kiln with less carbonated materials, 
requiring less amount of combustible to obtain the free lime. The production of aggregates for 
concrete depletes more fossil fuel in cases 3, 5 and 7, which is explained by the distances of
transportation of gravels to the WCTU or of RAC to building sites. The difference (3) – (5) 
reflects the same trend by becoming positive when the distance of transportation of concrete 
wastes to the crusher is 100 km. 
These preliminary results establish links between potential environmental gains in an alternative 
processing of concrete wastes and the various distances of transportations that intervene. Future 
work will therefore be conducted to investigate these links.
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Abstract

A model was developed to predict the synergistic effect of Cyanex 302 and D2EHPA on co-
extraction and separation of nickel and cadmium from sulfate leach liquors of spent Ni–Cd 
batteries with the aim of increasing separation efficiency. The stoichiometric coefficient of 
cadmium was determined for sole D2EHPA and three different D2EHPA to Cyanex 302 ratios 
by applying the slope analysis method. The experimental data of cadmium extraction in pH 
range of 0.5–3, temperature of 25, 40 and 60 °C and various proportions of organic solvents 
(D2EHPA and Cyanex 302) were used to propose correlations of distribution coefficient of 
cadmium by multiple linear regression. The equation was found via multiple linear regression for 
the estimation of distribution coefficient of cadmium and the result showed that the proposed 
correlation is in good agreement with the experimental values. The extraction equilibrium 
constants, enthalpy change, and entropy change of the extraction reaction were also determined. 

Introduction

Nickel–cadmium batteries are used in many portable electronic devices, military and defense 
applications, but due to the presence of toxic cadmium, they are classified as hazardous waste 
[1]. Recycling of spent batteries is important, both from an environmental and economic point of 
view [2, 3]. Several countries in Europe, Asia and South America have already explored the 
possibilities of establishing labeling, collection and recycling programs for Ni–Cd batteries, 
while others are in the organization stage [4, 5]. Solvent extraction has been widely used in 
separation, purification, and recovery of metal ions from aquatic solutions. This technology is 
characterized by lower energy consumption, higher metal selectivity, and higher purity of 
products compared to other processes and therefore, it has also been proposed for waste 
treatment and recycling processes such as separation of metals from spent primary and secondary 
batteries. Solvent extraction of Cd2+ from leach solutions has been studied by Cyanex 301 [6], 
D2EHPA [7, 8], Cyanex 302 [9], Cyanex 923 [10], Cyanex 272, Tops 99 and PC88A [11]. 
Almela and Elizalde [9] analyzed the suitability of Cyanex 302 for extraction of Cd (II) 
compared with other similar organophosphorus extractants, such as Cyanex 272 and they found 
Cyanex 302 to be effective in extracting cadmium in very acidic conditions. Cadmium extraction 
with D2EHPA involves co-extraction of both Ni and Co [7], which causes issues in the 
separation process efficiency. Moreover, application of phosphorus based extractants for the 
solvent extraction studies of Ni such as TOPS 99 [12], D2EHPA [13], and Cyanex 272 [14,15] 
has been investigated.
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In the present research, a novel synergistic extraction system using Cyanex 302 and D2EHPA as 
extractants has been investigated. In addition, the extraction mechanism and thermodynamic 
parameters of cadmium were studied in detail as a comparison of the single D2EHPA with the 
mixture of Cyanex302 and D2EHPA.

Experiments

Materials

Cadmium sulfate (97% pure) and nickel sulfate (98% pure) salts were obtained from Merck, 
Germany. The organic solvents used in this work were industrial-grade di-(2-ethylhexyl) 
phosphoric acid (D2EHPA), 97% pure, from Bayer, Germany, and bis-(2,4,4-trimethylpentyl) 
monothiophosphinic acid (Cyanex 302), 98% pure, from Fluka, Canada. The extractants were 
used without further purification. Kerosene, from Tehran Oil Refinery Co., was used as diluent. 
Sulfuric acid (98% pure) and sodium hydroxide 0.1 M, from Merck, Germany, were used as pH 
modifiers.

Experimental procedure

Stock solutions of nickel and cadmium (2 g/L each) were prepared by dissolving sufficient 
amount of their sulfate salts in distilled water. Each extraction test was performed by mixing 200 
mL of the aqueous phase solution with 200 mL of the organic phase containing 20% v/v of the 
extractant (either sole D2EHPA or the mixture of D2EHPA and Cyanex 302) and 80% v/v 
kerosene. This aqueous to organic phase ratio (A/O) of 1:1 was used in all tests. During mixing, 
temperature of the system was controlled by a thermostatic bath. Experiments were carried out at 
25, 40 and 60 °C. A PY-11 pH meter Sartorius made in Germany was used to monitor pH during 
the experiments. The mixture was agitated very well by a mechanical agitator for 10 minutes 
after when pH was stable. pH was fixed by adding either sulfuric acid or sodium hydroxide 
solution. The mixture was then transferred to a separatory funnel, equilibrated and allowed to 
disengage. After phase separation, the aqueous phase was analyzed for nickel and cadmium
directly after suitable dilutions by AAS. The concentration of metal ions in the organic phase 
was calculated from the difference between concentrations in the aqueous phase before and after 
extraction by mass balance.

Results and discussions

Influence of Cyanex 302 as Synergist

Fig. 1 shows the percentage of cadmium and nickel ions extracted as a function of pH at different 
D2EHPA to Cyanex 302 ratios at 25 °C, which illustrates significant synergistic shifts of 
cadmium and nickel isotherms due to the addition of Cyanex 302 to D2EHPA. As it can be seen 
from the figure, increasing the ratio of Cyanex 302 to D2EHPA shifts the cadmium extraction 
curve more to the left and that of the nickel extraction curve to the right. In other words, addition 
of Cyanex 302 to D2EHPA significantly improves the separation of cadmium over nickel.
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Figure 1- Effect of additions of Cyanex 302 to D2EHPA on the extraction of Cd (II) and Ni (II) 
at 25 °C and A/O ratio of 1:1.

Extraction mechanism of cadmium by D2EHPA

In order to determine the formation of metal–organic complex during extraction of cadmium, a 
dimer state of D2EHPA has been considered as reported by various authors [16, 17, 18, 19].
Thus, the extraction mechanism of the metal ion (in this case cadmium) with D2EHPA in 
kerosene may be expressed as follows:
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where (H2A2) is extractant in dimeric form, M is metal, n is valence of the metal or metal 
complex ion and p number of molecules of extractant engaged in reaction. The equilibrium
constant of the extraction reaction Kex, can be given as a function of molar concentration, 
provided that the ionic strength of the aqueous solution is constant.
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The distribution coefficient, D, is defined as the ratio of metal concentration in organic phase to 
the metal concentration in aqueous phase at reaction equilibrium, and is substituted into the 
above equation.

n
aq

pn
orgex HAHKD ]/[][ 2/)(

22
��� (3)

By taking the logarithm of the above equation:
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Plot of log D vs. equilibrium pH: As shown in Fig. 2, for cadmium, the plots of logD vs. pHe 
gave straight lines with a slope of about 2.0 for sole D2EHPA (0.5 M), suggesting the totally 
released protons included two molecule of H+ during extraction.

Figure 2- Effect of pHe on the extraction of cadmium with D2EHPA at concentrations of 0.5M 
extractant.

Plot of log D vs. log [H2A2]org: In this investigation concentration of D2EHPA was varied in the 
range 0.15–0.6 (M) in kerosene. Fig. 3, shows a plot between log D vs. log [H2A2]org at 
equilibrium pH = 3, which corresponds that the extraction of cadmium was linearly related with 
extractant concentration. The slope value {(n+p)/2} was determined to be �1.5 thus assuming 
the value of 2 for n, the p value becomes 1.
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Figure 3-Effect of D2EHPA concentration on the extraction of cadmium, pHe = 3.

The extraction mechanism for cadmium extraction by sole D2EHPA may be represented as:

�� ����3� aqorg
K

orgaq HHACdAAHCd ex 2))(()(2/3 222
2

(6)

It indicates that cadmium is solvated with 1.5 molecule of dimeric D2EHPA with formation of
))(( 2 HACdA org complex in the organic phase. This approves the findings reported by Kumar et 

al [20].

Extraction mechanism of cadmium by mixture of D2EHPA and cyanex 302

Plot of log D vs. equilibrium pH: Similarly, in order to determine the extracted complexes in the 
mixed-extractant systems, a series of experiments were carried out and the conventional slope 
analysis method was used. As shown in Fig. 4, the plots of logDm versus pHe at fixed 
concentrations of Cyanex 302 (0.1M) and D2EHPA (0.5M) give a straight line with a slope of 
about 1.0, which suggests that there is one released protons in the extraction reaction equation. 
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Figure 4- Effect of pHe on the extraction of cadmium by mixtures of D2EHPA and Cyanex 302.

Plot of log D vs. log [H2A2]org: Similarly, at fixed aqueous acidity (3) and concentration of the 
cyanex 302 (0.1M), the plots of logDm–pHe are linear with slopes of about 1.0 for various
concentrations of D2EHPA (Fig. 5), which indicates that one molecule of D2EHPA is involved 
into the extraction reaction.

Figure 5-Effect of D2EHPA concentration on the extraction of cadmium, pHe = 3.

The extraction mechanism for cadmium extraction may be represented as below, provided when 
extracted compounds are not associated with each other.
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Distribution coefficient

A general multiple linear equation was used for finding the equations of distribution coefficient 
for cadmium as a function of temperature (T) and pH independent variable. The coefficients of 
the equations were calculated via multiple linear regressions. At fixed concentrations of 
extractants (D2EHPA=0.5 M, Cyanex 302=0.1 M) the insignificant terms were eliminated from 
the equations with not much change in the precision of the correlation by applying the ANOVA 
technique. The simplified equation of distribution coefficient for cadmium is as follows:

2104.132.7038.065.20)( pHpHTCdDLog ,�,�,���
(8)

The results of the model are tabulated in Table 1. The model F-value of 16 implies that the 
model is significant. There is only a 0.1% chance that a “Model F-Value” this large could occur 
due to noise. Values of p-value (Prob>F) for this model is less than 0.0500 indicating that the 
model term are considered to be statistically significant. This is desirable as it demonstrates that 
the terms in the model have a significant effect on the response.

Table 1- Analysis of variance table

Fig. 6, Compares the experimental data and the model predicted values of extraction of 
cadmium. It can be seen in this figure that the predicted values from the model are in good 
agreement with the experimental data. At low pHs, the proposed correlation has excellent ability 
to predict distribution coefficient with an appropriate accuracy while discrepancies at higher pHs 
can be attributed to the sensitivity of the distribution coefficient to pH in this region. At high pH 
region (high extraction percentages), distribution coefficient considerably increases while 
extraction percentage increases only slightly.

Figure 6- Comparison of experimental data of distribution coefficient with calculated results 
employing modular approach for cadmium.

Source Sum of 
squares Mean Square df p-value F- value

Model 10.42 3.47 3 0.0010 16 significant
A-T 3.67 3.67 1 0.0034 16.90

B-pH 5.84 5.84 1 0.0008 26.90
B 0.912 0.91 1 0.0743 4.21

Residual 1.74 0.22 8
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Thermodynamic study

Experimental temperature plays an important role in a liquid-liquid extraction process. At fixed 
concentrations of pH (2) and extractants (D2EHPA=0.5 M, cyanex 302=0.1 M) the influence of 
temperature has been studied in the present work. If the relationship between the distribution 
ratio and the temperature i�
 ����
����
 ���
 ����	�
 ��
 ��������
 ��
 ���
 �����
���
 �^�
 ���
 ��

calculated according to the following:
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�
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The change of Gibbs free energy (� > ���
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Plots of log D versus [1000/T (K)] are shown in Fig. 7 and the K values, calculated from Eq. (5).
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synergistic extraction may occur easily, which is in accordance with the theory of increasing 
entropy from the view of statistics.

Figure 7- Relationship between distribution coefficient and temperature, pHe = 2.

y = -1.5245x + 6.5348

0 

0.5 

1 

1.5 

2 

2.5 

2.9 3 3.1 3.2 3.3 3.4 

L
og

(D
)

1000/T  

269



Conclusion

The following conclusions are drawn from solvent extraction studies of cadmium and nickel
from sulfate solution:
1- Adding Cyanex 302 to D2EHPA caused a synergistic effect and shifted the extraction curve of 
cadmium and nickel to the left and right, respectively. As a result, the separation factor and 
��^0.5 
2- The extraction mechanism and behavior cadmium by single D2EHPA are different from that 
of the synergistic extraction by mixtures of D2EHPA and Cyanex302. The extraction studies 
showed the formation of 

value increased.

))(( 2 HACdA org

))(( HACdA
species in the organic feed with sole D2EHPA and 

org 

3- An equation was found via multiple linear regression for estimation of distribution 
coefficients of cadmium. The distribution coefficients of cadmium calculated based on these 
correlations is in good agreement with the experimental values.

with the mixture of D2EHPA and Cyanex 302.

4- The �����������
�
 �����������
 �^�
 � �
 ���
 ���
 ��=�
 ���� calculated, indicating that 
synergistic extraction reaction of cadmium is endothermically driven.
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Abstract 

Lead and lead-alloy foams have been investigated in this research. In particular low-cost 
techniques for the direct production of lead-based electrodes have been analyzed and discussed 
in this work. The relevance of the main process parameters (powder compacting pressure, 
granulometry, base metal composition, sintering temperature and time) have been focused and 
the effect on foam morphology has been discussed too. In particular “Sintering and Dissolution 
Process” (SDP) and “Replication Process” (RP) have been employed and suitable modified. Both 
spherical urea and NaCl have been adopted in the SDP method. In the replication process it has 
been evidenced that the viscosity of the melt is fundamental. Furthermore the research examines 
lead recovery and recycling of exhaust batteries into foam-based electrodes. A novel method for 
the direct conversion of Pb scrap into lead foam is discussed too. 

Introduction 

Porous materials, interesting for many industrial applications, can be manufactured by many 
processing routes [1]. One of the most employed method has been developed at the Fraunhofer 
Institute of Bremen and is based on the Powder Metallurgy (PM) [2]. According to this method 
metal powders of the base metal, blowing agent and the addition of ceramic particles (for 
modifying melt viscosity and stabilizing metal foam) are required. In a previous work [3] a lot of 
parameters affecting foaming process and the effect of the powder mixing composition have 
been analyzed. Despite up to now the scientific community has focused the attention mainly on 
Al foams, a lot of other metals can be foamed. In particular this work deals with lead and its 
alloy foams. As explained in some papers [4-6], lead foams can be used as light-weight 
electrodes in lead-acid batteries. In particular in [4] Irretier and Banhart attempted to produce 
lead foams analyzing various lead powders (twelve) from many manufacturers. Negative 
drawbacks of the method set-up are: high powders cost, long mixing time (30 min.), hot pressing 
for the precursor production (250 °C and 110 MPa for 20 min.), hot extrusion (275 °C after a 
conditioning time of 2 hours) and finally foaming with a furnace temperature in the range 350-
550 °C. So this solution is difficult to be applied as alternative to the traditional method (grid + 
paste) usually employed for the production of standard electrodes. Complex and expensive also 
the method by Dai et al. suggested in [5-6]: lead foams negative grids are produced by 
electrodeposition of lead on a copper substrate. 
Automotive batteries recycling for the recovery of the secondary lead is under severe regulations 
in highly developed countries. The main task is the production, utilization, collection and 
recycling of most of the chemical power sources [7]. The electrochemical power source most 
widespread is lead-acid battery representing 65% of all primary and secondary cells. 100% of 
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junk batteries, theoretically, can be collected and recycled [8]. This practice is already introduced 
in many countries all over the world. Despite this effort, the complete recovery of a battery is 
difficult because the scrap is quite inhomogeneous, in consistency and in phase chemistry, with 
many different wastes: lead oxide, soft lead dross, wet paste etc. [7]. Lead recycling process 
employed by the recycling industry is the pyrometallurgical one in a rotary furnace [7], 
consisting in four stages: 1) grinding of the battery to separate plastic, electrolyte and lead plates; 
2) lead reduction in a rotary furnace; 3) separation of metallic lead from slag; 4) refining of 
recycled lead. In the period 1999-2006 an exploratory study of lead recovery in lead-acid 
batteries lifecycle in USA was conducted with the following concluding remarks: 1) lead 
recovery and recycling was stable in the examined period; 2) lead consumption was increased at 
a annual rate of 2,25%; 3) slag resulting from recycling technology process inefficiencies must 
be minimized. 
In this work a new process has been developed that can solve the last one drawback. The novel 
proposed method allows the direct production of foam-based lead electrodes from waste 
material. In literature very little informations have been found about lead foams in general [4] 
and for electrodes in lead acid batteries applications in particular [6]. Furthermore the 
experimental solution proposed is fundamental for the improvement of lead-acid battery 
efficiency and reduction, at the same time, of the battery weight. Rational operation includes 
maximum active-material utilization, high scrap recycling rate, direct conversion of lead scrap 
into electrodes in an economical way. Finally an experimental battery has been prepared with 
lead-foam electrodes, both for negative and positive plate. It is believed that positive plate 
determines the performance of a lead-acid battery [5]. However, because power batteries always 
work under a partial state of charge, the negative plate has a great influence on the battery’s 
performance, due to the lower charged ability caused by a serious sulfation on the negative plate 
[5]. Results achieved in this work by the authors have been developed employing sintering and 
dissolution process (SDP) [9] and replication process (RP) [10]. Both methods have been 
analyzed and modified in order to manufacture low cost lead foams. The main task is the 
definition of a production method which could be competitive with the standard one usually 
employed by batteries manufactuter. The recycling of lead electrodes from waste batteries is 
discussed too and an experimental battery has been built with lead-foam electrodes, at the 
moment with great porosity size, both for negative and positive plates. 

Material and methods 

Two experimental techniques have been employed in this work: SDP (sintering and dissolution 
process) [9] and RP (replication process) [10]. In particular on four main goals the attention of 
the investigators has been focused: homogeneous porosity distribution inside the metal, easy 
filler removal, ability to produce manifold geometries and finally acceptable mechanical 
strength. The SDP technique has been adopted and modified starting from both commercial lead 
powder (200 mesh) and scrap derived from the negative electrode of junk batteries. Urea and 
NaCl have been employed as filler agent. This choise was driven by the easy dissolution process 
(water at 70 °C is enough) and also by the relative low cost. Pb powders and filler have been 
mixed together in order to obtain a uniform distribution of both components inside the mix. After 
mixing uniaxial cold compaction has been performed, applying from 5 to 12 tons on a cross 
section of diameter 15 mm. The successive step of this process was sintering. According to the 
many experiments performed an optimal range has been identified (200-250 °C). Finally such a 
precursor was washed in hot water (70 °C) in order to remove the filler (urea or NaCl). 
Replication process has been adopted with the main goal of employing bulk Pb and its alloys 
instead of expensive powders. The base process described in [10] has been suitably modified 
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according to the different base material and experimental conditions. Lead and its alloys melting 
occurs inside a small furnace heated from outside. The crucible, made of copper, steel or 
aluminum, has been filled with a mix of coarse lead particulate and NaCl particles, heated above 
the melting point and finally a small pressure has been applied by a suitable piston. Melt 
infiltration was improved thanks to this expedient. For the production of two lead electrodes 
employed in the set-up of the first experimental battery a rectangular cross-section crucible (13 
mm x 27 mm) has been adopted. Foam density was analyzed too. 

SDP method: experimental results 

Powders recycled by grinding paste from a waste battery have been mixed with NaCl. The 
precursor (diameter 15 mm) has been manufactured by cold uniaxial pressing (5 tons) of the mix 
in a mould. After many experiments the optimal sintering time and temperature have been 
determined in 250 °C for 30 minutes. After sintering NaCl was removed with hot water (70 °C) 
in 30 minutes. Many samples have been manufactured and a sample image is shown in Fig. 1. 

   

Fig. 1 Lead foam produced with SDP method from waste paste of a battery. 

In sueccessive experiments the filler change, employing urea instead of NaCl, didn’t show 
satisfactory results. Despite the precursor, produced with the same experimental procedure 
previously described, appeared uniform and compact, while washing in hot water it broke up. 
The strategy change was to produce foam from pure lead powder. 
In the attempt to manufacture lead from Pb powder many experiments have been carried out. The 
two fundamental steps (washing and sintering) of the SDP method have been alternatively 
performed on the precursor. If washed and then sintered, precursor appears too fragile and easy 
to be broken. If dissolution follows sintering the evaporated urea deposits on the surface of the 
foam and it is quite difficult to be removed despite a long permanence in hot water. In general 
the powder method is not the best way to manufacture Pb-foam for the reason that powders are 
too expensive, pollutant and it is more difficult to control the final porosity. 

 4 mm 
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RP method: experimental results 

In the replication process Pb melting is fundamental. In this work NaCl is adopted as spacer and 
successively removed in hot water after lead solidification. Nevertheless viscosity of pure lead 
doesn’t allow small porosity size (about 1-2 mm). An example is shown in Fig. 2. As a 
consequence some changes have been made to the process. The viscosity must be reduced, for 
example employing Pb alloy (Pb-Sn 60-40, Fig. 3) instead of pure lead. An alternative solution 
could be pressure application on the melt through a piston in order to promote the infiltration of 
the melt between adiacent filler particles.  

               

Fig. 2. Lead foam produced by RP process employing coarse NaCl as filler. 

Fig. 3 Pb-Sn (60-40) produced by RP process employing coarse NaCl as filler. 

Good properties in terms of melt viscosity have been found in Pb-Sn-Sb alloy employed for the 
production of grids in lead-acid batteries. For this reason we decide to use this material as base 

 5 mm 

 7 mm 
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metal for foam production. The mixture (50-50 vol. %) was prepared with NaCl (average 
diameter 1 mm) and small lead alloys fragments (2-3 mm) derived from grids of junk batteries. 
Flame applied on the external surface of the crucible causes alloy melting. A small pressure is 
applied through a piston after melting on the top of the liquid metal for optimal infiltration. After 
solidification NaCl has been removed in hot water. Circular and rectangular cross-section 
samples (Fig. 4) have been manufactured in our experiments. In particular the rectangular ones 
(density 3 g/cm3) have been employed as electrodes for the assembly of a test battery. Also if 
pores morphology is not optimal for size, shape and distribution, we decided to test the 
performance of the new electrodes. 

Figure 4. Rectangular cross-section lead alloy foams manufactured starting from grids of junk 
batteries. 

Experimental battery 

Light electrodes manufacturing for high-efficient lead-acid batteries could be an important 
challenge, for starters as for traction accumulators in automotive applications. Electrodeposition 
of Pb on copper foam substrate [5-6] is a low-speed process, difficult to be carried out in an 
economical way in the industrial production. The process suggested in this work, despite further 
studies and experiments are required, is extremely easy and economical. Waste grids from junk 
batteries are directly converted into new electrodes. The specific surface area is an important 
parameter for lead foam material. The higher the specific surface area, the higher the utilization 
efficiency of the active material. Further experiments are underway in order to reduce as more as 
possible porosity size. 
After electrodes manufacturing, a small scale test has been performed: a 2V lead-acid cell 
employing commercial sulfuric acid (31%) was charged and discharged (Fig. 5). After 4 hours of 
charge (first time) the battery has shown a voltage of 2.2 V. After charging, a small lamp (3 W) 
has been turned on for 30 minutes. At the moment it is just a qualitative analysis of the 
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potentiality of the new production method. Further tests will be performed in the future to 
quantify the charge-discharge performance of the battery. At the same time foam-electrodes 
manufacturing must be improved in order to reduce porosity size, sintering time and temperature, 
compaction condition and filler removal. 

Figure 5. The 2V lead-acid cell with electrode foam charged and discharged. 

Discussion and conclusions 

High-quality lead-foam electrodes can be produced selecting carefully process parameters. 
Fundamental is an appropriate selection of particles employed, alloy composition, compaction 
conditions, sintering temperature and time. The most remarkable results of this research are 
reported in the following: 
1) Lead and lead alloy foams can be produced modifying the sintering and dissolution process 

or the replication process well known for Al alloys; 
2) Uniform foams with density of 3 g/cm3 have been manufactured. Lower density can be 

reached; 
3) Foam lead-plates have been produced by replication process starting from waste grids of junk 

batteries; 
4) An experimental battery with foam lead-plates has been assembled and tested with a 

charge/discharge cycle; 
5) Porosity size is not optimal for the improvement of battery efficiency and weight reduction, 

so further efforts must be focused on the production of small-pore lead-alloy foams; 

The main results of the preliminary investigation are encouraging. Lead-foam porosity must be 
reduced at least 2 degrees of magnitude. Furthermore the effect of lead oxides and sulfate on the 
battery efficiency must be evaluated too.
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Abstract

The characteristics of various components in waste lead acid battery are analyzed in this paper. 
The present status and the study progress situation in industry production and research field of 
recycling of waste lead acid battery and lead paste used broken-separation technology are 
introduced. The comparison of advantages and disadvantages in different industry processes is 
carried. The advantages of redox bath smelting of lead concentrate and lead paste are analyzed. 
The method of redox bath smelting will be a low-carbon, environmentally friendly and efficient 
processes of secondary lead production and can be intensive to desulfurize for high temperature
pool. 

Introduction

Since the 90s of last century, China has become the fastest increasing country in the lead 
production and consumption. China’s refined lead production was 4.2 million tons in 2010. With 
the development of transport, mobile communications and other industries, the lead demand will 
continue to increase. It can be predicted that China’s lead demand in 2015 will reach 6 million 
tons. The consumption of lead-acid battery accounts for about 85 percent of the total lead 
consumption in the lead consumption structure. The yields of China’s lead battery occupy about 
1/3 of the world production. Each year the scrapped battery has been up to over 1.5 million tons. 
However, the overexploitation of raw ore resources, resources exploration lag and shortage of 
lead ore make the increasingly cumulative amount of waste battery has been a tremendous, 
renewable and secondary resource.

Though regenerated lead industry in China has been made remarkable progress and initially 
formed an independent industry, there exists a wide gap compared to highly efficient and 
mechanized treatment process in foreign. Recycling of waste battery in China is still in a state of 
disorder. Due to the lower technical level and backward equipment level, resources have not 
been used rationally, recovery rate of metal is low, energy consumption is high and 
environmental pollution is severe. A wealth of waste sulfuric acid is arbitrarily poured out. Also, 
waste lead that is one of the most dangerous solid waste is often abandoned everywhere by small 
workshops owing to improper handling or custody, which not only seriously pollutes soil and 
water, but also often directly harms human health. Therefore, it will have a significant and 
profound impact on secondary lead industry if resources in the lead-acid batteries are effectively 
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used,  new technology of clean metallurgy is developed, and efficient utilization of secondary 
resources in the life cycle of lead is achieved.

Analysis of composition and characteristic of waste lead-acid battery

A complete waste lead-acid battery is usually composed of four types of substances, namely 
electrolyte (H

Composition of waste lead-acid battery

2SO4 solution), organic matter (polypropylene, polyethylene, PVC, formic, etc), 
metallic lead (grid, connections) and lead paste. Some general scrapped lead-acid batteries were 
broken up, and then we got the composition as follows: grid 24%-30%, lead paste 30-40%, 
diaphragm 2-3%, plastic shell 5-7.5%, bakelite shell 15-20%, H2SO4 solution 11-30%. The 
content of lead in the waste lead-acid battery is approximately 60%, in which lead connection 
section accounts for 13.8%, grid accounts for 38.2%, filler accounts for 48%. The average 
concentration of lead in these lead materials is about 87%. Grid metals contain about 3% Sb and 
a small amount of other metals. 

As the use of bakelite is restricted, the shell and diaphragm of battery is mostly plastic organic 
matter, such as polypropylene, PVC, and its density is generally 1144g/cm3. Most organic 
compounds are easily returned to be recycled after completely separated from lead. However, a 
little diaphragm material is difficult to be isolated from lead, which usually can be treated 
separately during smelting at high temperature, avoiding dioxin gases during combustion at low 
temperature.

Analysis of materials in the waste lead-acid battery

Waste lead-acid battery involves electrolyte which density is 1124-1128 g/cm3 and contains 30-
36% H2SO4. At present, the electrolyte is basically in situ disintegrated and drained anywhere. 
Every year about 50000 tons acid electrolyte is dumped into the earth, in which soluble lead is up 
to 7g/L ~ 10g/L, causing the average level of lead in soil reached 1g/kg ~ 50g/kg which is 200
times of the general soil. Therefore, receiving water bodies and groundwater are severely 
polluted.  Moreover, once the soil is contaminated by heavy metal, it is difficult to remove its 
impact. Hence, the recycling of waste electrolyte which contains lager amounts of suspended 
solids is also the key of the effective cleaning process of waste lead-acid battery. 

Waste lead-acid battery mainly contains two lead materials, namely grid and lead paste which is 
concerned with the processing methods, technology and capacity of battery. Originally grid 
mainly used Pb2Sb alloy as material, and with the expansion of less and free maintenance battery, 
Pb2Ca and low antimony alloy are gradually replacing traditional Pb2Sb alloy, which cause the 
content of antimony in grid will be reduced. Lead paste actually is the mixture of PbSO4, PbO2
and PbO which are formed after pasting, formation and using during battery manufacture. Its 
constitution depends on cycle numbers and life-span of waste battery, causing the different 
composition and shapes of grid and lead paste. Table 1 shows the typical phase composition of 
grid and lead paste.

Table 1 The typical phase composition of grid and lead paste (wt%)

name Total Pb Metallic 
Lead PbO PbO2 PbSO4 Sb Density 

(g/cm3)
grid 92-95 92-95 microscale -- microscale 3-6 9.4

Lead paste 67-76 - 10-15 15-20 25-30 -0.5 3.3
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The treatment of waste lead-acid battery generally consists of two stages: broken separation 
and efficient regeneration of waste material. Then we can separate grid, lead paste and organic 
waste plastic. Therefore, the comprehensive utilization of various components of waste lead 
battery and smelting process of lead materials have typical characteristics of the recycling 
economy.

Status and trends of broken separation technology in battery

Broken separation of waste lead-acid battery is developed to use special saws and machinery 
knife from broken down by ax and artificial separation. In the 80-90s of last century, modern 
enterprises in the world developed a full mechanical system of broken separation based on “wet 
sieving method”. The representative is CX system of Italian Engieec Company. The broken 
separation process can be divided into two methods, that is, artificial separation and mechanical 
separation, in which mechanical separation process is classified into heavy medium separation 
and hydraulic separation according to the difference of separation medium. Both methods have a 
high mechanization and automation.

Currently broken separation of waste lead-acid battery is still dominated by artificial 
separation in China. Namely, dismantle the case of waste battery, then take out lead sheet and 
lead dust. During disassemble process residual electrolyte drains into the soil and lead dust fills 
the air, settling on the ground. Therefore, there exist the following problems: manual work, high 
energy consumption, serious pollution and low recovery. Artificial separation can only 
effectively isolate plastic, but can’t separate grid and lead paste, which determines the efficient 
regeneration of waste material can only use simple mixed smelting to recover lead. 

Artificial broken separation

The method is the products of wet sieving with three different size faction (fine, medium coarse 
and coarse) after breaking waste battery using a hammer crusher. Parts of the fine material which 
are lead paste are smelted after dried and some as the weighting agent are used for heavy 
medium separation of medium coarse and coarse materials. The organic components and hard 
lead in the medium coarse and coarse materials are transited into different heavy medium 
hydrocyclone to separate out various products and pile alone. Although the technology can 
achieve large-scale mechanization, automatically separate waste battery, and has high efficiency, 
low basic construction investment and high lead antimony recovery, there exist some 
disadvantages, such as lower degree of automation and processing capacity, not complete 
separation of products, high mutual contain rate and low yield of lead grid. 

Mechanical crushing--heavy medium separation 

Currently the foreign mostly uses mechanical crushing--hydraulic separation to dispose waste 
battery. Waste battery with shell is upgraded to hammer crusher hopper by belt conveyor. During 
upgraded process the battery shell is broken down by hydraulic punching machine, and then the 
acid electrolyte is spilled to the container. Waste battery is shattered to smaller than 20mm by 
crusher with a hook-like structure of gravity hammer before discharged. Broken material is 
continuously sent to hydraulic grade box by a horizontal spiral conveyor. Adjusting the pressure 
of hydraulic grade box, broken material is graded according to density differences. Big density of 
lead grid sinks in the bottom of grade box, and then be carried away by a spiral conveyor. Small 
density of lead paste and organic compound flows into the fixed sieve with water. The screenings 
is lead paste of fine size which can be unloaded by stepping cream-removed machine. Organic 

Mechanical crushing--hydraulic separation
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compound on the screen flows into another hydraulic grade box which separates plastic and 
rubber, then is discharged by respective spiral conveyor. The equipment material in the system is 
acid-resistant stainless steel which has a long life. The use of wet broken process can avoid dust. 
The recovery of lead is over 99%, and the remaining is lost in the organic compound. The mutual 
contain rate of separated products is less than 0.5%.

With the further aggravation of environmental situation, artificial broken separation which is 
commonly used by the small domestic business has a tendency of elimination. On the contrary, 
the environmental friendly, high quality mechanical crushing--hydraulic separation CX system is 
favored by many world famous producers of secondary lead. Environmental protection agencies 
in many countries have approved the construction of CX facilities, which make mechanical 
crushing-hydraulic separation method will be the mainstream of waste lead-acid battery disposal.  

Trends of broken separation technology

Status and trends of efficient regeneration technology of waste

The recycling technologies of waste battery are complex and various because of complicated
lead paste and difficult recovery technologies. In the practical production the processing 
technologies of lead paste may be broadly classified in three methods, namely, simple mixed 
reduction, transformed desulfurization reduction and redox of lead paste with the lead 
concentrate. Research and development of new processes for treatment of lead paste are mainly 
wet solid electrolysis and preparation of lead salts with wet method. At present, the disposal of 
lead paste has been focusing on two topics, namely, how to remove sulfur and how to reduce 
lead paste to metallic lead.

Simple mixed reduction smelting
Production technology of lead paste regeneration

The method is a traditional way of lead paste recycling, which mainly uses traditional blast 
furnace, shaft furnace, rotary and reverberatory furnace to recover lead. The traditional fire 
process has high energy consumption, serious pollution and low recycling rate etc. 

Transformed desulfurization reduction smelting
The method firstly makes lead paste desulfurization by alkaline wet process before smelting. 

So that we can not only reduce the smelting temperature, but also to some extent decrease the 
generation of lead steam and dust, and alleviate environmental pollution. There is no need to 
consume other flux, consequently reducing slag yield, lowering lead loss and improving the 
metal recovery. Besides, organic waste can replace some fuel, which facilitates reducing energy 
consumption of the smelting process. However, sulfur can only be transformed into useless 
glauber’s salt. Based on extensive research, broken-separation-desulfurization-pyroetallurgy 
treatment process was proposed in china, which mainly includes crushing sorting, desulfurization 
of lead paste, short furnace smelting and refining. The process can eliminate the pollution of lead 
vapor and SO2, improve the recovery of lead to 95% and reduce energy consumption. 

Redox smelting of lead paste with lead concentrate
The method treats lead paste containing S 4% of waste battery together with lead concentrate. 

The chemical reaction heat of lead concentrate can be fully used to achieve high-temperature 
smelting of lead paste and lead concentrate. SO2 obtained from lead paste is merged with SO2
generated from concentrate smelting, then sent for production of sulfuric acid, no single 
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treatment. We can not only efficiently recover the lead in the lead paste, but also recycle the 
sulfur. 

Conventional sintering blast furnace lead smelting process use low temperature oxidation 
roasting process, and the lead sulfate cannot be effectively removed, so the conventional 
sintering technique is not suitable for treatment of lead paste from waste lead acid battery. There 
are some problems in new technology of the direct lead smelting process, Such as high sulfur 
residual in the middle materials, poor separation of product and smelting slag or matte. Oxygen 
bottom blowing lead melting process can achieve the interaction reaction of lead sulfate and lead 
sulfide materials and achieve high-temperature pool desulfurization, to avoid the dispersion of 
sulfur in lead paste, and the sulfur in high lead slag residue can be reduced to below 0.5%, 
reducing environmental pollution.  Shuikoushan Mining Bureau and Yunnan Xiangyun Feilong 
companies use oxygen bottom blowing - blast furnace smelting reduction process to deal with 
lead paste of lead-acid batteries and lead concentrates, achieving good results. Yuguang Gold & 
Lead Company began the research that recovering lead from lead-acid battery in 2004. A 
production line model dealing with 360 thousand tons of waste lead-acid battery each year was 
established by 2009 used the technology of New secondary lead smelting process of automatic 
separation of waste lead-acid batteries - bottom-blowing melting invented by Yuguang Gold & 
Lead Company and Central South University. In addition, Sweden’s Boliden’s Kaldor smelting 
method and Australian Ausmelt and Isasmelt methods have been used to  recycle secondary lead 
resource . 

To eliminate fume and dust derived from smelting and refining, research and development of 
new technology for lead paste recycling mainly focused on wet process, solid-phase electrolysis 
and electrowinning process. 

Research of new technology for lead paste recycling

(1)The electrorefining and electrodeposition process of U.S. Rolla Research Center is the 
physical dissociation of waste lead battery. Waste acid is regenerated with activated carbon 
column and the plastic shell is recycled. The grid is casted into anode for conventional electro-
refining. Lead plaster is dissolved by silicon fluoride acid after transformed subsequent 
electrodeposition with Ti plated PbO for anode. The purity of both electrolytic metallic lead is up 
to 99%.
(2) Italy "GS" Process is the physical dissociation of waste lead battery. Separated plastic is sold, 
and the grid and lead plaster is electrodeposited with the graphite for anode after dissolved by 
fluoroboric acid.
(3)Solid-phase electrolysis was developed by Institute of Process Engineering, Chinese Academy. 
The process first separates lead-acid battery into plastic, diaphragm, grid and lead mud. Plastic is 
directly sold. Diaphragm is harmless incinerated. Grid is made into six-lead alloy ingot which is 
used in the production of new lead battery after being low-temperature melted and deployed 
component. Lead mud is coated on the cathodic board for electrolysis after treated. PbSO4, PbO2

(4) Pre-desulfurization-electrodeposition process was independently researched and developed 
by Shenyang Academy of Environmental Sciences. Characteristics of the process are pre-
desulfurization treatment for the lead mud and regeneration of the desulfurization solution. And 
then acid leaching of desulfurization material obtains lead-rich electrolyte. Lead-poor electrolyte 

and PbO are reduced to lead, and then melted, casted into ingot which is supplied to battery 
manufacturing plant. The power consumption for the production of one ton of lead is 600kWh, 
the recovery of lead is up to 95%, and the purity of electric lead is over 99.99%. The method is a 
clean production process of lead recovery.
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is returned to leaching process. Its main feature is no waste gas and slag, and the lead recovery is 
up to 95-97%.
(5) Hunan Institute of Rare Earth Materials develops lead salt products. The lead recovery is over 
96%. The hydrometallurgical technology and methods can separate and recover lead in lead-acid 
battery and prepare yellow lead. Red lead produced by pyrometallurgy meets market demand. 
The technology is reliable, low investment, no secondary pollution and significantly economic 
and social benefits. 

Although the wet treatment of lead paste in waste battery can effectively prevent air pollution 
and increase the recovery rate and have a better environmental benefit, the process is too long, 
the equipment investment is large, and it can’t be connected with the existing pyrometallurgical 
recycling production line. Besides, wet technology is still in research and development stage, 
which can’t meet the actual conditions. Therefore it does not possess the conditions of 
development and promotion.

Advantages and disadvantages of lead paste recycling processes

The pyrometallurgy process of lead paste has a short flow sheet, less investment in equipment, 
large capacity of treatment and suitable for all types of plant. Simple mixed reduction smelting 
has a serious pollution, high energy consumption and great environmental pressure, so it will be 
gradually phased out. Transformed desulfurization reduction smelting will also lose 
competitiveness along with increasing environmental pressure and the rising cost of conversion 
of desulfurization. With the gradual replacement of sintering oxidative desulfurization by bath 
smelting desulfurization, it is possible that oxidative desulfurization for high temperature pool 
deal with lead sulfate material. The redox of lead paste bath smelting with lead concentrate will 
be the most effective method of dealing with lead paste produced from waste batteries.

Research and development of secondary lead smelting technology has been developed towards 
large-scale, environmental protection and intensification. Apart from all wet solid electrolysis for 
smelting method of waste lead-acid battery belonging to technical research, the primary lead 
smelting enterprises enter the field of secondary lead. The treatment of lead paste mixed with 
lead concentrate is also effective for production development. The direct lead smelting methods 
of bath smelting for primary lead mainly include Jifusaite, Ausmelt, ISA, QSL and domestic  
oxygen bottom-blowing-blast furnace reduction The treatment of lead paste with these methods 
not only recover the lead, but also effectively recover the sulfur.

Trends of efficient regeneration technology of waste

Conclusion and suggestion

(1)The artificial broken separation has a tendency of elimination, the mechanical crushing-heavy 
medium separation which can’t completely separate products and has a high mutual contain rate 
is also limited and the environmental friendly, high quality mechanical crushing-hydraulic 
separation will be the mainstream of waste lead-acid battery disposal. 
(2) Conventional sintering blast furnace lead smelting process use low temperature roasting 
process, causing the sulfur in the lead sulfate can not be effectively removed, thus the traditional 
sintering process is not suitable for treatment of waste lead acid batteries. Some new technology 
of direct lead smelting process have problems such as difficult to control the process, high sulfur 
residual existing in the middle materials, poor separation of rude product and smelting slag or 
matte and so on, causing it can not effectively deal with the lead sulfate material. 
(3) Oxygen bottom blowing process can cause the interaction reaction between lead sulphate and 
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lead sulphide material to achieve high-temperature pool intensive desulfurization, and residual 
sulfur of high-lead slag can be reduced to 0.5%. The residual sulfur of high lead slag can be 
reduced to below 0.5%. Further equipped with direct reduction of liquid high lead slag 
technology with obvious energy saving ,, the redox of lead paste bath smelting with lead 
concentrate can not only make full use of mineral potential, realize self-heating melting and 
recycle lead, but also recycle the sulfur in the lead paste containing 7% sulfur, protect the 
environment and achieve short process, large-scale, intensive production. It will be a low-carbon, 
environmentally friendly and efficient process on secondary lead.
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Abstract

This paper is a brief overview of the role of inducing the nucleated precipitation of copper 
and cyanide in a flashtube serpentine reactor, using sodium sulfide as the precipitate and 
sulfuric acid as pH control. The results showed that pH had a great effect on copper cyanide 
removal efficiency and the optimum pH was about 3 to 3.5. At this pH value copper 
cyanide removal efficiency could be achieved above 97 and 99 %, when influent copper 
concentration ions were 650 and 900 ppm respectively. In this process the cyanide 
associated with the copper, zinc, iron cyanide complexes are released as HCN gas under 
strong acidic conditions, allowing it to be recycled back to the cyanidation process as free 
cyanide.

Introduction

The greatest amounts of cyanide-containing wastes are produced by precious metals milling 
operations, electroplating industry and coal processing or coking effluents processes.  
Because of high toxicity and to comply with Federal and State regulations, the treatment of 
wastewater with cyanide complex is required before safe discharge of cyanide wastes.
In mining operations, cyanidation is the predominant method by which gold and silver are 
recovered from their ores. In practice, the dissolution of gold and silver in aqueous cyanide 
solution is typically carried out with 0.03-0.3% NaCN, at pH greater than 10, and aeration 
to keep the pulp or solution saturated with oxygen (>7 ppm). The overall reaction for the 
dissolution of gold and silver in dilute, aerated, alkaline cyanide solutions may be 
expressed by the classic Elsner equation:

4 Au  +  8 CN- +  O2 +  2 H2O  =   4 [Au(CN)2
-] +  4  OH-                         (1)

Which has the following mechanism:

Au + 2 CN-   =  Au(CN)2
- +  e- (2)         

O2 + 2 H2O + 2 e- =  2 OH- + H2O2 (3)
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H2O2 + 2 e- =  2 OH-                                                          (4)                        

In these mechanisms the cyanide ion is the complexing agent or ligand and oxygen is the 
oxidant [1]. The reaction with silver is similar. As the cyanide concentration increases, the 
rate controlling step for the reaction moves from cyanide diffusion (anodic) to oxygen 
diffusion (cathodic). It was also been established that trace levels of impurities (Cu, As, Zn, 
Pb and Fe ions) are critically important to the leaching and recovery process, a finding 
which has rationalized why many gold and silver cyanidation studies have produced poor 
leaching and low quality Dore. The association of gold and copper mineralization in 
commercially viable ore is a common occurrence. The concentration of cyanide used in 
practice to dissolve gold in ores is typically much higher than the stoichiometric amount 
required, owing to the solubility of other minerals. Free cyanide produces complexes with 
several metallic species, especially transition metals, which show a broad variation in both 
stability and solubility [3-6] :

M2+  + yCN- ¥


�
&`\>y
(x-y)                           (5)

Many common copper minerals are soluble in the dilute cyanide solutions typical of leach 
conditions found in gold cyanidation processes. Minerals such as azurite, malaquite, are 
fast leaching and soluble in dilute cyanide solutions. Enargite and chalcopyrite leach more 
slowly but are sufficient soluble to cause excessive cyanide loss and contamination of leach 
solutions with arsenic [4]. This has a cost impact on the cyanidation process, which may be 
manifested in poor gold and silver extraction and recovery, high cyanide consumption and 
high precipitate-management and bullion-refining costs.

Precipitation Of Copper After The Merrill–Crowe Process

Most copper minerals react readily with cyanide and the presence of cyanide-soluble 
copper affects gold and silver recovery from the cyanide solutions. In the Merrill-Crowe 
process, the copper is precipitated along with gold and silver, resulting in a higher 
consumption of zinc dust, fluxes in the smelting of the precipitate and decrease the live of 
the crucible. This research has focused either on the removal of copper before smelting the 
gold and silver precipitate or the prevention and/or minimization of the impact of copper in 
the barren solution after the filter press in the Merrill-Crowe process. Therefore, the
increment of copper in the barren solution poses serious metallurgical problems in the 
cyanidation circuit and it is necessary to include a process to strip the copper prior the 
leaching the silver and gold. Failure to do so will result in lower dissolution of precious 
metals and production of high-copper-silver/gold bullion. The treatment of high-copper-
silver/gold leach solutions, either before or after precious metals recovery, have focused on 
precipitation of copper as chalcocite (Cu2S) and cyanide recovery.

Precipitation of Copper and Cyanide Recovery 

There has been growing interest for the recovery of both copper and cyanide from silver 
and gold barren solutions, because in our case we suffer high cyanide consumption costs as 
a result of the presence of base metals (principally copper) that react with and consume 
cyanide during the silver-gold cyanidation leach. The cost of recovering and recycling this 
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cyanide from the barren leach solution will often be lower than the cost of purchasing new 
cyanide. It has been almost a century since the Mills-Crowe process for cyanide 
regeneration was developed by the Mining Company Beneficiadora de Pachuca in México
(England Patent No. 241669, 3.9.24) [5] and until today no significant changes to the 
process have been made. The simplest process for cyanide recycling involves acidifying the 
barren clarified solution (pH between 2 and 5). During acidification, free cyanide and 
relatively weakly complexed cyanide (Ag, Cu, Zn, Fe) are converted into HCN gas, which 
is then volatilized by passing a stream of air bubbles through the solution. The air/HCN gas 
stream is scrubbed in a caustic solution in a second tower reactor to convert the HCN back 
into free cyanide ions for recycling [6]. In this process copper and silver are not recovered 
for resale. This has prompted interest to also recover copper by selective metal sulphide 
precipitation. The copper sulphide precipitate is then recovered by conventional 
clarification and filtration to produce a filter cake (45 to 60% Cu) which can be shipped to a 
copper smelter.

Precipitation of Copper. Precipitation is employed for the removal of heavy metals from 
wastewater. Among the chemical precipitation methods, precipitation of metal hydroxides 
is most conventional, but it suffers from shortcoming, such as high solubilities. Sulphide
precipitation of metals is a viable alternative process for copper recovery from the barren 
cyanide solutions because of the possible high degree of metal removal over a broad pH 
range, however hydrogen sulfide is odorous and highly toxic [7] .

Cyanide Recovery After cyanidation, the key advantage of a sulphide precipitation process 
is the ability to operate in the barren solution to recover first the copper/silver and then the 
acidic conditions in the solution result in rapid release of free cyanide (HCNgas

If the cyanide is present in the barren solution after precipitation from the Merrill Crowe 
process as free cyanide (pKa= 9.4), it is possible to convert 99% of the cyanide into HCN 
gas by lowering the pH of the solution to about 6:

) that is 
easily recoverable by volatilization at lowered pH value. 

CN- +  H- ¥
HCN(gas)                                             (6)

If, on the other hand, the cyanide is present as a metal-cyanide complex, the pH must be 
reduced to more acidic values to break down the complex and produce HCN gas. For 
example, the copper cyanide complex does not break down completely, even in strong acid
solution, unless there is an oxidant present in the solution. In the absence of oxidant, the 
copper tricyanide species (which is the most stable copper complex under normal 
cyanidation conditions: log B3 = 28) decomposes to form a CuCN precipitate, plus 2 moles 
of HCN gas, at pH values less than 3. Hence, 33% of potentially recoverable cyanide is lost 
to the precipitate:

Cu(CN)2-
3 + 2 H+ ¥
CuCN(s)   + 2 HCN(gas)                            (7)

Also, with the addition of sulphide ions (Na2S) to the acidified cyanide solution results in 
the precipitation of cuprous sulphide (chalcocite), which is favored because of its extremely 
low solubility (Ksp = 2.3 x 10-48) (2). The following reaction takes place:
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2 Cu(CN)2-
3 + 2 H2SO4 + H2S(gas) ¥ Cu2S(s)  +  6 HCN(gas) + 2 SO4

2- (8)

In addition to precipitating copper, sulfide addition also results in the near-complete 
precipitation of silver, as shown in the following reaction.

2 Ag (CN)-
2 +  H2S(gas)   ¥ Ag2S(s)  +  4 HCN(gas) (9)

Based upon the reactions [6-9], acid conditions may cause the dissociation of the 
complexes, due to the formation of some copper precipitate and subsequent liberation of 
HCN by volatilization. Also accord with these reactions, up to 99 % of copper could be 
recovered and HCN gas is stripping from the barren solutions and then adsorbed in an 
alkali solution of NaOH. The simplified chemistry of the process is presented in the 
following reaction:

HCN(gas)     +    NaOH     ¥



\�`\



{


^2O                              (10)

The precipitate is a saleable copper product in its own right or can be blended with the 
arsenopirite flotation concentrate made in the flotation sulphide plant.

Materials And Methods

Copper precipitation and cyanide regeneration experiments were performed to determine 
the effect of different process conditions on the solids of copper/silver sulphide produced 
by sulphide precipitation. Precipitation experiments were carried out in a 1 liter round-
bottomed reaction vessel with ports for an overhead stirrer, a gas sparger and a pH 
electrode. The pH meter is VWR 8005 Scientific and stirring motor with a glass impeller 
driven BDC 1850 CAFRAMO and cone size sedimentator (1000 ml). The barren solutions 
used containing copper, silver, zinc and iron ions of varying concentration. The pH of the 
barren solution was adjusted to the required level with sulfuric acid and then a mixture of 
Na2S/water was added. In all precipitation experiments samples of the liquor and solid 
were taken at known times and then, solutions and solids from the process were separated 
by filtration through cellulose filter paper. The sludge from the precipitation step was dried 
either in an oven or under vacuum at room temperature. Analysis of copper, silver, zinc, 
iron, and arsenic were performed by ICP/Atomic Emission Spectrometry and free cyanide 
content was determined directly via titration, whereas the total cyanide was measured by 
means of titration after distillation. At the end of the experiment, HCN volatilization 
reached efficiencies above 95% and the capture of cyanide gas by NaOH (1 M) solution 
was almost 95%.

Results And Discussion

The experiments were carried out at different pH under atmospheric pressure in glass 
reactor. In all the tests the barren initial solution from the Merrill-Crowe plant was from the 
same batch (0.1 Ag ppm, 184 Zn ppm, 636 Cu ppm, 4 Fe ppm). The following conditions 
were also fixed: temperature 25 0C; stirring speed 200 rpm; 0.5 to 2 g/l Na2S and reaction 
time 90 seconds. The experimental results of the copper, silver, zinc and iron precipitation 
at different pH are presented in Table 1.
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Table 1 Results of copper, silver, zinc and iron sulphide precipitates.
Ag Zn Cu Fe Na2 pHS (g)

Feed Barren
Solution(ppm) 0.1 184 650 4 0 10.95

Solution 4 (ppm) 0 8 0 0 1.0 5.0
Precipitate 4, (%) 119 13.4 51.27 1.0 - -
Solution 5 (ppm) 0 32 0 0 1.0 4.5
Precipitate 5, (%) 138 9.92 56.34 0.9 - -
Solution 6 (ppm) 0 54 0 0 1..0 4
Precipitate 6, (%) 118 1.49 62.68 1.1 - -
Solution 7 (ppm) 0 40 0 0 1.0 3.0
Precipitate 7, (%) 129 9.53 62.24 1.1 - -
Solution 8 (ppm) 0 134 0 0 1.0 2.5
Precipitate 8, (%) 106 11.24 60.5 0.9 - -

The results showed that pH had a great effect on copper cyanide removal efficiency and the 
optimum pH was about 3 to 4.0. At this pH value copper cyanide removal efficiency could 
be achieved above 99 %, when influent copper concentration ions were 636 ppm. Some 
black precipitates were observed in the solution samples of the pH 2 to 6 experiments; 
which suggested that there were copper, silver, arsenic, zinc and iron as sulphide. The 
production of this sulphide is confirmed by X-ray diffraction, as shown in Figure 1. 

Figure 1. X-ray diffraction spectrum obtained from the sulphide precipitate at pH = 3.

The measured sample, which was collected from experiment pH = 3 (see Table 2), gives 
rise to peaks corresponding to covellite, calcocite, argentite and esfalerite . The size, EDAX 
and morphology of the solids in experiment pH are also shown in Figure 2 by SEM and 
EDAX analysis.

291



Figure 2. SEM image and chemical composition of solid product as determined by EDX, 
which shows the presence of copper, sulphur and iron in the sulphide particle.

Industrial Application

In base on the experimental evidence obtained with the sulphide precipitation study for 
copper and cyanide removal from the barren solution after the Merrill-Crowe process. This 
process has been installed on a mine site at full scale. The SERPENTINE (flushtube)
system is a viable technology for the recovery of copper, silver and subsequent recovery of 
HCN gas by scrubbing in NaOH. A simplified process flow diagram in which uses sodium 
sulphide (Na2

Barren solution is currently fed to the SERPENTIN at 10 to 15 liters/second at a pH 11. At 
this flow rate, the precipitate of calcium sulphate (scale) would not occur. In five 
continuous working days the treated solution exits the circuit at a pH of 4, carrying about 0 
to 10 ppm of copper and 200 ppm cyanide and is pumped to two neutralizing (pH= 7) 
tanks. The operation of the SERPENTIN produce high grade copper sulphide precipitate in 
the range of 40 to 55% of Cu with 130 gr/ton Ag and recoveries of cyanide of 80%.

S) such as sulphide ions, to precipitate  copper and silver and convert cyanide 
to HCN gas, under acid conditions (pH 3 to 4) is shown in figure 3.
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Figure 3. Simplified diagram showing the SERPENTINE process for copper, silver 
recovery and cyanide recycle.

Conclusions

The advantages of the SERPENTIN is high precipitation rate of copper and silver (99%), 
compact treatment facility, relatively low operation cost, the precipitate is a saleable 
copper/silver product, and the main advantages is that produce high grade copper sulphide 
precipitate in the range of 40 to 55% of Cu with 130 gr/ton Ag and recoveries of cyanide of 
80%.
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Abstract

The paper discusses problems associated with the existing crisis of water scarcity in the modern 
conditions of the global water use. Available alternative sources of fresh water may be 
underground and surface waters of the North and the Arctic. Investigated the current situation 
and condition of fresh water resources in the technological and industrial development of the 
North and Arctic. The necessity of developing and using green technologies and measures to 
prevent pollution of surface and ground water from industrial sectors of the Northern regions is 
shown. Studied modern technologies and techniques for monitoring groundwater and 
determination of their age in order to avoid and prevent the effects of environmental 
contaminants. The ways of use of innovative production technologies of fresh and clean water of 
north Russia for sustainable development, and delivery of water in the needy regions of the 
world are investigated.

I 

The current total water consumption in the world makes 10% of the world's renewable fresh 
water per year, of which deadweight loss is 50%. World water resources are distributed unevenly 
across the Earth, they are not unlimited, and have become a major limiting factor for sustainable 
economic development in many regions. 
In most countries the need for fresh water increases to meet the needs of the world population, 
urbanization, industrial development, irrigation for the production of food, etc. This situation is 
undoubtedly worse with the growth of population, pollution of surface and ground water and the 
threat of climate change. 
Russia takes a leading position in the world. With most of the water is located in the northern 
regions. Therefore, one of the main alternative fresh water sources in the world may be waters 
from the northern and arctic regions. There are huge reserves of fresh water, concentrated in the 
arctic: glaciers, surface water (rivers and lakes) and groundwater sources. The exact number of 
these sources is difficult to quantify, because for example, in only one of the Murmansk regions
there are more than 25,000 freshwater lakes and rivers. There is no alternative for the 
preservation of these sources for the future sustainable development of mankind. [1] 
The relatively small population of the North should have a positive impact on the reservation of 
the water resources. However, in northern territories the main areas of mining are focused
(extraction and processing of minerals). Herewith an increase in recycling is provided. Northern 
territories provide 25% of gross domestic product, 18% of electricity, 25% of the forest products 
and provides 50-60% of foreign exchange earnings of the Russian Federation. Supplies more 
than 90% natural gas, 75% oil, 80% gold, 90% copper and nickel, almost all diamonds, cobalt, 
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platinum group metals, apatite concentrate. However, there are problems associated with the 
contamination of fresh water. Therefore, in areas where active mining and processing enterprises
are located now the maximum permissible concentration in surface water sources is exceeded. 
[2]

II

The rivers of Murmansk region belong to the basins of the White and Barents Seas. The main 
watershed, which stretches close to the east-west direction, to the west of the ridge is the border 
with Finland on several mountain tundra (Puytsi, Vine, Wolf, Lovozero), in the east - on the 
elevated part Keyvskoy ridge. The area of river basins of the northern slope watershed, facing 
the Barents Sea, is 64 400 km2 and the area of the southern slope (White Sea) is 80 500 km2

The characteristic feature of the drainage system structure of the Murmansk region is the large 
number of small rivers. Thus, 95% of the rivers are streams of less than 10 km, and the length of 
these ads up to 63% of the total length of all the rivers. River network density of whole territory
is 0.46 km/km

.
From here to the north and south the main rivers of Kola Peninsula are flowing. Taking a central 
position, the watershed determines the short length of the flowing river from him, the nature of 
fault of their longitudinal profiles and small catchment area. Exception to the length is river 
Ponoy whose length is 426 km. In the east-west direction only rivers Yokanga and Ponoy are 
flowing. The valleys of the rivers Tuloma and Kovda have extended to the north-east.

2

Factors affecting the water objects by changing the surface of river basins have a particularly 
noticeable impact on the ecological condition of the small rivers. One of the main characteristics 
of small rivers is a close link between runoff formation and landscape basin. This makes an 
extraordinary vulnerability of rivers with intensive development of the watershed. Deforestation 
and the draining of wetlands in their catchment areas, construction of large livestock farms and 
poultry farms without concomitant environmental activities and discharge of waste water into the 
rivers without proper treatment quickly lead to a breach of environmental conditions and
accelerated aging of small rivers. Without a reasonable regulation of increasing water load on 
small rivers it becomes increasingly difficult to manage the rational use and protection of large 
areas of large rivers.

. Most of the rivers flowing from lakes and flows through them. On their way 
they crossed a number of lakes, form drops, rapids and waterfalls. Such rivers are properly called 
lake-river systems and they collect water from large areas and are characterized by high water 
levels. The main rivers of Murmansk region are Tuloma, Kola, Voronya, Umba, Niva, Kovda 
and others.

The lakes are located on the territory relatively uniformly. Their total number is 6%, in the basins 
of the north coast - 6 - 11%, in the basins of the White Sea - 3 - 8%, the most number of lakes in 
the basin of river Varzina - 21%. The main number of lakes - 99% - applies to small lakes with 
surface area of less than 1 km2. On the average there is one lake per 1 km2

The high water content and the favorable composition of the longitudinal profile of most lake-
river systems of the territory allowed using hydro energy resources to produce the electricity 
needed for the rapid industrial development of the Murmansk Economic Region. Natural mode 
of most of the largest lakes and rivers is regulated by waterworks HPP.

on the whole territory.

Large reservoirs provide perennial regulating of water runoff: in the Barents Sea basin runoff is 
regulated to 52% of the catchment area, the White Sea - from 32%, which is 41% of the territory 
of the Murmansk region. The territory in the Murmansk region has a large number of cities and 
large enterprises. According to the data for the periods from 1998 to present to detect 
contamination in the region constant monitoring of surface water is performed. Committee on 
Natural Resources and the Environment on the basis of observation of the quality of surface 
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waters, which was held on 30 rivers, 8 lakes and 4 reservoirs notes and extremely high levels of 
pollution in the water bodies of Apatity, Polar, Kirovsk, Kola, Monchegorsk, Murmansk, Nickel, 
and Korzunovo Luostari. This in turn begins to affect negatively on the local population. Since 
many of the cities get their water from surface water bodies, rivers and lakes. [3]
Various timely innovative programs aimed for greening industries will help preserve the 
available water resources, and clean contaminated, prevent future shortages of clean water in the 
northern regions. Main environmental operation associated with water bodies is to perform 
monitoring. In the Murmansk region studies conducted only in areas of potential risk: 30 rivers, 
8 lakes and 430 rivers, eight lakes and 4 reservoirs. Compared with the total number of ponds in 
the region applied studies are insufficient because of the large amount of missing out 
observations of water sources. Observations are carried out only in places of active water use and 
do not cover water sources which can be used in the future to provide fresh water for the 
population.

III

The Murmansk region is characterized by a high degree of concentration of production and 
processing enterprises belonging to mining and metallurgical complex. In Monchegorsk, 
Zapolarniy, Nickel included in the "Severonikel" and "Pechenga", included in the MMC "Norilsk 
Nickel", in Kandalaksha - Kandalaksha aluminum plant. Steelmakers are JSC "Olkon" 
(Olenegorsk), JSC "Kovdor" (Kovdor). In Kirovsk and Apatity largest Russian enterprise for the 
production of apatite and nepheline concentrate for the production of mineral fertilizers are 
working. The share of the above companies represents about 70% of all emissions.
In the area of the negative impact of "Apatit" the towns of Kirovsk and Apatity as well as Big 
Vudjavr lake and White river are located. The main pollutants in these water bodies are nitrogen 
compounds, organic and suspended solids, phosphates, petroleum products, which are integral 
components of urban domestic and industrial waste water processing plants apatite (ANOF) and 
mines of "Apatit". The extraction and enrichment of apatite ore natural waters contaminated with 
fluorides - specific pollutants from mining, mining and industrial wastewaters of main 
workshops of "Apatit".

Big Vudyavr Lake.

According to the available data in the Big Vudyavr lake "Apatit" annually dumped more than 54 
million cubic meters of mine waters containing about one thousand tons of sulfates, chlorides 
300 tons, more than 115 tons of nitrogen and 200 tons of particulate matter, 75 tons of fluoride, 
85 tons of organic substances, 10 tons of phosphates, more than 4 tons of oil products.
Concentration of specific substances exceed maximum permissible concentration (MPC) - in 
91% of the samples - the content of fluoride, more than 30% - phosphate and nitrite nitrogen, 
25% - organic substances. Maximum concentrations of pollutants exceed the MPC: nitrites - 5
times, fluoride - 3 times, organic matter and phosphates - reached MPC and observed: fluoride 
and phosphate - the autumn-winter low water, and organic matter and nitrite nitrogen - in July.
The annual average concentration of fluoride greater than 1.5 times the MPC, and the 
concentration of the remaining indicators were below the MPC.
The concentration of copper and phenols were within background concentrations and exceeded 
MPC by 3 times. Suspended solids ranged from 0 to 9 mg/dm3 and were higher than last year.

White River
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The White river flows out of Lake Big Vudyavr, receiving household and stormwaters from
Kirovsk and Apatity, filtration and waste waters from the tailings apatite processing plant 
"Apatit" (ANOF-2) and discharges of small businesses on its way.
More than 80% of the samples exceeding the permissible concentration were observed in the 
fluoride content, organic matter and copper, 50-60% - nitrite nitrogen, zinc, mercury, phenols, in 
every third sample - phosphates in some samples of water - ammonia nitrogen, petroleum and 
manganese.
Exceeding of MPC for pollutants in the river almost observed throughout the year, but the 
highest concentrations were recorded, mainly in autumn and winter low flows under adverse 
hydrological conditions when dilution of waste water was the smallest. Thus, the maximum 
content of fluoride (3.8 MPC) was observed in December, phosphate (2.5 MPC) - In November, 
organic matter (2 MPC) - In January, manganese, and zinc (2 MPC) - In February, suspended 
solids (16-19 mg / dm3) - from December to February, nitrite nitrogen (41 MPC) - in July.
During the year the concentration of nitrite nitrogen exceeded MPC by 4 times, copper - 2,
polluted fluoride - 1.9, organic matter - 1.5 times. Compared to previous years (25%), water 
quality in the White River has not changed, as evidenced by the complexity factor of 22%. [3]

Lake Imandra / Apatity

Lake Imandra from which the inhabitants receive drinking water in Apatity is referred to the
water risk group, although such monitoring on the quality produced water in the lake is not 
carried out by the State Inspection and held only by the technical control of the enterprise, as 
well as control by the organization of water utility and is not systematic. 
On Lake Imandra observations were in the coastal area, from May to October in an area of 
businesses and communities. Annual average copper content was 4 - 6 MPC at all cross-sections 
of the lake, except for Monchegorsk, where the average concentration was 11 times higher than 
the MPC. Increased levels of molybdenum - 4 MPC in an average year is noted in Apatity. The 
message is clear - people of Apatity need a transition to alternative sources of water supply in 
particular to groundwater.

IV

Potential operational value of groundwater resources in the Murmansk region is 2557 m3/day, 
what is significantly higher than values of total water withdrawal of groundwater for 2012 -
411.4 m3

Underground drinking waters are associated with different crystalline rocks, and rocks to the 
Quaternary. 98.3% of approved groundwater accounts for aquifer system of Quaternary deposits, 
1.2% - in the crystalline rock aquifer system, and 0.5% - in the mixed type (aquifer system of 
quaternary sediments and crystalline rocks). Main water intake is performed from complex of
crystalline rocks and is 84%.

/day.

As of early 2012 the Murmansk region has 31 explored deposits that passed state examination 
with the reserves, approved by the State Reserves Committee (SRC) and the Territorial Reserves 
Committee, with amount of 379.03 thousand m3

There is a project to transfer residents of Apatity on underground water sources, from water 
intake "Malaya belaya", but due to lack of funding it is put on hold. In Apatity-Kirovsk district
residents of Kirovsk receive water supply from groundwater sources. From all the areas of water 
users, focused on the underground water supply, there is the highest percentage of water use -
80%. [4]

/day. Of these, 27 fields for drinking water 
supply, 3 deposits for industrial water supply and 1 mineral waters deposit. [3]
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Recently, the water intake of Kirovsk, have been observed excess nitrogen and aluminum. This 
is due to the fact that ground water is the medium of migration and transfer agent substances in 
underground geosphere and play an important role in the evolution of the Earth's crust. Therefore 
it is needed to study more careful underground water sources, which can also be exposed by
different contaminants, and water pollution in water intakes can occur decades later, and grow 
even after the withdrawal from pollution sources.

V

Analysis of the current state of resources and quality of groundwater as a result of human impact 
and rapid climate change is particularly relevant for the conservation of these waters for the 
future of humanity. Conduction of research on the dating of ground water sources will help to
determine what is time reserve before the waste water will go straight to the consumer and this 
research will take arrangements to clean them.

Measurement Method And Outcomes

Traditional methods for solving problems of filtration and mass transport in subsurface 
hydrosphere are laborious, expensive and in many cases do not allow to extrapolate data 
obtained in a short period of relatively small areas on long time periods and hydrogeological 
structures. Analysis of current research shows that almost all the innovative approaches, largely 
free of these disadvantages are based on isotopic methods including use of radioactive isotopes 
allowing to define the most important parameter of all processes - time.

Measurement method

In Russia, there is only one laboratory which can date water in this way and it is located at the 
Geological Institute KSC RAS. Similar observations have been started there since 2010 and the
waters from intake "Centralny" were examined, whose water is used by the residents of Kirovsk.

The use of "radioactive" clock to determine the age of water is 
complicated by the fact that there is only one radioactive isotope, part of the water molecule –
tritium - and that the separate "portion" of water with dissolved components is generally not a 
"closed" system, and when dating it is necessary to consider the process of mixing of waters of 
different ages and sources. Despite these inherent difficulties for dating hydrogeological 
processes a number of techniques are suggested. One of the most common of these is the tritium 
dating of groundwater.

3H - 3He dating of natural waters was first proposed by Tolstikhin and Kamensky (1969) and is 
widely used in study of open water and groundwater in Europe and the U.S. Age of water is
defined as the time past from the termination of the exchange of gases dissolved in the water 
with the atmosphere gases until the moment of sampling.
In Russia this method can be called innovative. All equipment for testing and experimentation 
has been created from scratch with the exception of the mass spectrometer which identified the 
tritium content. 

Outcomes

The results of the studies of wells Little White River Area, dating to early 90s, showed no excess 
of MPC in water intake. Further analyzes were not carried out.

Water intake "Central" age was determined which is on average 22 years. It is water 
that gets into the ground in the early 90's, are now actively enters the house residents in Kirovsk. 
With the trend growth of contaminants in surface water from the 90's and ending of present time, 
we can assume further deterioration of groundwater quality. [5]
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According to sanitary-microbiological data and regulatory documents part of the surface water 
catchment area of the Khibiny massif is characterized as polluted. Pollution is particularly high 
in areas receipt domestic wastewaters of municipal treatment plants, in areas of housing estates, 
bakery waste, that is in place when more organic.
The only water bodies that are clean on the areas of mining operations of "Apatit" are Small 
Vudyavr lake, Vudyavryok river, and upstream of Yuksporryok river. All other surface water 
reservoirs are subject to constant contamination. 

Treatment Measures

The main measure of treatment is reducing the amount of waste water. The present level of
technological development cannot completely abandon the discharge. There is not a company 
that would fully supported by the 100% recycling. [2]
Another innovative solution to help improve water quality is to centralize wastewaters. Each 
company has its own slop lake or reservoir which receives wastewaters. Combine them into one 
big will help to reduce maintenance costs. Previously the problem of creating such a system was 
not appropriate in this project for several reasons:

1) The high cost of treatment facilities. 100 small treatment plants cost higher than one 
large. Winning gave no lying of sewerage system but it did not compensate for this 
problem.
2) A large number of local treatment facilities have discharge to more water bodies if the 
sources of wastewater were higher in upstream than intakes designed for water and it 
could have a negative impact on public health.
3) The sum of the designated areas with their health and safety zones for each treatment 
plant in total would be greater than the area for a one major treatment plant.

Development of innovative technologies allows approaching to the problem for wastewater 
treatment in new ways. It is become possible to use a decentralized method of cleaning with 
minimal use of chemical cleaners. This requires that in the complex treatment plant the
biological treatment unit should take the main load.
Purification systems with highly productive aerotank can satisfy these conditions. In aerotank it 
is need to maintain a special environment for bacteria and their high concentration. [1] Such 
treatment closed type reactors meeting these requirements invented and used abroad. 
Implementation of these treatment technologies in the Murmansk region will significantly reduce 
waste water discharge thus greatly reducing the load on the open waters.
However, currently used treatment methods based on any type of filtering are imperfect. The 
main risk is that it is impossible to fully escape from the contaminant. In water treatment there 
are two products in output: pure water, concentrated and separated dirty wastes. There is always 
a risk that the storage of waste can be destroyed. The presence of large doses of pollutants and 
other contaminants can enter the water and bring much more harm to the environment than in 
low concentrated form. Therefore the implementation of decentralized wastewater treatment 
plants requires detailed study.

Conclusion

A considerable part of monitored water shows that waters in the area of “Apatit” are 
contaminated and treatment technologies used in this area are not perfect. Identification of
substances as contaminants in other areas is not held. Therefore an increase of monitoring net of 
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natural water quality and the transition to a new way of decentralized wastewater treatment can 
reduce emissions of various substances to the drinking water pools. Attention also should be paid
to the improvement and development of dating groundwater technology. These technologies will 
allow knowing the age of the water and in the case of a man-made disaster or increased
emissions of enterprises will give an opportunity to predict and forecast change in the quality of 
groundwater for decades.
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Abstract 

In the process of precipitating ammonium polyvanadate (APV) to produce vanadium 
pentoxide in Pan-steel in China, rest waste water usually contains about 24~333mg/L V(V), 
2~100g/L Cr(VI) ,20~500mg/L Si(IV) and 20~100g/L Na2SO4. In order to recover valuable and 
also toxic metal ions contained in the waste water, effective extraction method of using anion 
exchange resin was realized to extract Vanadium selectively, leading to effective separation 
between vanadium and chromium. To ensure vanadium was absorbed by the resin, V(V) and 
Cr(VI) were reduced to V(IV) and Cr(III) by NaHSO3, respectively, and then V(IV) was oxidized 
by H2O2 to V(V) anions. Effects of temperature, solution pH, concentration of ions and 
absorbing time on vanadium absorption rate were investigated. Chromium was precipitated from 
rest solution while vanadium was eluted from resin by NaOH solution and then precipitated. 
Results showed that vanadium recovery of 73% could be obtained in optimized condition. The 
resin could be regenerated by 3% hydrochloric acid, which indicated the recyclability of the resin 
and thus low cost of this established method.

Introduction 

Vanadium is widely used in chemical industry for its chemical activity and in metallurgical 
industry for its capability of improving the intensity and toughness of alloy [1-2]. With abundant 
Vanadium-titanium magnetites in Panzhihua area in China, the vanadium slag produced by
BF-BOP process is the main raw materials for V2O5 production in Pan-steel [3]. In the final stage 
of vanadium recovery process, vanadium is extracted by being precipitated as APV, which is then
separated from the upper clear solution, and the rest waste water is generated. High content of 
vanadium and chromium in the water is a waste of natural resources and also pollution to 
environment due to their toxicity. In order to reduce the environmental contamination, Na2S2O5 
was usually added into the waste water to reduce V(V) to V(IV) and Cr(VI) to Cr(III), followed 
by alkalization and precipitation [4]. However, in this method Vanadium Hydroxide and 
Chromium Hydroxide were produced simultaneously but difficult to recover the valuable 
elements of Vanadium and Chromium separately for utilization. Therefore, method to recover 
vanadium and chromium separately is in demand. Ion exchange resins are effective media to 
separate and collect metal ions [5-6]. Recent research on vanadium extraction by ion exchange
resins mainly focused on investigation of effects on the vanadium adsorption[7-8]. However, the 
waste water contains relatively high content of chromium, ammonium and silica compared to 
vanadium, which caused pretreatment was essential before extraction and enrichment of 
vanadium.

Thus, a method ultilizing anion exchange resin to recover and separate vanadium and 
chromium has been established in this paper. The pretreatment procedure was conducted in our 
method and its negative influence on vanadium adsorption was inhibited. The established 
method consisted of steps of deammoniation, desilication, reduction, oxidation, adsorption, 
elution and precipitation. The static adsorption showed that the adsorption effects were mainly 
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related to reaction temperature, solution pH, concentration of several salts and absorbing time. 
By this method, the toxicity of waste water was eliminated; vanadium was extraction and 
concentrated, which increases vanadium recovery rate, and chromium was also recovered at the 
same time. The used resin was recyclable and results in a low cost of this established method. 
This work was supported by National Natural Science Foundation of China No. 51090382
Fundamental Research Funds for the Central Universities of China No. CDJRC10130010 and No. 
CDJXS12132238 and Sharing Fund of Chongqing University’s Large -Scale Equipment No. 
2012061506. 

 
Materials and Experimental 

 
The chemicals used were all of analytical regents. Porous weak-base anion-exchange resin 

named DEX-V was studied with static state method. Experimental sample was waste water 
rested from the precipitation of APV in Pan-steel.  
 
Pretreatments 
Deammoniation and Desilication 

In the process of deammoniation, solution pH was kept at about 11.5. Heat the solution at 
temperature above 90  in water bath for 5~6 hours to facilitate the escape of NH3.aluminum 
sulfate in Al/Si molar ratio of 0.95~1 was added into solution immediately to promote the 
formation of sulfuric Al-Si complex in solution at pH 9.0 around, followed by heating at about 
90  for more than 3 hours. The process of desilication was completed after precipitating and 
filtering.  

 
Reduction and Oxidation 

The solution pH was maintained at 1.6 to 1.9. The solution was placed into water bath at 
70oC for 3 hours with NaHSO3 addition in stoichiometric ratio. H2O2 was put into the treated 
solution at pH around 3.0, with stirred at 30 rounds per second for about 4 hours. The mixed 
solution was heated at 100 oC until no gas bubbles escaped in order to oxidize V completely and 
eliminate redundant H2O2.  
 
Adsorption 

 Optimal conditions including solution pH, ratio of liquid/solid and temperature were 
studied first. Solution with vanadium concentration of 4.667mmol/L was mixed with fresh water 
in ratio of 1:2; wet resin was then added to the mixed solution in liquid/solid ratio of 20 and 
stirred at 2rps. The fresh water was substituted by solution of sodium sulfate, chromic chloride 
and sodium chloride to investigate influences of the three salts on vanadium adsorption 
respectively.  

Pretreated waste water was mixed with anion exchange resin in liquid/solid ratio of 50 
around to enrich vanadium in optimized adsorption conditions. 
 
Elution 

After separating the resin from solution, vanadium was eluted from resin to solution by 2% 
NaOH as eluent. NaOH was mixed with loaded resin for 25 min, in liquid/solid ratio of 4 for 5 
times. The elution yield of Vanadium reached as high as 95%. The resin could be recycled by 3% 
hydrochloric acid. 

 
Precipitation and Roasting 
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Since the pH was at 8.8 and excessive amounts of ammonium chloride was added, 
vanadium was precipitated in the form of ammonium metavanadate, which was then treated by 
filtering, drying and roasting at 560  for 30 minutes[8]. The vanadium pentoxide was thus 
obtained.  

pH of solution with vanadium removed was maintained at around 8.8, aiming at extracting 
chromium by precipitation as chromic hydroxide, as shown in reaction (1.6), the precipitate was 
roasted at 1150  for 3 hours , chromium products was obtained as Cr2O3.   
 

Results and Discussion 
 
Pretreatments 

Because of high concentration of ammonium ions in solution, vanadium could be easily 
precipitated in the form of ammonium metavanadate, which would be removed together with 
desilication products and lead to loss of vanadium. To avoid this, it is necessary to remove 
ammonium before silicon. 

After removing ammonium and silicon, the vanadium loss was only about 9%. 
Compositions of deammoniated and desilicated waste water and initial waste water were 
determined by ICP-AES as shown in Table 1.  

 
Table 1 Chemical composition of waste water 

Sample V 
mg/L 

Cr 
g/L 

P 
mg/L 

Si 
mg/L 

Ca 
mg/L 

Al 
mg/L 

Initial waste 
water 91.58 1.18 2.28 411.24 134.92 2.14 

Pretreated 
waste water 82.81 1.17 0.93 3.99 117.02 11.42 

 
In order to separated vanadium from chromium efficiently, NaHSO3 was added to reduce 

V(V) and Cr(VI) to V(IV) and Cr(III), respectively, and then V(IV) was oxidized by H2O2 to 
V(V) while Cr(III) remained unchanged. Reduction reactions were represented as equations (1.1) 
and (1.2). Vanadium existed as 4

4VO �  at pH 7.0~8.5 as shown in reaction (1.3). Solution pH 
was adjusted to 4.0~5.5 3 hours later, additions of H2O2 enabled reaction (1.4). Reaction (1.5) 
proceeded at 95  and 3

2 2 2( )VO O �  ions changed into 4
2 10 28H V O �due to the decomposition of 

H2O2.  
 

 2 3 2
2 7 3 4 23 5 2 3 4 (1.6 1.9)Cr O HSO H Cr SO H O pH� � � � �� � � � � � �  (1.1) 

 2 2
2 3 4 22 2 (1.6 1.9)VO HSO H VO SO H O pH� � � � �� � � � � � �  (1.2) 

 2 4
4 26 3 (7.0 )VO OH VO H O pH� � �� � � 	  (1.3) 

 4 3
4 2 2 2 2 2 22 5 2 2 ( ) 6 (4.0 5.5)VO H O H VO O H O pH� � �� � � � 	 �  (1.4) 

 3 4
2 2 2 2 10 28 2 226 10 ( ) 10 12H VO O H V O O H O
� � �� ��� � � �  (1.5) 

 3
2 3 23 ( ) ( 8.8)Cr OH nH O Cr OH nH O pH� �� � � 
 � �  (1.6) 

 
Adsorption 

The pretreated water was mixed with anion exchange resin. Vanadium was absorbed to the 
resin in the form of 4

2 10 28H V O �  while cations still remained in the solution (as shown in 
equation (1.7).  
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          4
2 10 28H V O �

(aq) +4R Cl� (resin) 4 2 10 28R H V O� � (resin) +4Cl� (aq) ( 3.0)pH �  (1.7) 

 

Solution pH  
Attention should be paid to the solution pH during adsorption. Vanadium has tendency to 

exist as 2VO �  in the solution when the pH value was lower than 2.0, which was 
disadvantageous to the exchange reaction due to the fact that only anions’ adsorption onto the 
resin was allowed. Besides, impurity ions could absorb onto the resin more easily at high pH. 
Resin has wide working pH range of pH 1.0-7.0. Therefore, solution pH of 2.0, 3.0, 4.0 and 5.0 
were compared in this work. In Figure 1(a), solution with vanadium concentration of 
4.667mmol/L was mixed with fresh water in ratio of 1:2. Resin was then added to the solution in 
liquid/solid ratio of 20 at various pHs respectively. Results showed that vanadium enrichment 
capacity of resin at pH 2.0 was inferior to that at higher pH when absorbing at 25  for 280 
minutes. It could be illustrated by reaction (1.8), in which vanadium existed as 2VO �  instead of 

4
2 10 28H V O �  in the solution. Compared to pH at 4.0 and 5.0, in solution at pH 3.0 similar 

exchange adsorption ability of vanadium with weaker physical adsorption of chromium appeared 
due to of the fact that chromium existed as Cr3+ at pH 3.0, which was consequently the optimized 
solution pH during adsorption. 

 
 4

2 10 28 2 214 10 8 ( 2.0)H V O H VO H O pH� � �� � � 	  (1.8) 
 

Temperature 
Figure 1(b) presented the effect of temperature on vanadium absorption rate in conditions as 

described in Solution pH. As shown, the absorption rate of vanadium increased slightly with 
increased temperature (at pH 3.0). It indicated that the exchange process was endothermic. 
Temperature was fixed at 25  in following work due to the little impact of temperature on the 
adsorption rate of vanadium. 

 
 

 
(a) 

 
(b) 

Figure1. Influences of (a) solution pH value (b) absorbing temperature on vanadium adsorption 
rate. 
 
Liquid/solid Ratio 

Solution containing vanadium was mixed with resin at pH 3.0 in liquid/solid ratio of 
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15~75with other conditions as described in Solution pH. As shown in Figure 2(a), it 
demonstrated that the adsorption capability of vanadium was gradually improved as absorbing 
time increasing until the resin reached saturation (fully loaded). With increased volume of resin, 
effective sites, where the exchange reaction happened, on the surface of resin increased 
accordingly. To save the experimental cost and ensure the adsorption efficiency of vanadium, 
liquid/solid ratio was optimized to be 20. When extracting vanadium from the pretreated waste 
water, liquid/solid ratio was 50 according to the different concentration of vanadium between the 
waste water and the solution prepared to investigate optimized conditions.  

Compared to 20 minute later, higher exchange speed was obtained at the first 20minutes, 
that’s mainly due to the great concentration gradient existed between internal and external of 
resin, which was propitious to the external diffuse of vanadium ions in dynamical analysis. As 
time increasing, the concentration gradient of vanadium between solution and loaded resin 
decreased, which restrained external diffuse of vanadium, leading to the reduction of exchange 
speed. Besides, the reaction interfaces advanced from surface on resin towards its center and thus 
internal diffusion of vanadium was gradually become a restricting factor. Figure 2(a) also 
showed that the resin could reach saturation when kept stirring at 2rps for about 280min and the 
optimum exchange time was chosen to be 280min. 

 

 
(a) 

 
(b) 

 
(c)  

(d) 
Figure2. Influences of (a) Volume of Resin (b) Concentration of ammonium sulfate (c) 
Concentration of chromic chloride (d) Concentration of sodium chloride on vanadium absorption 
rate. 
 
Concentration of Impurity Ions 
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Since the initial waste water contained highly concentration of sodium ions, chromium ions, 
chlorine ions and sulfate ions and the two later ions were cumulatively increased in process of 
pH adjusting, attentions were paid to the impacts of the main impurity ions as mentioned above. 
Influences on vanadium adsorption were investigated by mixing resin with several salts, 
including ammonium sulfate, sodium chromate and sodium chloride. Other conditions were kept 
the same as described in Liquid/solid Ratio. As shown in Figure 2(b)-2(c), (NH4)2SO4 and CrCl3 
had little effect on absorption of vanadium, respectively. 

When NaCl was added, it had slightly positive effects on the vanadium adsorption. As 
shown in Figure 2(d), sodium chloride promoted the adsorption and the optimal addition 
concentration was 0.57mol/L, which was comprehensive reflection of the state of resin and the 
inhibition of chlorine ions on vanadium exchange reaction. With NaCl addition, it was observed 
that the loaded resin settled down gradually onto the bottom of container. It suggest that density 
of the solution was increased with NaCl addition and the resin can suspend in the solution, which 
lead to increased contact area between resin and ions and thus increased exchange efficiency. 
However, the greater amounts of NaCl added, the greater concentration gradient of chlorine ions 
between the solution and resin declined, which made chlorine ions leave the resin surface more 
difficultly. The available adsorption sites thus decreased and this was disadvantageous to 
vanadium adsorption. When 0.71mol/L NaCl was added, vanadium adsorption rate was lower 
than that with addition of 0.57mol/L. High concentration of chlorine ions restrained the exchange 
reaction. Besides, the resin floated to the surface of solution with 0.71mol/L NaCl added, leading 
to an insufficiency contact with vanadium ions in solution. The concentration of chlorine ions in 
initial waste water was within the range investigated. Above all, the results showed that 
concentration of impurity ions did not have obvious undesirable effects on vanadium adsorption.  

   
Conclusions 

 
In this paper, V2O5 was extracted from the APV-precipitated waste water by mixing ion 

exchange resin with pretreated waste water in optimum condition as bellows. Solution with 
vanadium removed was neutralized to recover Cr2O3 effectively. The toxicity of final waste 
water was decreased significantly to facilitate environmental conservation. 
(1) Silicon and ammonium were removed effectively from the APV-precipitated waste water in 

pretreated process. 
(2) The optimum conditions for adsorbing vanadium from pretreated waste water by resin were 

at pH 3.0 in liquid/solid ratio of 50 for 280 minutes with 2rps at 25oC, the negative influences 
of sodium ions, chromium ions, chlorine ions and sulfate ions on vanadium adsorption by 
resin nearly could be ignored. 

(3) Vanadium and chromium products with purity of 96% and 93% were achieved with 
recoveries 72% and 95%, respectively. 
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Abstract 
  Pt-doped TiO2 nanoparticles catalysts were synthesized and evaluated for UV 
photocatalytic degradation of phenol and 2-chlorophenol (2-CP) in synthetic wastewater 
solutions.  The catalysts were synthesized by immobilizing colloidal Pt nanoparticles onto 
titanium dioxide (rutile TiO2). Several analytical tools, such as standard BET isotherms, X-ray 
diffraction (XRD), transmission electron microscope (TEM), were used to investigate the 
specific surface area, structure, and size distribution of the catalysts and its components. The 
catalytic activity was measured in a batch photoreactor containing solutions of phenol and 2-CP 
independently, with UV irradiation of 450 W. UV-visible spectrophotometer was used for 
analyzing the concentration of phenols in solution at different time intervals during the 
photodegradation experiment. Parameters affecting the photocatalytic process such as 
concentration of the catalyst, solution pH, and phenols concentration have been investigated. 
Results obtained revealed that Pt/TiO2 showed a higher activity for UV- photocatalytic 
degradation of both phenol and 2-CP pollutants in solution (as compared to the rutile TiO2).  .  
The degradation efficiency values were 87.7 and 100% for both of phenol and 2-Cp, 
respectively, under optimized conditions (0.5 g/L catalyst with a pollutant concentration of 50 
mg/L after irradiation time of 180 minutes). 

 
1. Introduction 

During the recent decades, photocatalytic applications using semiconductors have been 
received much attention to solve certain environmental problems [1-4]. Photocatalysis is a 
promising technique for the treatment of contaminated waters and ground waters, which has been 
widely studied in recent years due to its ability to oxidize organic molecules completely without 
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accumulation of hazardous byproducts. Among many candidates for photocatalysts, TiO2 is one 
of the most suitable semiconductor material for industrial applications; recognized for its high 
efficiency, low cost, high physical and chemical stability, widespread availability, and non-
corrosive property [5,6].  Upon the absorption of light energy that is equal to or greater than band 
gap energy, the electrons in the valence band of the semiconductors such as titanium dioxide 
(TiO2) can be excited to those in the conduction band, leaving a positive hole (h+) in the valence 
band [7,8]. The positive hole is a strong oxidant, which can oxidize a compound directly or react 
with the electron donors in the environment such as water or hydroxide ions to form hydroxyl 
radicals (OH-) that are also potent oxidants. The photocatalytic activity of TiO2 is due to its wide 
band gap and long lifetime of photo-generated holes and electrons compared to other semi 
conductors but high degree of recombination of photo-generated electrons and holes is a major 
limiting factor in controlling its photocatalytic efficiency and impedes the practical application of 
these techniques in the degradation of contaminants in water and air. Thus, a major challenge in 
heterogeneous photocatalysis is the need to increase charge separation efficiency of the 
photocatalyst [9].  Coupled semiconductor photocatalysts exhibit a very high photocatalytic 
activity for both gas and liquid phase reactions by increasing the charge separation and extending 
photo-excitation energy range. Recently, many researchers had shown a lot of interest in 
coupling two semiconductor particles with different band-gap widths. Research groups have 
carried out photocatalytic activity experiments using various coupled semiconductor particle 
systems such as TiO2–CdS [10], TiO2–WO3 [11], TiO2– SnO2 [12], TiO2–MoO3 [13], TiO2–
Fe2O3 [14]. Research on the photocatalytic activity of TiO2–ZnO coupled oxides was also carried 
out [14-15]. Surface modification by doping with metal ions and organic polymers has been 
proven to be an efficient route in improving the photocatalytic activity of TiO2. Study revealed 
that Ag dopant accelerates the transformation of anatase TiO2 to its rutile form, and relatively 
low Ag concentration (2–6%), results in increase in specific surface areas of the TiO2 powders. 
The presence of Ag in crystalline TiO2 was found to strongly enhance the photocatalytic activity 
of TiO2 in various degradation processes [16-18].  

 

Phenol and chlorophenolic compounds are of wide use in the production of wood 
preservers, pesticides and biocides, and constitute an important class of recalcitrant pollutants 
[19]. They are also found in the wastewater of petrochemical industries, plastics industry, and 
can be found in pulp, and insulation materials [20-22]. Wastewater emanating from oil refineries 
is often contaminated with aliphatic and aromatic petroleum hydrocarbons and organo-
chlorinated compounds [23-25] and the current conventional processes for treatment of such 
effluents have caused environmental concerns and resulted in accumulation of hazardous sludge 
[26-28]. These compounds cause serious environmental problems, due to their high toxicity, 
recalcitrance, bioaccumulation, strong odor emission, persistence in the environment and 
suspected carcinogenity, and mutagenity [29,30]. Phenols concentration in a groundwater sample 
from a contaminated aquifer was reported as high as 25–55 mg.L-1 [31]. In wastewater, the 
concentration can reach higher than 200 mg.L-1 [32]. These findings illustrate the seriousness of 
the phenolic pollutants and the importance of finding an effective method for treating such 
hazardous wastes. The objective of this research work is to evaluate Pt/TiO2 nanoparticles 
sample for the UV- photocatalytic degradation of some phenolic pollutants (phenol and 2-CP) in 
synthetic wastewater.  

 

310



 

2. Experimental 
2.1 Materials 

Titanium dioxide (rutile TiO2) from Alfa-Aesar was used as photocatalyst support. 
Chloroplatinic acid (H2PtCl6 • 6H2O, 99.9% pure; Sigma-Aldrich) was used as a precursor for Pt. 
Standard grades of phenol and 2-CP solutions (Merck) were utilized as pollutants in synthetic 
wastewater for the photodegradation experiments. Compressed gases, used for BET analysis, 
were UHP from Airgas. All other chemicals used in this work were of reagent-grade quality. The 
light source was a water-cooled 450W high-pressure mercury lamp (Hanovia 608A36, ACE 
Glass, NJ, USA), the spectral irradiance for the UV lamp (260 W/m2) ranges from 228 to 420 nm 
at a distance of 1m from the light source, according to information provided by the manufacturer.  

 
2.2 Synthesis and Characterization 
2.2.1 Nanoparticle Synthesis and Characterization 

Pt nanoparticles capped by polyvinlypyrrolidone (PVP) were prepared by colloidal routes 
established in the literature [33-37]. First, chloroplatinic acid (H2PtCl6 • 6H2O) was dissolved 
into DI water to achieve a solution of 20 mL and 6.0 mM. This solution was then diluted with 
180 mL of methanol. Polyvinlypyrrolidone (PVP, molecular weight of 40,000, 133 mg) was 
added to this mixture. The combined solution was heated to 110°C and allowed to reflux for 3 hr 
to achieve the metal nanoparticles. After cooling, the suspension was triple washed (cycles of 
hexane and ethanol with intermediate centrifugation) to remove excess PVP. The cleaned 
particles were re-dispersed in an ethanol suspension. The size of particles was measured by 
transmission electron microscopy (TEM). TEM images were acquired at acceleration voltages of 
60 kV using an FEI Morgagni 268D microscope. For each synthesis, the average particle size 
and a particle size histogram was measured by counting the particle size of 100 particles.  

 
2.2.2 Supported Catalyst Synthesis and Characterization 

  Samples of Pt/TiO2 catalysts were synthesized by immobilizing Pt nanoparticles onto 
titanium dioxide (rutile TiO2 from Alfa-Aesar). The particles were supported by mild sonication 
for 3 hours at a metal : titanium dioxide mass ratio of 0.3% : 99.7%.  Following sonication, the 
composite materials were dried with mild heating on a hot plate (T ~ 60 °C) and then in a drying 
over (T ~ 90 °C). Standard BET analyses were performed to measure the specific surface area 
from the nitrogen adsorption isotherm using an Autosorb IQ (Quantachrome Instruments). 
Catalysts were degassed at 200°C prior to analysis at a temperature of 77 K. X-ray diffraction 
(XRD) was performed using a Philips PANalytical X-Pert Pro x-ray diffractometer with a Cu Kα 
x-ray source. 

 

2.3 Catalytic activity 

The activity of the synthesized catalyst samples, Pt/TiO2 nanoparticles, was evaluated by 
UV- photodegradation experiments. A bench-scale system consists of a cylindrical pyrex-glass 
cell with 1L capacity was used as a photocatalytic reactor.  A 450-Watts mercury lamp was 
placed in a 5 cm diameter quartz tube with one end tightly sealed by a Teflon stopper.  The lamp 
and the tube were then immersed in the photoreactor cell with a light path of 3.5 cm. The whole 
reactor was cooled with a water-cooled jacket on its outside and the temperature was kept at 
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22oC.  Compressed air was purged into the solution by bubbling compressed air from the bottom 
to maintain an aerobic condition. Magnetic stirrer was also used to keep the solution chemically 
uniform.  The pH values of the solutions were adjusted by adding  NaOH (1 M) and HCl (1 M ) 
using an Orion Model 801A pH meter.  Solutions were radiated by UV light for specific time 
intervals.  The experiments were carried out for 180 minutes of UV irradiation (after keeping in 
dark for 30 minutes in each run to reach equilibrium state).  A 20-mL sample was drawn every 
30 minutes  and filtered for analysis through 0.45 μm syringe filters (Gelman Acrodic syringe 
filter with 25 mm diameter, and Nylon membrane of 0.45 μm pore size, PN4436T, Pall Gelman 
Laboratory, Ann Arbor, Michigan).  Samples were analyzed for the residual concentrations of 
either phenol or 2-CP by UV-visible spectrophotometer (UV mini 1240 - Shimadzu) at 271 nm 
and by high performance liquid chromatograph (HPLC). 

 

3. Results and Discussions 
3.1. Structure of Pt nanoparticles 

During the syntheses of the Pt nanoparticles, the precursor solution turned black 
indicating the formation of metal nanoparticles. A representative TEM image of the synthesized 
and washed Pt nanoparticles is presented in Figure 1. From this image, an average particle size 
and a distribution was determined to be 2.84 ± 0.61 by measuring the size of 100 particles and 
statistically analyzing the resulting histograms. This particle size and deviation agreed with the 
literature results [34, 37] for this synthesis approach. 

 

 

Figure 1: TEM imaging of synthesized and washed Pt nanoparticles 

 

3.2. Characterization of Pt/ TiO2 nanoparticles 
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Following incorporation of the synthesized and washed Pt nanoparticles onto TiO2, the 
resulting structure was characterized by XRD and nitrogen physisorption. XRD (Figure 2) 
showed the rutile structure as indicated by the Miller indices. Due to the low loading and the 
small particle size of the Pt nanoparticles, the Pt phase is not observed by this technique. Based 
on nitrogen physisorption data (Table 1), the doping of Pt onto TiO2 did not impact the porosity 
nor the surface area. That is, similar results were obtained for the titania substrate as for the 
Pt/titania sample.  

 

 

Figure 2: XRD pattern for Pt/ TiO2 nanoparticles catalyst 
 

Table 1: Porosimetry of Pt/TiO2 nanoparticles  
        as determined by nitrogen physisorption. 

 

BET Surface Area 
 (m2/g) 

Pore Diameter 
(nm) 

Pore Volume  
(cm3/g) 

2.7 2.8 8.1 x 10-3 

 

 

3.3. Photocatalytic activity 

All photo experimental runs were performed in dark with the catalyst samples for 30 
minutes before UV illumination to reach adsorption equilibrium state. The pH of the aqueous 
solution is a key factor for photocatalytic reaction and can affect the adsorption of pollutants on 
the photocatalyst surface. In a previous work [38], the photocatalytic degradation of both phenol 
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and 2-CP solutions over the TiO2 rutile sample was evaluated (for comparison with the Pt/TiO2 
samples). The efficiency of photo degradation was very small with phenol while it was a 
comparatively significant with 2-CP for all pH values. However, the degradation of both phenol 
and 2-CP in solutions was enhanced in the acid medium rather than neutral or alkali medium, the 
optimum pH value was 3. The maximum degradation efficiency values for both phenol and 2-CP 
were 34.4 and 66.5 %, respectively, after 180 minutes at solution pH 3. 

 

Figures 3(a) and 3(b) show the effect of pH with time on the photocatalytic degradation 
of both phenol and 2-CP solutions, respectively, over Pt/TiO2 with UV light. It is clear that the 
efficiency of both phenol and 2-CP degradation was inversely proportional to the pH values, 
optimum pH value was 3. However, the efficiency values and rate of photo degradation of 
phenol were lower than that of 2-CP for all pH values. The degradation efficiency of phenol was 
gradually increased with time up to 180 minutes for a wide range of pH values. The maximum 
degradation efficiency values of phenol were 87.7, 38.14, 23.78 and 10.4 % with solution pH 
values of 3, 5, 7, and 9, respectively.  On another hand, the degradation efficiency of 2-CP was 
increased rapidly from the beginning. The optimum pH value was 3 with 2-CP complete 
degradation efficiency after 180 minutes. The efficiency values of 2-CP degradation were 93.8, 
81.6, and 65.5 with solution pH of 5, 7, and 9, respectively.  The decrease in the degradation rate 
with increase in pH can be attributed to the fact that TiO2 is amphoteric in aqueous solution. The 
point of zero charge (pHpzc) of TiO2 is 6.8, thus below this value the TiO2 surface is positively 
charged and above it is negatively charged. At higher pH, phenol exists as negatively charged 
phenolate species. Low degradation rate at higher pH is attributed to the fact that when the 
concentration of OH− is higher in the solution, it prevents the penetration of UV light to reach the 
catalyst surface [39]. Moreover, high pH favors the formation of carbonate ions which are 
effective scavengers of OH− ions and can reduce the degradation rate as confirmed from 
literature (Akbal and Onar [40], Naeem and Feng [41]). 

 

 

Figure 3(a). Effect of pH with time on the photocatalytic degradation of 
phenol over Pt/ TiO2.     phenol concentration = 50 ppm, TiO2 dose = 1 g/L. 

314



 

 

 

Figure 3(b). Effect of pH with time photocatalytic degradation of 2-CP  
over Pt/ TiO2.     2-CP concentration = 50 ppm, TiO2 dose = 1 g/L. 

 

Figure 4(a) shows the effect of initial phenol concentration with time on its photocatalytic 
degradation over Pt/TiO2 in the range of 50-200 ppm. As mentioned above, the degradation 
efficiency of phenol was gradually increased with time up to 180 minutes for the studied range of 
phenol concentration. On another hand, the degradation efficiency was inversely proportional to 
the initial phenol concentration. The optimum phenol concentration value was 50 ppm with 87.7 
% degradation after 180 minutes, while the efficiency was drastically decreased to 71.4 and 7.5 
% by increase the phenol concentration to 100 and 200 ppm, respectively. Figure 4(b) shows the 
effect of 2-CP initial concentration with time on its photocatalytic degradation over Pt/ TiO2 with 
UV light. It can be seen that the 2-CP degradation rate and efficiency were higher than that of 
phenol for a wide range 2-CP concentration values. The optimum 2-CP concentration value was 
50 ppm with a complete degradation after 180 minutes, and the efficiency was reached 84.2 and 
55.8 % with initial 2-CP concentration of 100 and 200 ppm, respectively, within 180 minutes. 
The decrease in the degradation rate of phenols (phenol and 2-CP) at higher concentration is 
attributed to the fact that light absorbed by the phenolate species is more than that of TiO2. Thus 
light absorbed by the phenols is not effective to carry out the degradation. Further, the 
equilibrium adsorption of phenols on the catalyst surface active site increases and more and more 
molecules of phenol get adsorbed on the surface of the catalyst. Therefore, competitive 
adsorption of OH− on the same site decreases and consequently the amount of .OH and O2

.− on 
the surface of catalyst decreases [41].  
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Figure 4(a). Effect of initial concentration of phenol with time on the 
photocatalytic degradation of phenol over Pt/ TiO2.   pH= 3, TiO2 dose= 1 
g/L. 

 

Figure 4(b). Effect of initial concentration of 2-CP with time on its photocatalytic 
degradation over Pt/ TiO2.  pH= 3, TiO2 dose= 1 g/L. 
 

The effect of the Pt/TiO2 catalyst concentration on photocatalytic degradation of phenol 
and 2-CP has been investigated {Figures 5(a) and 5(b)}.  Different Pt/ TiO2 concentrations 
ranging from 0.5 to 2g/L were used. In Figure 5(a), it is clear that a high degradation rate of 
phenol was achieved after 180 minutes with catalyst dose of 0.5 or 1 g/L  with degradation 
efficiency of 87.7 and 86.7%, respectively. However, increasing the catalyst dose to 2 g/L 
resulted in decreasing in the efficiency value to 66.1%. In Figure 5(b), the degradation rate of 2-
CP increased rapidly at early time for all dosages of Pt/ TiO2. A complete degradation of phenol 
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was achieved after 180 minutes with catalyst dosages of 0.5 or 1 g/L. However, increasing the 
catalyst dose to 2 g/L resulted in decreasing in the catalytic efficiency to 93.9%. The inverse 
effect of the catalyst concentration on the degradation efficiency can be attributed to the fact that 
the increase in the number of TiO2 particles will increase the number of photons absorbed and 
consequently the number of the phenol molecules adsorbed. At high concentrations, decrease in 
the photodegradation may be due to the aggregation of free TiO2 particles that results in a 
decrease in the number of surface active sites [41-42]. Further, the excessive opacity and 
screening effect of excess TiO2 act as shield as the increased number of particles in solution, and 
consequently hinder the light penetration. Therefore, there is a loss of available surface area for 
light-harvesting and as a result reduction of the catalytic activity [43-44]. 

 

Figure 5(a). Effect of TiO2 concentration with time on the photocatalytic 
degradation of phenol over Pt/ TiO2.  pH= 3, phenol concentration = 50 ppm. 

 

Figure 5(b). Effect of TiO2 concentration with time on the photocatalytic 
degradation of 2-CP in presence of Pt/ TiO2.  pH= 3, 2-CP concentration = 50 ppm. 
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Figures 6 summarizes the efficiency of the photodegradation processes of phenol and 2-
CP over both Pt/TiO2 and TiO2 rutile supports.  The photodegradation processes were optimized 
by using 0.5 g/L catalyst with pollutant concentration of 50 mg/L within irradiation time of 180 
minutes at different solution pH values for all the samples.  The highest degradation efficiency 
for both phenol and 2-CP were achieved at solution pH 3 with the two catalysts samples. A 
further increase in the pH values resulted in a gradual decrease in the degradation rate. However, 
a very significant increase in the degradation efficiency of phenol and 2-CP was achieved with 
the Pt/TiO2 catalyst compared to the TiO2 rutile (from 34.4 to 87.7 for phenol, and from 94.5 to 
100 % for 2-CP), at solution pH 3 after 180 minutes. This phenomena can be explained as 
follows; One of the most promising methods to increase the photocatalytic activity of TiO2 
catalyst is surface modification, this can be achieved by metal doping into catalyst. Dopants, 
such as Pt, can act as good electrons scavenger from the conduction band of the semiconductor. 
Thus, they hinder the recombination of photogenerated electrons and holes through increasing 
the charge separation [45-46]. On another hand, Noble metal incorporation into TiO2 dielectric 
provides an absorption feature due to the surface Plasmon resonance (SPR) occurring over the 
visible range of the spectrum. In particular, Ag, Pt, and Au metals are the most popular materials 
due to the strong SPR character [47].  

 

 

Figure 6.  Efficiency of the photodegradation of both phenol and 2-CP over Pt /TiO2 
and TiO2 rutile supports. 
Phenol (2-CP) concentration = 50 ppm, catalyst dose = 1 g/L, time = 180 minutes. 
 

 

Conclusions 
Pt/TiO2 nanoparticles catalysts were synthesized by immobilizing Pt nanoparticles onto 

titanium dioxide (rutile TiO2). The average particle size of the catalyst was 2.84 ± 0.6 as 
measured through TEM analysis. The catalytic activity of the samples was evaluated by UV 
photocatalytic degradation of phenol and 2-chlorophenol (2-CP) in synthetic wastewater 
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solution. Pt/ TiO2 showed a higher activity for UV- photocatalytic degradation of both phenol 
and 2-CP pollutants in solution (as compared to the TiO2 rutile). The photodegradation processes 
were optimized by using 0.5 g/L catalyst with pollutant concentration of 50 mg/L and solution 
pH value of 3 after irradiation time of 180 minutes. The degradation efficiency values were 87.7 
and 100% for both of phenol and 2-Cp, respectively. 
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Abstract

The transition towards resource efficient, closed-loop economies is an urgent necessity as our 
world is facing resource shortages and unprecedented environmental challenges. Research 
groups in Metallurgy, Geology, Chemical Engineering, Building Materials, Chemistry, 
Economics, Process Psychology and Law at KU Leuven (Belgium) have recently connected their 
expertise in the area of recovery and recycling of inorganic materials into a structural 
collaboration, the ‘Sustainable Inorganic Materials Management’ (SIM²) program. This has led 
to a growth and an intensification of research projects as well as local and international research 
cooperation, propelling SIM2

In our presentation we will highlight the vision, the organization in collaborative programs as 
well as the research topics of the program at KU Leuven. In addition we will elucidate the role of 
SIM

to a flagship topic for the involved research groups and for the KU 
Leuven as a whole.  

2 in co-organizing a potential urban mining node for an EIT-KIC on critical raw materials.

Introduction

The transition towards resource efficient, low-carbon closed-loop economies is an urgent 
necessity as our world is facing unstable but rising fossil energy prices, resource shortages and 
unprecedented environmental challenges. In the EU in particular the prospect of insufficient and 
often critical raw materials (metals and minerals) will hamper further economic development [1].
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For example, the attempts to increase the share of wind energy, solar power and electric 
transportation will face a shortage of critical metals for the production of batteries, photovoltaic
panels and strong magnets. New technologies are required to better separate metals and minerals 
from leaner ores and secondary sources [2]. The advanced treatment of secondary raw materials 
is part of the Benelux region’s industrial strength in recycling and contributes to the vision of 
closed loop processes. Companies and policy makers are starting to incite knowledge centers to 
increase their efforts in this field as they recognize the urgency of the transition to Sustainable 
Materials Management (SMM). KU Leuven and its researchers are acting to take the lead in this 
development and to create scientific insights to support technological and policy innovations for 
the transition to SMM. 

Context of the interdisciplinary collaboration initiatives

KU Leuven research groups have been investigating the recovery and recycling of inorganic 
materials, more specifically metals and minerals, for some time. Recently there have been 
several successful developments that have increased the focus on inorganic resource recovery 
and recycling, both by a more structural collaboration between the different research groups 
already working in this domain and by the additional interaction with research groups previously 
less active in the domain. These developments have propelled Sustainable Inorganic Materials 
Management (SIM²) to a flagship topic for the involved research groups (Metallurgy, Geology, 
Chemical Engineering, Building Materials, Chemistry, Economics, Process Psychology, and 
Law) and for the KU Leuven as a whole. The philosophy of the SIM²@KULeuven Consortium 
has been to work on various types of projects, ranging from fundamental science, to 
precompetitive projects to fully competitive, industry-driven projects. The various KU Leuven 
Consortia – under the umbrella of the KU Leuven Materials Research Centre – have developed a 
diversified research portfolio with a total budget of more than 18 M€. 

Figure 1: Research Areas of the Sustainable Inorganic Materials Management (SIM²) 
Consortium at KU Leuven.
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The research approach operates in two directions: fundamental science and precompetitive 
projects generate new ideas for breakthroughs in applied research, whereas the applied research 
generates new fundamental science questions. The research domains covered by 
SIM²@KULeuven are depicted in Figure 1, based on Fiksel’s classification of SMM [3].
Among the recent developments are:

� The Center for High Temperature Processes and Sustainable Materials Management 
(CHTP) supported by its member companies is a flywheel for large (competitive) 
research projects in the areas of vessel integrity for high temperature processes, slag 
valorization and metal quality. CHTP was also the driving force behind the successful 
International Slag Valorisation Symposia in 2009 and 2011.  A third Symposium [4] will 
be organized in March 2013.   

� The KU Leuven Industrial Research Fund Knowledge Platform on Sustainable 
Materialization of Residues from Thermal Processes into Products [5] (SMaRT-Pro², 
since 2009) brings together academics from 5 research fields (chemical-engineering-and-
technology, metallurgical-and-materials-engineering, building-materials-and-technology, 
geology-and-applied-mineralogy, economy-psychology-law) and 3 research institutions 
(KU Leuven, HUB and KHBO).  HUB and KHBO are University Colleges in Flanders 
focusing on developing close-to-market solutions for industry. Working closely with
industry, government and civil society, the generic goal is to strengthen knowledge on 
valorization of inorganic industrial by-products and provide a formal platform that can 
enhance the closing of industrial material cycles in Flanders and abroad.

� In 2010 the Flemish Funding Institute for Applied Science (IWT) granted a 6 M€ 
research project Enhanced Landfill Mining (ELFM) O&O project to Group Machiels and 
an academic consortium coordinated by KU Leuven (CHTP and SMaRT-Pro²). Enhanced 
Landfill Mining ELFM refers to the safe conditioning, excavation and integrated 
valorization of landfilled waste streams as both materials and energy, using innovative 
transformation technologies and respecting the most stringent social and ecological 
criteria [6,7]. In the ELFM vision, a landfill is no longer considered a final solution but 
rather a temporary storage place, awaiting future valorization.

� KU Leuven was approached to take part in CR³, the Center for Resource Recovery and 
Recycling [8], which is an NSF Industry/Cooperative Research Center (I/UCRC). KU 
Leuven became a full academic partner in 2011 and is the first university outside the 
USA in the I/UCRC system. Currently CR3

� A policy research centre for sustainable materials management on assignment of the 
Flemish government has been set up in 2012. The center is called SuMMa and conducts 
research on the political, social, economic and technological drivers for a more resource 
efficient use of materials.

is running 12 research projects in areas such 
as rare earth recycling, sensor technologies, inorganic polymers from waste materials for 
its 25 member companies.

� The KU Leuven Research Platform for the Advanced Recycling and Reuse of Rare 
Earths (RARE3) is a very interdisciplinary research project, in which chemists, chemical 
engineers, metallurgists and materials scientists are working together with economists 
and LCA experts to tackle the problem of rare-earth recycling. RARE3 is focused on 
breakthrough recycling processes based on non-aqueous technology for the two main 
applications of rare earths: permanent magnets and lamp phosphors. A user committee of 
27 companies reflects the industrial relevance of this project. More information can be 
found on the RARE3 website [9].
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� The cluster of Secondary Resources for Building Materials (SReBMat) started in 2011 as 
a joint effort between members of the Department of Metallurgy and Materials 
Engineering and the Department of Civil Engineering, both at KU Leuven. The drive 
behind this cluster is to perform creative, relevant, innovative and interdisciplinary work. 
The research focus is in four areas, namely ceramics (heavy clay ceramics as well as 
glass-ceramics), inorganic polymers (Al,Si-rich geopolymers as well as Fe-rich 
compositions), cementitious binders (for sustainable OPC production as well as on novel 
cementitious binders) and carbonation (for granular and non structural materials) [10].

Research scope of SIM²@KU Leuven

The scope of the technical areas is to develop intensified separation technologies in integrated 
flow sheets for the recovery of resource elements and minerals from solid and liquid media. The 
new techniques will be applicable to the treatment of ores and secondary materials such as 
electronic scrap and residues from industrial activities, thereby incorporating (enhanced) landfill 
mining, urban mining and direct recycling (see Figure 2). The following disciplines are at the 
core of the scope, all related to inorganic materials: physico-chemistry, electrochemistry,
inorganic chemistry, hydrometallurgy and pyrometallurgy. Technologies developed in these 
disciplines can take advantage of process intensification and flow sheet integration, as well as 
from detailed material characterization. 

Figure 2: An integrated flow sheet concept used by SIM²@KULeuven.

Based on the expertise in KU Leuven and the current issues in industry, the following research 
lines in particular are currently explored:  

� Immobilization of inorganic pollutants (solidification/stabilization, carbonation, sorption)
� Recycling of residues as construction materials (cement, aggregate, concrete blocks, 

alkali-activated or carbonated products).
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� New sources for metal recovery and recycling, with on the short term focus on fayalitic 
slags, residues from Zn and Fe production, Li-ion batteries;

� Critical materials for clean energy technology, with focus on rare-earth elements (REEs);
� Direct reduction for the production of elements, with focus on electrowinning of metals;
� Membrane processes for the recycling of valuable minerals, with focus on phosphates;
� Process intensification of separation technology, with focus on ultrasound fields, 

electrical fields, magnetic fields, centrifugal fields.

Recycling of rare earths

Recycling of rare earths from a resource perspective is crucial and even more so in the European 
context, as Europe is largely deficient in natural rare-earth resources. An additional advantage of 
recycled rare earths is that the secondary raw materials do not contain radioactive thorium and 
uranium impurities, in contrast to most rare-earth ores, bastnäsite and monazite in particular. Due 
to the design of high tech products in which rare earths are currently used, such as NiMH 
batteries, magnets in loudspeakers, micro-phones and hard disk drives, the rare-earth elements in 
these devices are intimately associated with other valuable metals such as the platinum group 
metals and nickel. Recycling of rare-earth elements from complex, multi-material End-of-Life 
products will therefore need to be considered as part of complex recycling flow sheets including, 
comminution, physical sorting, pyrometallurgical, hydrometallurgical and electrometallurgical 
operations. More efficient and environmentally more benign separation methods are required, 
not only to separate the rare earths as a group from other metals in ores or slags, but also to 
separate the individual rare earths (Fig. 3)..  

Figure 3: Closing the loop for rare earths.

An interdisciplinary approach is the key to develop the breakthroughs to enhance the recovery 
rate of rare earths and to contribute to the transition towards resource efficient, low-carbon, 
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closed-loop economies. This approach is in line with the Europe 2020 Resource Efficient Europe 
initiative, the Raw Materials Initiative (RMI) of the European Union and its Communication on 
Commodity Markets and Raw Materials. From 2011 onwards, the SIM²@KULeuven 
Consortium targets a wide portfolio of fundamental and more applied projects on the recovery of 
rare-earth elements and has obtained 2.8 M€ research funding in 2012 through KU Leuven and 
EU FP7 projects.

‘Technospheric mining of critical metals’: a crucial theme within the future EIT KIC ‘raw 
materials’?

To make the transition toward resource efficient, low-carbon circular economies, the EC has 
proposed action on the following, equally important areas [11]:

(1) Trade and investment policy; 
(2) Technospheric mining of critical metals & commodity recycling;
(3) Sustainable primary mining (incl. deep-sea mining);
(4) Substitution of critical metals by less critical metals and substitutes for commodities. 

These different pillars for a comprehensive raw materials policy (Fig. 4) for the EU can form the 
basic building blocks for the Knowledge and Innovation Community (KIC) on “Raw Materials”,
for which a call is expected from the European Institute of Innovation and Technology (EIT) in 
the near future.
The SIM2 consortium of KU Leuven and its partners Umicore and UGent are currently 
constructing a node on technospheric mining of critical metals.  Umicore is a world-leading 
WEEE recycling company with cutting-edge expertise in critical metal recovery (e.g. PGM and 
REE). UGent has a strong track record in biotechnology to recover critical metals from low 
concentration streams (Flemish and EU projects with several successful spin-offs). A distinction 
is made between critical metals and/or materials (e.g. rare earths) and commodity metals and/or 
materials, as the challenges for these resources are different. Within this node the following core 
activities are required: 

1. Zero-waste recycling of solid/aqueous residual waste streams containing critical 
metals in low concentrations (e.g. REEs in mine water, bauxite residues or 
phosphogypsum); 

2. Recycling of pre-consumer manufacturing scrap (e.g. REE-manufacturing swarf); 
3. Urban mining of post-consumer End-of-Life products (e.g. recovery of REEs from 

electronic waste and lamp phosphors);
4. Landfill mining of historic (and future) industrial and urban waste streams containing 

critical metals.
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Figure 4: A comprehensive raw materials strategy including technospheric urban mining of 
critical metals

The advanced treatment of secondary raw materials containing critical metals is part of the 
Benelux strength in recycling. Umicore, KU Leuven and UGent will expand the technospheric 
mining node with unique partners in Flanders, France, the Netherlands, Germany and UK. 
Innovation in recycling critical materials is considered not only at the technological level, but 
also on the system level, including new business models, policy, logistics, and education. The 
following disciplines will be brought together in the node: pyrometallurgy, hydrometallurgy, 
electrometallurgy, geometallurgy, biometallurgy, enhanced landfill mining, preprocessing, 
characterization, design for recycling, materials life cycle assessment, policy instrumentation and 
business development. Collaboration with complementary nodes on mining & deep sea mining, 
substitutes for critical raw materials, substitutes for commodities in the automotive, aerospace 
and construction sector and commodity recycling is sought for.

Conclusions

Our urgent need to find new technological and policy approaches to help our society to make the 
transition to sustainable materials management has instigated KU Leuven research groups active 
in relevant technological and policy areas to form the Sustainable Inorganic Materials 
Management (SIM2) consortium.  The consortium is the umbrella as well as a catalyst for a 
number of centers and initiatives with a strong international as well as university-industry 
cooperative component.
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Abstract

Metals enable sustainability through their use and their recyclability. However, various factors can 
affect the Resource Efficiency of Metal Processing and Recycling. Some typical factors that enable 
Resource Efficiency include and arranged under the drivers of sustainability: Environment (Maximize 
Resource Efficiency - Energy, Recyclates, Materials, Water, Sludges, Emissions, Land); Economic 
Feasibility (BAT & Recycling Systems Simulation / Digitalization, Product vis-à-vis Material Centric 
Recycling); and Social - Licence to Operate (Legislation, consumer, policy, theft, manual labour.). In 
order to realize this primary production has to be linked systemically with typical actors in the 
recycling chain such as Original Equipment Manufacturers (OEMs), Recyclers & Collection, Physical 
separation specialists as well as process metallurgical operations that produce high value metals, 
compounds and products that recycle back to products. This is best done with deep knowledge of 
multi-physics, technology, product & system design, process control, market, life cycle management, 
policy, to name a few. The combination of these will be discussed as Design for Sustainability (DfS) 
and Design for Recycling (DfR) applications. 

Introduction

Metals, their compounds and alloys have unique properties that enable sustainability in innovative 
modern infrastructures and through modern products as depicted by Figure 1.  

Through mindful product design and high (end-of-life) collection rates, the metals and their compounds
in sustainability enabling and other products can be recovered well, thus recoveries and therefore 
recycling of metals can be high. However, limitations on the recycling rate can among others be 
imposed by the (functionality driven) linkages and combinations of metals and materials in products. 

Figure 2 shows various factors that can affect the resource efficiency of metal processing and recycling. 
The interaction therefore of primary and secondary recovery of metals drives not only the sustainable 
recovery of elements from minerals but also provides the recycling loop that recovers metals from 
complex products and therefore enables the maximum recovery of all elements from designer minerals. 
It is self-evident that “classical” minerals processing and metallurgy play a key role in maximizing 
resource efficiency and ensuring that metals are true enablers of sustainability. 
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Figure 1. The intensity of use of materials in modern products requiring a “minerals” processing 
perspective and therefore a Product Centric view to maximize recovery of materials and metals from 

End-of-Life products [1].

The use of available minerals processing and process metallurgical theoretical depth to describe the 
system shown in Figures 2 & 3 is required to understand the resource efficiency of the complete 
system. A fundamental description of the system also shows what theory and methods still have to be 
developed to innovate the primary and recycling fields further. It is evident from Figures 2 &3 that the 
use of the rigorous theory developed in the classical minerals and metallurgical processing industry 
over the years and more recently adapted for recycling are very useful to quantify the various losses 
shown in Figure 3. “Classical” minerals processing and process metallurgy therefore both have a 
significant role to play in a modern resource constrained society and should do so vocally and actively.

Figure 2. Sustainability and Resource Efficiency of a “closed-loop” society may be achieved by 
minimizing the losses from the various process steps by harmonizing the various actors in the loop 
including policy, economics, Life-Cycle-Management among others to minimize the use of resources 
in their widest sense.
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The recycling and waste processing industry has much to gain to implement and adapt techniques and 
thinking of our industry rather than following the traditional bulk flow approaches of a material centric 
mindset of waste management and derived legislation, which are often coloured by this thinking [1-6].

Therefore, it would be evident that a mineral centric approach or in other words a product centric view 
[6] is required to maximize resource efficiency rather than a simpler metal and material centric view. It 
is this depth that lies at the heart of the Design for Recycling tools that will be discussed in the next 
section. Furthermore it is the application of this depth that will enhance the “closure” of the loop as it 
will permit a much deeper understanding between all actors than is the case presently.

This depth will help to better understand, sample, quantify products and recycling on
element/compound/alloy level, and simulate the performance of recycling systems, also in relation to 
product design. This minerals processing and process metallurgical theoretical depth, knowledge and 
know-how will assist to optimize the system as this theoretical transparency and rigour can be linked 
more precisely to economics, help formulate and underpin policy and therefore as a tool assist in the 
maximization of metal recovery and hence recycling rates.

This rigour in the recycling field will also help to educate young talent in a more relevant manner of 
use to industry but at the same time also to help to increase the general level of sophistication in the 
field.

Figure 3. Harmonizing Product-Centric recycling with the mineral centric processing (i.e. primary 
processing of minerals) will help drive resource efficiency. Design for Resource Efficiency covers the 
detail of the figure minimizing the footprint.

In summary, not only do metals enable sustainability through numerous innovative products, their 
potential good recycling further decreases the footprint of their application. The next section will 
briefly discuss with reference to [2-6] how Design for Sustainability based on the abovementioned 
depth can be used to evaluate the recyclability of products as well increase resource efficiency.

Design for Sustainability and Recycling

The examples in this section show and discuss briefly how systems depicted by Figure 2 & 3 can be 
optimized by also referring to environmental footprints as well as thermodynamic indicators such as 
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Exergy. Two examples will be briefly given to illustrate Design for Sustainability and Recycling. This 
basis will help to minimize the residue and waste creation as shown in Figure 3.

Design of Sustainable Metals Processing Systems

Figure 4 gives an idea of a rigorous combination of tools that are already in use but will have to be 
advanced in future to embrace the bigger picture of minerals processing that includes treatment of end-
of-life products. The combination of tools, in this case HSC Sim [www.outotec.com] and GaBi 
[www.pe-international.com] in Figure 4 permits among others the following:

� Benchmarking tool to assist/drive industry to Best Available Technique (BAT) & Resource 
Efficiency;

� Populating the databases of environmental software with mass, energy balance and thermodynamic 
consistent Life Cycle Inventories of complete BAT process systems, inclusive of for example the 
compounds of all relevant streams;

� Development of KPI’s based on BAT and not only on global average Life Cycle Inventory (LCI) 
data;

� Driving Sustainability & CleanTech discussions on techno-economics basis; and 
� Harmonization of language of engineers, universities’ different disciplines, policy, 

environmentalists, etc. based on economic feasibility, rigorous technology and physics.

For example, Figure 4 shows a flowsheet of a BAT copper smelting plant including flash smelting, 
converting, sulphuric acid plant and electro-refining. HSC Sim functionality permits the creation of a 
plan in GaBi, shown in Figure 4 to include all process steps from concentrate to anode copper. 
Depending on which sections of plants are exported to GaBi, obviously larger scopes are included in 
the GaBi plan. As Outotec is a leader in the providing of copper extraction technology as well as 
sulphuric acid plants, BAT baselines can be created to compare all technologies on an equal basis. The 
possible outputs of this software are shown in Figure 4.

Figure 4. Design for Resource Efficiency: Linking rigorous simulation software for complete systems 
such as in Figures 2 & 3, complete processing plants etc. to environmental impact software.
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Design for Recycling of WEEE Products

The functionality and design of (Waste) Electric and Electronic Equipment ((W)EEE), involving 50+ 
elements being applied in different compounds and phases, complicate recycling due to their ever more 
complex structures producing partially un-liberated, low grade and complex WEEE recyclates. This 
complex interlinked structure of materials, compounds and recyclate flows demands that DfR needs to 
be addressed from a product centric perspective as illustrated in Figures 2&3.  Understanding the link 
between product design, particulate and interconnected nature of recyclates and industrial carrier metal 
processing infrastructures at a physics based depth is at the core of DfR [2].

In the recycling system, products and materials are usually broken or shredded in order to liberate
different design-connected materials to allow for subsequent sorting of metals and materials into 
various recyclate fractions (ferrous, aluminium, copper, plastics, etc) and optimal recovery of materials 
in final treatment processes such as metallurgical processing. Due to (functional) design considerations 
where materials are attached to remain together or are applied and combined in very small quantities in 
complex chemical compounds (e.g. in electronic components such as Printed Wire Boards, capacitors, 
etc.) materials are likely to stay partially connected during shredding, ending up in mixtures of 
metal/material streams rather than as pure metal/material recyclate flows. WEEE recyclates can enter 
any of the different metallurgical processing infrastructures, which exist for the production of the most 
common commodity (carrier) metals used in society, e.g. iron, aluminium, lead and copper. The Metal-
Wheel in Figure 5 illustrates for the example of a PWB (printed wire board) and an example of a Small 
Household Appliance (including battery) what happens to different metals entering either the Iron (Fe), 
Aluminium (Al), Copper (Cu), Zinc (Zn) and Lead (Pb) processing routes [3-4] – where each pie of the 
wheel is understood to be a complete infrastructure.

(a) (b)
Figure 5. The Metal-Wheel for recycling of a (a) PWB and (b) Small household appliance with battery 
(an example product), showing the destination of elements in the product/component in the carrier 
metal processing infrastructures of each segment (recyclate flow). Note, this is an average picture, but 
requires the basis of Figure 2&3 to fully determine to which recyclate flow and processing route 
elements go. Therefore, this figure is only an average representation and to be used only if the 
thermodynamic, economic and technological complexity is understood.
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Figure 6. Design/material (in)compatibility matrices for a PWB and (LED) lamps, showing the 
(in)compatibility of elements in the product/component with the various carrier metal processing routes
(Figure 5). Aggregated product data originating from different sources is presented. Product 
compositional data can also differ for different designs.
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The destination of the metal and metal mixtures to one of the different carrier metal routes is 
determined by the combination of design choices and design characteristics (material selection, 
combination and connection types [5-6]), liberation and sorting efficiency, which create changes in the 
physical properties of recyclate grades (quality) going for recycling. The Metal-Wheel succinctly 
expresses what design-determined linkages mean for processing of different metals during recycling 
and also shows the inevitable losses which represent the limitations of the system due to design 
requirements and related deficiencies in liberation and sorting. 

Design compatibility tables have been developed for a range of WEEE products on the basis of the 
Metal Wheels and on the background of earlier work by the authors [4]. Figure 6 shows these tables for 
PWB’s from complex WEEE products and (LED) lamps. Compatibility tables and Metal Wheels (see 
Figure 5) have been developed by the authors for a range of WEEE products, also specified for 
different components within the products in order to pinpoint design challenges in view of recycling on 
detailed level and allow for the link to component level driven (automated) disassembly developments
[7].

Innovating and optimizing product design in favour of recycling (if possible at all in view of 
functionality reasons) requires a deep understanding of physics of liberation and separation linked to 
thermodynamics, technology and metallurgy as depicted in the Metal Wheels and compatibility 
matrices. This recycling perspective, which take into account the composition of recyclable streams
and (metallurgical) processing infrastructures as applied for WEEE recyclate treatment, are at the core 
of the Product Centric approach of recycling (Figure 2). The compatibility matrices provide, being
linked to recyclate quality as a function of design related shredding and sorting efficiency technology, 
industry relevant insights into technological and thermodynamic requirements for ‘creation’ of 
economic valuable particles and hence recyclates by DfR and sorting.

Computer based-modelling/simulation tools of the recycling performance of products in the recycling 
system have been developed and are being improved to help guide product design that facilitates more 
recycling ([2], [5], [7]). It includes expert rule based modelling of liberation behaviour and particulate 
composition of recyclate flows and is hence based on the realities of how products and their 
constituents break-up and separate in likely Best Available Technology recycling processes. Figure 7
gives a simplified graphical representation of recycling flow sheets as simulated by these models for
the WEEE recycling chain. Figure 7 also illustrates how the various recyclate sorting routes (e.g. to 
produce ferrous, aluminium, copper, etc recyclates) are connected to the various metal recovery routes 
of the Metal Wheel, and also shows the inevitable losses of metals if recyclates report to the incorrect 
metallurgical infrastructure (different segments of Figure 5 are superimposed on Figure 7).

Product composition data for Design for Recycling

The Metal Wheel and compatibility matrices in Figures 5 and 6 and underlying thermodynamics and 
technology dictate the level of depth to which product compositional data should become available
from manufacturers and OEM’s in order to make a sound Design for Recycling/Resource Efficiency 
assessment for complex multi-material products. Not only should this data be provided on a general 
physical material level – in line with a simple material centric approach, product data for complex 
multi-material designs should also be generated and made available by manufacturing industries on a 
mineral and therefore product centric basis. This implies that the mass composition of a product should 
become known on both a physical as well as chemical/compound level of detail for the entire product 
as well as for the different components. The latter is of importance to pinpoint Design for Recycling 
issues on a component level, rather than for the entire product. This will allow for much more detailed 
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and industry relevant Design for Recycling options and hence include the “mineralogy” of the urban 
mine, analogous to the minerals of geological based mines. The same applies for data collection by 
sampling and analyses of the recyclate flows from sorting plants.

Recycling efficiency and recyclate quality are a function of design-connected materials. Therefore 
information on the ‘layout’ (i.e. construction, connections, etc) of the design is vital not only to capture 
and innovate material application in products, however, also to improve design (if possible!) from a 
material connection and combination perspective. The detail of the Metal Wheels and Design 
compatibility tables are hence subject to product data availability and rigour. The Product Centric 
approach in Figures 2&3 hence provides a theoretical basis for sampling, analyses and product design 
data generation.

Figure 7. Simplified WEEE recycling flow sheet: An interconnected network of processes, and 
recyclate and material flows. Also shown is the connection to the carrier metal processing
infrastructure i.e. relevant sections of the Metal Wheel (Figure 5).

Summary

Enabling Resource Efficiency and Sustainability in complex metal production and processing systems 
demands that a Mineral or Product Centric approach is adopted for recycling systems on the basis of 
available minerals processing and process metallurgical theoretical depth to ensure maximum recovery 
of elements, metals and compounds. Rigorous simulation tools for complete product systems and 
processing plants combined with environmental impact software allow for benchmarking BAT and 
drive Resource Efficiency. Mineral/Product Centric depth based recycling simulation tools, which 
capture a keen understanding of physics of sorting and design-determined breakage behaviour linked to
thermodynamic possibilities and limits of metallurgical processing infrastructures drives innovation in 
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Design in favour of recycling and suggests physics based opportunities and technological limits of the 
system.
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Extended Abstract 

The non-energy extractive industry (NEEI) of the EU-25 generated a direct turnover of about 
€40 billion, and provided employment to about 250000 people in 16629 companies in 2004. The 
use of primary raw materials in the production of other branches of EU industry means they have 
a central role in guaranteeing industrial and economic sustainability. Nevertheless current 
demand exceeds production, and so the EU is heavily dependent on minerals and metals imports.  
In this context of securing access to metals, turning mining wastes into new resources of 
currently unexploited valuable metals is an important challenge. The mining wastes can contain 
base and precious metals, but also metalloids and rare earth elements that are nowadays 
considered as highly critical for the industrial development of the European Union. Nevertheless, 
the development of alternative routes to conventional processing is still required in order to 
decrease the cost associated to the treatment of these unconventional resources which are more 
complex in composition and with lower grades.

In this study, we focused on wastes generated by processing of sulfidic ores which constitute a 
great part of the mining activities in Europe. These wastes (tailings) which often contain 
secondary valuable metals pose a threat to environment since they are sources of acid mine 
drainages that contain elevated contents of potentially toxic metals. Acid drainages are due to the 
leaching of sulfides by bacteria naturally present on mining sites. The purpose of this study was 
to intensify this natural phenomenon by using adapted bacterial consortia in order to recover the 
metals and to neutralize the wastes.

The wastes chosen for this study come from a European copper mine whose mineral of economic 
interest in the ore body is chalcopyrite (CuFeS2). At site, the ore is grinded and valuable 
chalcopyrite is then separated from pyrite by flotation. Copper contained in the chalcopyrite is 
recovered by smelting whereas pyrite is discharged in tailings where the material used in this 
study was sampled. It is mainly composed of pyrite (60%) and contains cobalt (0.06 %) and gold 
(0.95 g/t). Bioleaching experiments were performed in 2L stirred reactors and in pilot tanks 
(20L) with the “BRGM-KCC” bacterial consortia whose predominant organisms are affiliated to 
the genera Leptospirillum, Acidithiobacillus and Sulfobacillus (Bryan et al. 2011). High 
dissolved metal rates were obtained (cobalt dissolution rate higher than 90%), that confirms 
bioleaching as an efficient process for this tailing material. Experimental results were used to 
design a global treatment process scheme and to perform a preliminary economic evaluation, 
showing good profitability of a hypothetical industrial project.
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Abstract

Pistachio nut shells and Rice husk, a biomass residue, were investigated as adsorbents for the 

platinum uptake from synthetically prepared dilute chloroplatinic acid solutions. The effects 

of the different uptake parameters on platinum uptake (%) were studied in detail on a batch 

sorption. Before the pistachio nut shell material was activated, platinum uptake (%) was poor 

compared with rice husk. However, after the pistachio nut shell material was activated at 

1000°C under an argon atmosphere, the platinum uptake (%) increased two-fold. The 

pistachio nut shell (inactivated and activated) and rice husk were characterized by Attenuated 

Total Reflection-Fourier transform infrared spectroscopy (ATR-FTIR). 

The uptake equilibrium data were best fitted with the Langmuir isotherm model. The 

maximum uptake capacities, Qmax, at 25°C were found to be 38.31 and 42.02 mg/g for the 

activated pistachio nut shell and rice husk, respectively.
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1. Introduction 

The uptake methods are widely applied in environmental treatment applications around the 

world. Liquid–solid uptake systems are based on the ability of certain solids to preferentially 

concentrate specific substances from solutions onto their surfaces. This ability can be used for 

the removal of pollutants, such as metal ions and organic compounds, from wastewater [1-2].

Over the past decade, significant research effort has been directed to find low cost, high 

capacity adsorbents for the removal of metal ions. A wide range of adsorbents have been 

developed and tested, including several activated carbons [3-4]. In Turkey, agricultural by-

products and waste materials that are available in large quantities may have the potential to be 

used as low-cost adsorbents. The conversion of agricultural waste materials into activated 

carbon would add considerable economic value, helps to reduce the cost of waste disposal, 

and most importantly provides a potentially inexpensive alternative to the existing 

commercial activated carbons. In addition, a number of low cost agricultural wastes, such as 

rice husk, pistachio nut shells, tree fern, peat coal and chitosan, have been used for the 

removal of a range of metal ions.

There are many studies in the literature on the preparation of activated carbons from 

agricultural wastes, such as sunflower seed hull, peanut hull, wheat bran, coir pith, banana 

pith, date pits, cotton stalks, palm tree, barley husk, palm kernel shell, rice husk, pinewood 

and soy hull [5-6].

Recently, platinum uptake from aqueous solutions via resins or waste materials has received 

considerable attention because platinum is appreciably present in electronic parts and plating 

materials due to its high resistance to oxidation [7].

In this study, pistachio nut shells and rice husk, an agricultural by-product, were used to 

adsorb platinum from dilute platinum chloride solutions. The objective of this study was to 

describe an effective uptake process using either pistachio nut shells or rice husk and to 

compare the two biosorbents by describing the optimal conditions and parameters for uptake 

platinum, including the uptake isotherms of platinum ions. Sorbent dosage, contact time and 

temperature parameters were studied to investigate their effect on the uptake percentage of 

platinum. 

2. Materials and Methods

"��
 �
��
 �Q�}
 &¬;�9
 ��
 ��
�}>
 was obtained from the Gokbayrak Company, Turkey. The 

pistachio nut shells were obtained from the Gazi Fistikcilik Company, Turkey. The platinum-

containing solutions for the experiments were prepared from hexachloroplatinic acid 
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The activated pistachio nut shell (~259
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husks and pistachio nut shells were crushed using a crushing mill. The resulting recovered 

product was washed several times with distilled water to eliminate water soluble impurities 

and then dried in an oven at 105°C. 500 g of the small pieces from pistachio nut shell was 

placed in a horizontal furnace in an inert atmosphere at 1000°C for 3 hours. It was then 

removed from the furnace and cooled in a desiccator. After cooling, the rice husk and the 

activated pistachio nut shell were subsequently subjected to a homogenization treatment using 

a three-dimensional shaker for 1 h.  

) standard solution (Merck, Germany). Distilled water (TKA Smart Pure 2) was used 

for the wet chemical analyses.

The identification of some characteristic functional groups was performed using ATR-FTIR.

Figure 1, 2a and 2b displays the IR spectra analysis carried out on rice husk and pistachio nut 

shell and activated pistachio nut shell, respectively.  

Figure1. ATR-FTIR spectra of Rice husk.
Figure 1 displays the FTIR analysis carried out on rice husk. As can be seen from the figure, 

IR spectra of rice husk in the region 1200–1000 cm�1 were considered to result from 

superposition of vibrations of the C-OH bond and Si-O bond in the siloxane (Si-O-Si) groups. 

The intense band at 1053 cm�1 corresponds to the stretching vibrations of silicon–oxygen 

tetrahedrons as (SiO4). The high intensity of this peak was probably due to superposition of 

the stretching vibrations of the C-OH bond in the interval 1200–1000 cm�1 and the stretching 
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vibrations of the Si-O bond. The absorbance peak at 442 cm�1 was due to the bending 

vibration of siloxane bonds [8].

Figure2. ATR-FTIR spectra of a) Pistachio nut shell and b) Activated pistachio nut shell.

As can be seen from the Figure 2a, hydroxyl groups (O-H) is usually in the range of 3200–

3650 cm�1 for alcohols and phenols, aliphatic groups (C-H) located at around 2876-1370 

cm�1. The band appearing at 1730 cm�1 was attributed to the carbonyl (C=O) groups. 

Carboxylate groups (band at 1332 cm�1), esters- ethers -phenol groups (bands at 1237, 1155 

cm�1), alcohol groups (band at 1027 cm�1) and the band at 897cm�1 assigned to benzene 

derivative vibrations are located21. It is evident from Figure 2b, IR spectra of activated 

pistachio nut shell in the region 2100-1900 cm–1

This study was conducted using a batch system by varying one parameter at a time. For each 

experiment, 5 cc of a platinum solution was brought into contact with the sorbent (Rice husk, 

pistachio nut shell, or the activated pistachio nut shell) in a Falcon tube to avoid exposure to 

air. The Falcon tubes were shaken in a temperature-controlled water bath at a manually 

adjusted shaking rate of 100 rpm. The initial platinum ion concentrations were 100 mg/L, 150 

mg/L, 200 mg/L and 250 mg/L.

was considered to result from superposition 

of vibrations of the alkyne groups (C­C) bond. Finally all oxygen groups like ether and 

alcohol and in the other groups were destroyed during the activation, resulting in activation of 

the carbon incorporated in the structure [7].
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The first experimental series examined the effect of varying the sorbent dosage. The second 

experimental series investigated the effect of varying the contact time from 15 to 120 min. 

The third experimental series explored the influence of temperature, which ranged from 25°C 

to 45°C. Solid/liquid separation was performed following each run. For the ICP-OES 

analysis, each filtered solution was introduced into the instrument following an appropriate 

dilution. 

The percentage of platinum uptake was calculated using the following equation [9]:

Platinum Uptake, % =   [(Co-Ct)/Co

The uptake capacity of the platinum ion was calculated using the following general equation

[9]

]*100 (1)

q

:

e = [(Co-Ct

in which q

)*V]/m                               (2)

e is the amount of metal ions adsorbed at equilibrium per unit weight of sorbent 

(mg/g), Co and Ct

3. Results and Discussion

(mg/L) are the platinum ion concentrations present in the solution before 

and after uptake, respectively, V is the volume of the solution (in L), and m is the amount of 

sorbent (in g) used in the uptake experiment.

3.1. Effect of sorbent dosage on platinum uptake (%)

The dosages of the rice husk, pistachio nut shell and activated pistachio nut shell were varied, 

ranging from 2 to 20 mg/cm3

Sorbent Dosage, mg/cm3
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of 100 ppm platinum solution in the first experimental series. 

Figure 3 presents the platinum uptake (%) with increasing sorbent dosages. 

Figure 3. The effect of increasing sorbent dosage on platinum uptake (%) (60 min, 25°C, 100 

rpm, pH = 1.5, and 5 cc sol.).
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The platinum uptake (%) is found to increase with increasing sorbent dosage because an 

increasing amount of surface area is available, which exposed more active sites for binding 

metal ions [7]. For a 60 min contact time with the platinum-containing solution, the rice husk 

(4 mg/cm3) exhibited a platinum uptake (%) of 80%; with 8 mg/cm3 of the rice husk, 95% of 

the platinum was adsorbed. Similarly, for a 60 min contact time, 95% of the platinum was 

adsorbed using 8 mg/cm3

3.2. Effect of time on the platinum uptake (%) 

of the activated pistachio nut shell. 

The effect of contact time on platinum uptake (%) was studied in the range of 15 to 120 min 

in this experimental series. Figure 4 presents the platinum uptake (%) as a function of the 

contact time. 

Figure 4. Platinum uptake (%) as a function of contact time by the a) activated pistachio nut 

shells and by b) Rice Husk (25°

Figure 4 demonstrates that increasing the contact time has a positive effect on the platinum 

uptake (%) (i.e., the platinum uptake (%) increases with increasing time). 

C, 100 rpm, pH = 1.5, and 5 cc sol.).

Figure 4a and 4b show that the uptake of platinum reached equilibrium after 15 min, i.e., there 

is no significant increase in uptake percentage after 15 min. Initially, this rate was higher 

because all the uptake sites on the rice husk and activated pistachio nut shell were vacant and 

the concentration was high, but after 15 min, all the uptake sites were filled with platinum 

ions, resulting in unchanged uptake percentages. 

3.3. Effect of temperature on platinum uptake (%)

In this experimental series, the effect of temperature on platinum uptake (%) was studied in 

the range of 25°C to 45°C. Figure 5 presents the platinum uptake percentage as a function of 

temperature.
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Figure 5. Platinum uptake (%) as a function of temperature by a) the activated pistachio nut 

shell; b) Rice husk (10 mg, 100 ppm, 100 rpm, pH = 1.5, and 5 cc sol.). 

Figure 5a and 5b show that temperature has little influence on the uptake percentage for the 

activated pistachio nut shell.  After 120 min, only an approximately 10% increment was 

obtained when the temperature increased from 25°C to 45°C. The platinum uptakes versus 

time curves at different temperatures are smooth and continuous, gradually leading to 

saturation, which indicates monolayer coverage of metal ions on the surface of the adsorbent

[10].  

3.4. Investigation of Adsorption Isotherms 

The adsorption isotherms of platinum ions on these sorbents were studied at temperature,

25°C by varying the initial concentrations of the solutions from 100 ppm to 250 ppm while 

keeping all other parameters constant. 

The equilibrium data obtained were analyzed with respect to the Langmuir and Freundlich 

isotherms.

3.4.1. Freundlich Isotherms 

The data obtained for the uptake of platinum ions onto sorbents at an equilibrium 

concentration, Co

log q

, ranging from 100 to 250 ppm were fitted to the Freundlich equation. The 

following linearized form of the Freundlich equation was used [11-12]: 

e = log Kf + 1/n log Ce                                    

in which, q

(3) 

e is the amount of metal ions adsorbed at equilibrium per unit weight of sorbent 

(mg/g), Ce is the equilibrium ion concentration present in the solution after uptake, Kf is the 

empirical Freundlich constant or the capacity factor (in mg/g or mol/L), and 1/n is the 

Freundlich isotherm constant. The constants Kf and n are empirical constants that are 

350



characteristic of the system and depend on nature of the sorbent, the nature of the sorbate, the 

temperature, and the pressure.

The plots of log qe versus log Ce for platinum ions uptake onto the activated pistachio nut 

shells and the rice husk yield straight lines with positive slopes, given by 1/n, and intercepts at 

logKf

3.4.2. Langmuir Isotherms 

, as shown in Figure 6.  

The following linearized form of the Langmuir equation was used to analyze the uptake data 

for the uptake of platinum on the activated pistachio nut shells and the rice husk, respectively. 

The Langmuir equation is provided below [12-13] : 

                                        Ce/qe = 1/(Qmax*KL) + (1/Qmax)*Ce

where q

(8) 

e is the amount of metal ions adsorbed at equilibrium per unit weight of sorbent 

(mg/g), Ce is the equilibrium concentration of the sorbate in solution following uptake, Qmax

is the maximum uptake capacity (mg/g) (which is generally called the monolayer capacity), 

and KL is the Langmuir equilibrium constant (L/mg). Figure 6 shows the Langmuir uptake 

isotherm plot of Ce/qe versus Ce

log Ce

(a)

1.0 1.2 1.4 1.6 1.8 2.0 2.2

lo
g 

qe

1.2

1.3

1.4

1.5

1.6

Rice Husk 
A.Pistachio Nut

Ce (mg/L)
(b)

0 20 40 60 80 100 120

C
e/

qe
 (g

/L
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Rice Husk
A.Pistachio Nut

.

Figure. 6. a) The Freundlich and b) the Langmuir isotherm of Pt adsorbed onto the activated 

pistachio nut shell and rice husk (25°C, 20 mg sorbent, 60 min, 100 rpm, pH = 1.5, and 5 cc 

sol. at a concentration of 100–250 ppm). 

The uptake isotherms of both activated pistachio nut shell and rice husk under different 

conditions were calculated and given in Table I. The values of each model and the correlation 

coefficient, R2, were calculated from these plots. The linearity of these plots indicates the 

applicability of the two models. The correlation coefficients, R2, showed that the Langmuir 

isotherm (R2 �
9!¡¡>
�
��
������
����
���
���Q���
��

�������
&R2 < 0.99). This result indicates 
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that the uptake process of platinum ion onto the surfaces of rice husk and activated pistachio 

nut shell is a monolayer uptake process.

Table I. Freundlich and Langmuir constants for the uptake of platinum at 25°C temperature.

Freundlich isotherm constants

Rice husk Activated pistachio nut shells

Kf (mg/g)*(L/mg) 7.801/n 13.23

n 3.08 4.78

R 0.99162 0.9820

Langmuir isotherm constants

Rice husk Activated pistachio nut shells

KL 0.09(L/mg) 0.04

Qmax 38.31(mg/g) 42.02

R 0.99592 0.9989

4. Conclusion

This study demonstrated that the biomass waste material, rice husk and activated pistachio nut 

shell, can be effective for the uptake of platinum ions from aqueous solutions. Equilibrium 

uptake data were well fitted by the Langmuir model. The uptake maximum capacities, Qmax

The activated pistachio nut shell was demonstrated to have similar uptake capacity compared 

with rice husk. In addition, activated pistachio nut shells and rice husk may be used to uptake 

other precious metals from acidic solutions. 

,

at 25°C of platinum ions onto activated pistachio nut shell and rice husk were found to be 

38.31 and 42.02 mg/g, respectively.
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Abstract

Printed circuit boards are found in all electric and electronic equipment and are particularly 
problematic to recycle because of the heterogeneous mix of organic material, metals, and 
fiberglass. Additionally, printed circuit boards can be considered a secondary source of copper 
and bacterial leaching can be applied to copper recovery. This study investigated the influence 
of initial concentration of ferrous iron on bacterial leaching to recover copper from printed 
circuit boards using Acidithiobacillus ferrooxidans-LR. Printed circuit boards from computers 
were comminuted using a hammer mill. The powder obtained was magnetically separated and 
the non magnetic material used in this study. A shake flask study was carried out on the non 
magnetic material using a rotary shaker at 30°C, 170 rpm and different initial concentrations of 
ferrous iron (gL-1): 6.75; 13.57 and 16.97. Abiotic controls were also run in parallel. The 
monitored parameters were pH, Eh, ferrous iron concentration and copper extraction 
(spectroscopy of atomic absorption). The results showed that using initial concentration of 
ferrous iron of 6.75gL-1 were extracted 99% of copper by bacterial leaching. 

Introduction

Bioleaching is based on microorganism´s capacity to produce Fe+3 ion, which is a powerful 
oxidant (1). Oxygen availability is fundamental in the bioleaching since the bacterium A.
ferrooxidans is aerobic and consumes O2 in the biological oxidation of ferrous iron, as showed in 
Equation 1(2)

2Fe
:

+2 + 1/2O2 + 2H+ ¥

;��+3 + H2O                   (Eq. 1)

Ferric iron oxidizes metals, allowing metal´s dissolution in the acid medium (pH <2.0), e.g.
copper (Equation 2):

Cu + 2Fe+3 ¥

`Q+2 + 2Fe+2 (Eq. 2)

Ferrous iron is regenerated to ferric iron through Fe+2/Fe+3 cycle promoted by bacterial 
activity. Comparing with conventional recycling processes like hydrometallurgical and 
pyrometallurgical, bioleaching has advantages, such as mild reaction, low energy consumption, 
works at room temperature and normal atmospheric pressure, environmentally friendly and 
suitable for low-grade mine tailing and residues (3,4).
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Nevertheless, bioleaching is dependent of physical, chemical and biological factors, 
including composition of waste or ore, pulp density, temperature, pH, ionic composition, Fe+3

concentration, oxidation–reduction potential, particle size, concentrations of dissolved oxygen 
and carbon dioxide, composition of the medium, adaptation process, bacterial strain and cell 
concentration(3,5,6)

Effect of each parameter on bacterial leaching is not completely elucidated. Determination 
of optimal conditions is essential to enhance the metals bioextractions from printed circuit 
boards.

.

Printed circuit boards are found in all electrical and electronic equipment being generally 
composed of polymers, ceramics and metals. Because of the amount that has been accumulated, 
it has become a prominent environmental problem, but also can be a source of valuable 
materials, such as metals (3,7)

Studies performed with/without addition of Fe
.

+2 in the bioleaching using shake flasks (8,9) 

reported that ferric ion generated by A. ferrooxidans activity oxidizes metals through indirect 
bacterial mechanism (10)

The primary purpose of this article is to investigate the influence of initial concentration of 
ferrous iron on bioleaching to recover metals from non-magnetic fraction of printed circuit
boards of obsolete computers using Acidithiobacillus ferrooxidans-LR bacteria. 

.

Materials and methods

Characterization of printed circuit boards

Characterization of printed circuit boards from computers used in this study is reported in 
previous paper (11). Samples from non-magnetic fraction of printed circuit boards from obsolete 
computers were obtained by comminution and magnetic separation.  Figure 1 presents a 
flowchart of characterization steps.

Figure 1: Flowchart of printed circuit board characterization

Obsolete computers 

Printed circuit boards 

Comminution 

Magnetic separation 

Magnetic material Non-magnetic material 

Shake flask study 
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The following chemical analysis of the non-magnetic fraction by atomic absorption 
spectrometry (AAS) was obtained: 28.1% Cu, 7.8% Sn, 4.9% Pb, 4.5% Al, 3.9% Zn, 0.4% Fe, 
0.2% Ni, 0.1% Ag and 0.1% Au. Metal composition was determined following analytical 
procedure by Park and Fray (12).

Effect of initial concentration of ferrous iron

A shake-flask study was carried out using rotary shaker at 30°C, 170 rpm, 15g L-1 pulp 
density and different initial concentration of ferrous iron (g L-1

Pre-adapted bacteria Acidithiobacillus ferrooxidans strain LR isolated by Garcia Jr.

): 6.75; 13.57 and 16.97. Abiotics 
controls were also studied in parallel.

(13) from 
uranium mine effluents were inoculated (10%v/v) in Erlenmeyer flasks of 250mL capacity 
(previously autoclaved) with 200mL T&K medium (14)

Composition of T&K medium is the following: 0.625g L
.

-1 (NH4)2SO4, 0.625g L-1

MgSO4.7H2O, 0.625g L-1 K2HPO4 and 166.5g L-1 FeSO4.7H2

The water evaporation was replenished at each sampling with sterile water acidic (pH 1.8) 
and the medium pH was adjusted with H

O, which is the bacteria energy 
source.

2SO4 5M to 1.8-2.0.

Parameters evaluated

The parameters evaluated were: pH, Eh

The determination of Fe

vs EPH, ferrous iron concentration, copper and iron 
total concentration by inductively coupled plasma optical emission spectrometry (ICP/OES). 

+2 concentrations was performed by titration with potassium 
dichromate (K2Cr2O7

Copper extraction was calculated by Equation 3:
). 

% Copper extraction = [(Initial CC – Leach CC)/ Initial CC] x 100                 (Eq. 3)

Being, CC: copper concentration.

Results and discussion

Effect of initial concentration of ferrous iron

Copper extraction using 6.75g L-1 of initial concentration of ferrous iron was 99%. Choi et 
al.(15) concluded that addition of ferrous iron helps to promote copper dissolution, but in the
higher concentrations evaluated in this study (13.57 and 16.97 gL-1

Figure 2 shows copper extraction (%) obtained using different initial concentrations of Fe
) shown inhibitory effect.

+2.
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Figure 2 – Copper extraction (%) vs time using initial concentration of ferrous iron of (g L-1):
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Figure 2 shows that increase of initial concentration of Fe+2 didn´t increase copper extraction, 
as expected since bacterial activity is based on ferrous iron oxidation. According to Nemati et 
al.(16), concentration of Fe+2 higher than 5kg m-3

Choi et al.

shows inhibitory effect on microbial growth. All 
studied conditions were up to 70%.  

(15) studied copper bioleaching of printed circuit boards using different initial 
concentrations of Fe+2 (0-9g L-1). Higher copper solubilization (5g L-1) was obtained using 
7g L-1 of Fe+2 initial concentrations. Similar results were obtained in this study (6,75g L-1

Same behavior was observed by Xiang et al.
).

(17), copper bioleaching increased as the 
increased initial concentration  of Fe+2 (0, 3, 6 and 9g L-1) and as the decreased in the 
concentrations of 12 and 15g L-1

Copper bioleaching decreased with incubation time, being suggested that it occurs by Fe
.

+3

precipitation forming a passivation layer on surface of printed circuit boards, which explains
decreased of copper extraction in the studied initial concentrations of Fe+2 (12 and 15g L-1

Figure 3 and Figure 4 show, respectively, changes of pH and E
).

h vs EPH.
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As can be seen in the Figure 3 and Figure 4 , even with inhibition of bacterial activity in the 
initial concentrations of Fe+2 of 13.57 and 16.97 g L-1, copper extractions were superior than 
70% and it wasn´t observed significantly changes on pH and Eh

The E
in all studied conditions. 

h vs EPH of inoculated conditions keeps around 600mV vs EPH. Ferric iron            
(E0

red +0,77V) solubilizes metals from printed circuit boards, including copper (17)

Figure 5 presents changes of Fe
.

+2 concentration vs time.
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In the Figure 5 is observed that the decrease of Fe+2 concentration in inoculated conditions 
(13.57 and 16.97 g L-1) occurs slowly (until 7th

Fe
+2

co
nc

en
tra

tio
n 

(m
g 

L-1
)

day), which probably happened due to available
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Fe+2 in the initial concentration of 6.75g L-1

In the abiotic conditions using Fe

to be enough to metals oxidation, based on obtained 
extraction.

+2 initial concentrations of 13.57 and 16.97 g L-1 was 
observed that decay of Fe+2 concentration occurs slowly and consequently copper extraction is 
lower, unlike inoculated conditions. Results obtained by Meruane and Vargas(18) (144) in study
about biological oxidation of ferrous iron by A. ferrooxidans ranging pH from 2.5 to 7.0 showed 
that the higher the pH of leaching medium (above 7), the greater the rate of chemical oxidation
of ferrous iron in the abiotic conditions. In the pH range from 5.5 to 7.0 the rate remains almost 
constant and below pH 5.5, the oxidation decrease as a result of medium acidification. 

Conclusion

This study demonstrated that ferrous iron initial concentration affects copper bioextraction 
and the experimental determination of optimal conditions increases metals mobilization.
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Abstract 

 
     Today PGM-recovery from spent catalysts is a standard procedure. Nevertheless still big 
amounts of these materials remain untreated. Furthermore the state of the art process is a very 
expensive solution and does not offer a recovery of all valuable materials.  
     The present paper introduces a hydrometallurgical recovery method for PGM from spent 
catalysts either from petroleum or automotive industry developed in cooperation with the 
company Railly&Hill. 
     It offers the opportunity for a locally small scale solution, with the advantage of short 
transport distances as well as low logistic costs. Moreover the energy consumption is lower than 
in other state of the art processes. Due to a closed loop of the leaching media, nearly no new 
residues are generated. Furthermore it offers the opportunity to recover rare earths from the wash 
coat, like cerium and with this forming an additional valuable product. 
 

Introduction 
 
     The group of platinum metals is utilized in a wide range of application areas, like dental-, 
jewelry- and chemical industry but the most important area is based on its catalytic properties. 
Approximately 50 % [1] of platinum as well as palladium are utilized in automotive and 
industrial catalysts. In case of rhodium the usage in automotive catalysts is even higher; around 
80 to 90 % [1] of the yearly produced metal is used as alloying element in the active metal layer. 
Especially in three-way-cats a mixture of platinum, palladium and rhodium is used to reduce 
harmful emissions, like carbon monoxide, hydrocarbons or NOx.  
     One main reason for the high prices is the necessary amount of 300-900 kg of treated ore to 
process 1 g of PGM. Additionally the regional limitation of ore bodies leads to a strong 
dependence on mainly South Africa and Russia as PGM suppliers. Due to their limited natural 
resource deposits as well as their value, which is shown in table 1, the recycling of catalysts is of 
major interest.  
     Compared to the primary processing of ore the recycling of catalytic material, carrying 
approximately 1 to 15 g of PGM or even more, depending on the kind and size of car, seems to 
be mandatory from the economic point of view, the needed independence of supplier countries as 
well as ecological reasons. The average PGM content of car catalysts is 5-7 g per kg, while 
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industry like petroleum refineries uses materials with average contents of above 10 g per 
kilogram material. 
 

Table 1. Prices of platinum, palladium and rhodium [2] 
US$/oz US$/g €/g 

Pt 1565 50.32 38.92 
Pd 603 19.39 15.00 
Rh 1150 36.97 28.60 

 
     Based on 50 different car catalysts of different brands the following figure 1 was obtained, 
showing the minimum and maximum as well as the average content of platinum, palladium and 
rhodium present in the active metal layer per kilogram of the monolith. The weight of the 
investigated monoliths was in a range of 230 to 2500 g, as mentioned above mainly depending 
on the size of the car.  
 

 
Figure 1. Average content of PGM on car catalysts 

 
     Figure 2 shows the average value of 1 kg of catalytic material based on the prices shown in 
table 1 as well as the average content calculated in figure 1 based on 50 different car catalysts.  
It can be seen on the total Euros per kg catalyst (see figure 2) as well as the amount of PGM on a 
catalyst (see figure 1) that the amount of platinum, rhodium and palladium are balanced; if there 
is less of one then there is more of another.  
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Figure 2. Monetary value based on the PGM prices shown in table 1 for car catalysts 

 
     Based on this high monetary value pyrometallurgical methods, which are consuming high 
amounts of energy, are also working economically. Even though hydrometallurgical processes 
seem to have different advantages, like lower energy consumption, lower emissions of 
greenhouse gases, selective leaching as well as the possibility to recover accompanying 
elements, the common method is the melting of the complete monolith in presence of fluxes and 
a collector metal, like copper, followed by the typical electrolytic purification obtaining the 
anode sludge, which is rich in the PGM’s and can be further processed. The main reason 
therefore is that in a lot of hydrometallurgical methods huge amounts of waste water have to be 
treated.  
     The rarely applied hydrometallurgical recycling of car catalysts can be split in roughly two 
possible ways. The first is the leaching of the ceramic material, leaving the valuable metals as 
solids, with the disadvantage of low PGM-yields and no closed circuit leading to the already 
mentioned high amounts of waste water. The second method is the leaching of the valuable metal 
fraction. As a result of the very noble characteristic these metals have a high acid resistance and 
therefore need special conditions, like strong acids in combination with oxidation agents. Due to 
these conditions a dissolving of the monolith is going hand in hand with the PGM’s and leads to 
the necessity of a regeneration of the liquor. In general the separation of the different platinum 
group metals can only be done by hydrometallurgical methods no matter if the recycling step is 
pyro- or hydrometallurgical. 
     Another interesting aspect is that below the active metal layer a so called wash coat is present 
on the monolithic material below the active metals. This coat carries elements like cerium but 
also indium and zirconium. The main aim is the increased surface area for the active catalytic 
material as well as the ability to buffer oxygen and therefore keeps the conditions for the 
chemical reactions more constant. Due to the fact that these increased contents of other valuable 
metals in the catalytic production to improve their properties started only some years ago, the 
returning car cats are nowadays typically low in their cerium content but in the next years the 
content of other valuable metals will increase, while at the same time the PGM content will 
decrease forming a metallurgical challenge for recovering as many metals as possible within the 
recycling processes. In common pyrometallurgical recycling steps for instance cerium could be 
found in the slags and with this will be lost. 
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     Therefore the main advantage of the described hydrometallurgical process concept in this 
paper is that in the future it will also be possible to recover rare earths like cerium and that the 
PGM’s are already separated without the need of a collector metal and with that no need for an 
energy intensive electrolytic refining is present. The consumption of acid is minimized by the 
closed loop of the mother liquor and with this forms another economic benefit of the investigated 
concept. 
 

Hydrometallurgical recycling concept for PGM’s from catalysts  
 
     The hydrometallurgical process is based on the leaching of the valuable metal fraction, 
leaving the monolith as solid filter cake. A similar concept was described in a former publication 
of Konetschnik [3] but without the possibility for cerium recovery. Figure 3 shows a flow sheet 
of the recycling process.  
 

 
Figure 3. PGM recycling from catalysts in a closed hydrometallurgical loop with an optional 

recovery of cerium 
 
     Each step and their related chemical reactions are described in detail in the following 
paragraphs.  
 
Leaching of Catalytic Material 
 
     Firstly, the catalyst is leached forming soluble chloro-complexes, like hexachloroplatinate 
(H2PtCl6). Therefore HCl as well as hydrogen peroxide are added and the temperature is 
increased to 70-90 °C. The best conditions were investigated by Sri Harjanto [4] describing also 
in detail the chemical reactions and necessary conditions for dissolving PGM’s. Summarizing 
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these special conditions are a low pH as well as a specific redox-potential. Equation 1 to 4 
describe the simplified dissolution reaction in chloride media.  
 
Pt(s) + 8 H+ + 4 O- + 6 Cl- → [PtCl6]2- + 4 H2O (1) 
 
Pd(s) + 4 H+ + 2 O- + 4 Cl- → [PdCl4]2- + 2 H2O (2) 
 
Rh(s) + 6 H+ + 3 O- + 6 Cl- → [RhCl6]3- + 3 H2O (3) 
 
Ce(s) + 6 H+ + 3 O- + 4 Cl- → [CeCl4]- + 3 H2O (4) 
 
     As described by S.A. Cotton [5] the achieved pregnant liquor is red to brown as a result of 
dissolved [PtCl6]2- as well as [PdCl4]2-. 
     Due to the strong acidic conditions a part of the monolith can also be dissolved, like that 
shown in equation 5. Typically the monolith is a mixture of aluminum, silicon and magnesium 
oxide, while firstly aluminum oxide is attacked. 
 
Al2O3(s) + 6 H+ → 2 Al3+ + 3 H2O (5) 
 
     As a result of the next step, the cementation of a PGM sponge with aluminum, it is no 
problem that a part of the monolith is also leached from the point of dissolved aluminum but 
leads to unwanted losses of H+ ions, resulting in the necessity of an acid-balance step later in the 
recycling process. 
     The residue is mainly the monolith and can be easily separated by a filtration step. To prevent 
unwanted losses of valuable metals the cake is typically washed with a mixture of NaOH and hot 
water, followed by a separate cementation step. 
 
Cementation of PGMs as Sponge 
 
     As mentioned above the pregnant liquor is further processed by dissolving aluminum and 
cementing the different platinum group metals. In general the cementation is a chemical process 
wherein a less noble element dissolves and replaces a nobler one in the liquor, which is squeezed 
out from the solution by forming a solid residue. Equation 6 to 8 show the specific reactions and 
that hydrogen is formed during this process step, which again is a further reason for the 
necessary acid-balance step later in the recycling process. 
 
2 Al(s) + 2 H+ + [PtCl6]2- → Pt(s) + 2 Al3+ + 6 Cl- + H2(g)  (6) 
 
4 Al(s) + 6 H+ + 3 [PdCl4]2- → 3 Pd(s) + 4 Al3+ + 12 Cl- + 3 H2(g)  (7) 
 
2 Al(s) + 3 H+ + [RhCl6]3- → Rh(s) + 2 Al3+ + 6 Cl- + 1.5 H2(g)  (8) 
 
     As a product a PGM sponge is obtained, which could be sold to refineries or processed in the 
common way of PGM refining. 
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Precipitation of Dissolved Cerium 
 
     The aim to recirculate the solution as many times as possible makes it mandatory that the 
solution has to be cleaned from unwanted elements. These impurities are on the one hand the 
aluminum, which will be removed in the next step, as well as the cerium, which is removed by 
the described following equation 9.  
 
[CeCl4]2- + 1.5H2SO4 + 0.5Na2SO4 → NaCe(SO4)2 + 4Cl- + 3H+ (9) 
 
     Both here called impurities are forming sellable products, which can be seen as a further 
advantage of the investigated process compared to the common pyrometallurgical cat recycling. 
     It can be seen from the equation that also a sulfate group SO4

2- is needed to form a double 
sulfate with cerium. Therefore H2SO4 is consumed, which has to be added in the acid-balance 
step to supply the needed sulfate group next to a balancing of the pH-value. The reason for the 
use of sulfuric acid instead of hydrochloric acid is mainly the economics of the process because 
HCl would also adjust the pH but in general is more expensive than H2SO4. A further sulfate 
carrier is the chemical used for precipitation itself, which can be potassium sulfate or sodium 
sulfate. 
     The formed H+ ions are partly replacing the lost H+ ions from the cementation step by formed 
H2 gas and reduce the required amount of added acid in the acid-balance step. 
 
Precipitation of Dissolved Aluminum 
 
     As mentioned before the main impurity is dissolved aluminum from the monolith, which is 
separated in a precipitation step. Therefore alum, also called alaun, is formed by for instance 
potassium-chloride addition. The chemical mechanism therefore is described in equation 10. 
 
Al3+ + 2H2SO4 + KCl → KAl(SO4)2 + Cl- + 4H+ (10) 
 
     The advantage of this step is the formation of a marketable product, next to the purification of 
the leach liquor. The formed alum represents also a double sulfate in the same way as the cerium 
precipitate does. 
 
Acid Balancing of Parent Solution  
 
     The last necessary step before the parent liquor can be reused as leaching solution is the 
balancing of acid as well as hydrogen peroxide. The reasons for this step are partly chemical 
reactions of the recycling process and their formed products but also some losses of solution with 
filter cakes (monolith, PGM sponge, etc.), which have to be mentioned although there are 
washing steps but are generally very low.  
     But beside these small losses, a huge benefit of the closed circuit is that there are minimal 
metal losses to effluents additionally to minimized amounts of waste water due to the reuse of 
leaching solution. 
     For balancing the H+ ions and the redox potential a mixture of sulfuric acid and hydrochloric 
acid is used next to hydrogen peroxide. There are mainly economic reasons because HCl is 

366



generally more expensive than sulfuric acid. The H2SO4 has as a second function, the balancing 
of SO4

2- ions. 
     With this step the solution is now ready for reuse as leaching liquor for ground catalysts 
again. 
 
Generated Products 
 
     The aim of the described process is to form products instead of residues. As a result there is 
more or less no waste stream, instead there are four marketable products formed. The main 
product is the cemented PGM sponge, which can be sold easily to refineries or can be processed 
by a common hydrometallurgical method to separated PGM salts or metals.  
     Secondly the remaining solids from the leaching step can be utilized in refractory production 
because the main compounds are SiO2, Al2O3 as well as MgO, which are well known for their 
high melting points.  
     The alum has three main properties which influence its utilization. It can act as bleaching 
agent, the sulfate ions are antibacterial and it inhibits microbes. Therefore typical utilization 
areas can be found in cosmetics (deodorant, etc.), tanning, paper industry and medical 
applications. 
     The fourth product is the cerium double sulfate, which can be sold as it is or converted to an 
oxide by a temperature treatment.  
 
Optional Pretreatment of Contaminated Cats 
 
     As illustrated in figure 4 it may be necessary to pretreat with organic material contaminated 
catalysts. This minimizes the chemicals consumption in the main hydrometallurgical recover 
process as well as offers the opportunity to accept also highly contaminated catalysts from 
petroleum industry. These catalysts from petroleum industry are higher in their specific valuable 
metal content and with this could have a positive impact on the economics of the process. 
     The aim of the pyrometallurgical step is the pyrolysis of organic compounds on the cat. These 
organic materials would lead to formation of carbon as well as sulfur dioxide in the leaching step 
and with this increase the chemicals consumption. Due to the consumption of oxygen mainly the 
hydrogen peroxide addition would have to be increased. 
     A crucial point is the treatment temperature and atmosphere because in case of unsuitable 
conditions the monolith material includes the valuable metal content and with this decreases the 
PGM yield in the recovery step. This has to be avoided by advisedly chosen parameters. 
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Figure 4. Pre-treatment of petroleum and contaminated automotive catalysts  

 
     Due to the focus on the hydrometallurgical closed recovery loop this pre-treatment step is not 
described in detail but has to be seen as mandatory not only for petroleum but also for 
contaminated automotive catalysts, otherwise problems in the leaching step will be the result.  
 

Opportunity for Mini Mill Solution  
 
     The introduced and investigated process shows, based on estimated CAPEX and OPEX, 
promising results also in small scale, which offers a big opportunity in the area of mini mill 
solutions. For example regional limited scrap dealers often do not sell catalytic material and a 
huge part of valuable metals are lost, especially in the eastern regions of Europe. In such regions 
where the logistic for collection is not as distinct as in Western Europe innovative recycling 
concepts are needed, which do not need huge amounts of catalytic material to work 
economically. 
 

Conclusion 
 
     Based on the increasing strictness of legislation for emission of cars as well as industry, 
catalysts are getting more and more complex in their material composition. This introduces 
further valuable metals in the recycling chain of catalysts, like cerium. Due to the non-noble 
character of cerium, which belongs to the rare earths with limited availability, the recovery in 
common pyrometallurgical process is not possible.  
     Therefore this work introduced a recycling process for catalysts, which meets the demands of 
future duties, like applicability in outlying regions with bad logistics, possibility for recovery of 
additional valuable metals, high yields of PGM recovery as well as low amounts of newly 
generated residues or waste streams, like effluents. The combination of a hydrometallurgical 
process with an optional pyrometallurgical pre-treatment step offers not only the possibility of 
treating catalyst varying in their valuable metal content but also the utilization of contaminated 
raw material from for instance the petroleum industry. 
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Abstract

The demand for lithium-ion batteries has been increasing due to the increasing demand for 
laptop computers, cellular phones, automobiles, etc. The positive electrode of the lithium-ion 
secondary battery is mainly made of lithium oxides well as cobalt, nickel, manganese, etc. Thus, 
an effective recycling method not only would collect cobalt and lithium, but also would enable 
the separation of other materials from the spent batteries. In this work, a novel processing flow
sheet is put forward and its efficiency is evaluated. The aim was to obtain pure fractions of 
various constituents.

Introduction

Lithium-ion battery production is constantly increasing, since the demand for batteries to be 
used in laptop computers, cellular phones and automobiles is rising. Therefore, a closed-loop 
recycling system for these batteries has to be developed. There are reports that indicate the 
production of lithium-ion batteries in Japan increased by about five times from 2000 to 2007 [1].
Generally speaking, lithium-ion batteries are fed into a rotary kiln and roasted, followed by 
crushing, acid leaching and solvent extraction, in order to recover cobalt, copper and iron. 
However, the recovered amount is still relatively small.

The composition of lithium-ion battery used in this experiment is shown in Figure 1. It should 
be noted that the main cathode of the spent batteries used in this were made of LiCoO2.

Figure 1. Typical composition of lithium-ion battery

370

REWAS 2013: Enabling Materials Resource Sustainability 
Edited by: Anne Kvithyld, Christina Meskers, Randolph Kirchain, Gregory Krumdick, Brajendra Mishra, 

Markus Reuter, Cong Wang, Mark Schlesinger, Gabrielle Gaustad, Diana Lados, and Jeffrey Spangenberger 
TMS (The Minerals, Metals & Materials Society), 2013 



Experimental

The flow sheet for recovering lithium ion battery is shown in Figure 2. At first, the lithium-
ion batteries were disintegrated by means of a controlled explosion in water. Generally speaking, 
the main utilizations of industrial explosive are in large-scale public works such as dam 
construction, land development, mining and demolition of old buildings. The shock wave 
generated by explosion can cause extremely high pressure, and therefore can liberate, break or 
crush various kinds of materials regardless their hardness. In addition, this technique might be a 
feasible alternative (when compared with other conventional size-reduction techniques), not only 
because of its effectiveness in terms of the energy applied, but also because a possible explosion
due to the presence of the flammable electrolyte in the batteries can be avoided as well as the 
emission HF gas can be contained. The following chemical reactions illustrate how HF gas can 
be contained when electrolytes of batteries (usually made of lithium-hexafluorophosphate LiPF6)
react with water.

LiPF6 + H2O LiF + POF3 + 2HF (1)

If the water used for the explosion contains calcium ions, fluorine ion would then precipitate as 
CaF2:

CaCl2 + 2HF CaF2 + 2HCl (2)

It should be noted that water used for controlled explosion could be re-used several times, before 
Li dissolved can be adsorbed by using MnO2 as an adsorbent, a hypothesis that has still to be 
verified.

In experiment, both the sample and the explosive are placed in a steel container filled with 
water. After the explosion and the “liberated” parts felt above a 10 mesh net, which is than 
pulled up to collect the materials. As a result of the underwater explosion, the battery package 
was disintegrated and then introduced as feed into a cutter mill for further size reduction. Next 
the sample was classified into size fractions, namely: +1 mm and -1 mm.

The +1mm size fraction is separated by using a rare earth roll magnetic separator, of which 
the magnetic flux density was kept constant at 1.2 T. After recovering the magnetic fraction, 
which contains mainly iron parts, the non-magnetic fraction was further processed by using an 
eddy current separator. The non-conductive particles are mainly plastic film like PVC, etc. The 
conductive particles, on the other hand, are separated by air table [2] into lighter and heavier 
fractions. The aluminum plate and copper films are collected as low-density fraction, whereas
the high-density fraction was mainly of relatively “big parts” that escaped the size reduction 
process, and therefore are returned to the cutter mill. The results of each separation process are 
given in term of grade, Eq. (3), and recovery, Eq. (4) of each product. 

(3)
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(4)

where “a” denotes one of the components of the mixture.
The -1mm size fraction, on the other hand, is fed into a floatation cell for recovering graphite 

powders as float product and cathode LiCoO2 powders as sink product. The separated LiCoO2
powders were then dissolved in sulfuric acid aqueous solution and neutralized by alkaline 
solution to precipitate cobalt as a hydroxide species. The cobalt hydroxide is then heated and 
Co3O4 is recovered. After the salts are removed from filtrate, Li ions were recovered by the 
adsorption, using blue green algae, MnO2, or manganese nodule.

Figure 2. Flowsheet for processing the spent lithium-ion battery

Results and Discussions

During the underwater explosion, the shock waves in combination of the generated bubbles 
are very effective in liberating the materials of different densities. It should be noted that only a 
small amount of explosive (explosive dosage: 2 g/kg-batteries) was used for disintegrating the 
batteries. Due to the pressure generated by explosion (ca. 500 MPa) the batteries were 
disintegrated, making the handling of the materials an easy task. Next, the plastic case and inner 
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parts are separated for further processing. Figure 3 shows the photograph of a Li-ion battery 
before and after explosion in water. Next, the separated parts are crushed by the cutter mill.
Figure 4 shows the results of size reduction by cutter mill as a function of crushing time. It was 
found that only after 5 seconds about 40% of crushed particles had a size less than 1mm, and the 
amount of the undersize fraction was increased to 65% after 10 seconds. 

Figure 3. A lithium-ion battery before and after explosion in water.

Figure 4. Distribution of the undersize fraction as function of crushing time.

Next, the fraction over 1 mm in size was subject to magnetic separation, of which the results 
are given in Table I. It was found that almost 100% of iron particles over 1mm size were 
effectively separated from non-magnetic particles. The non-magnetic fraction, on the other hand, 
was fed into an eddy current separator, which was able to recover about 70% of Al and 80% of 
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Cu from the size fraction +4.8 mm (Table II). In -4.8+1.0mm size fraction, the amount of 
conductive particles increased in the nonconductive fraction.

After the eddy current separation, the conductive particles are sorted by gravity separation 
using an air table. The results of air tabling are shown in Fig. 5. It was found that 90% of non Al 
or Cu particles are recovered as a low-density fraction. The high-density fraction contained some 
relatively big pieces, which in turn contaminated the Al and Cu fraction lowering their grade.
Those big pieces were recovered by screening and re-introduced into the cutter mill.

Table I. Results of magnetic separation for +1mm size fraction of crushed lithium ion battery 
(Magnetic flux density on the belt surface: 1.2 T)

Magnetic separation Grade, % Recovery,%
Fe Others Fe Others

Feed 28.4 71.6 100 100
+4.8mm Magnetics 88.3 11.7 96.0 10.2

Non-magnetics 0 100 0 56.9
-4.8mm
+1.0mm

Magnetics 18.1 81.9 3.8 4.8
Non-magnetics 0.6 99.4 0.2 28.1

Table II. Result of eddy current separation for non-magnetics exiting magnetic separation
(Drum rotation speed: 2500 rpm, Belt speed 0.78m/s)

Eddy current separation Grade,% Recovery, %
Al Cu Others Al Cu Others

Feed 7.3 10 82.7 100 100 100
+4.8mm Conductive 26.3 47.4 26.3 68.7 78.2 13.3

Nonconductive 2.7 2.7 94.6 4.5 4.2 46.8
-4.8mm
+1.0mm

Conductive 27.3 18.1 54.6 10.8 4.8 6.3
Nonconductive 10.9 13.1 76 15.1 12.8 33.6

On the other hand, the fraction smaller than 1 mm, which exited the cutter mill, was fed into a 
batch flotation machine [3]. The flotation results are shown in Table III. The graphite is collected 
as a float product at 95% recovery. The LiCoO2, the main component of the positive battery 
electrode, was recovered as a sink product at about 90% recovery. The sink product is 
contaminated by 0.5% of aluminum and 1.4 % of copper.

In addition, the sink products of flotation powders were dissolved by using sulfuric acid 
aqueous solution. Next, the sodium hydroxide aqueous solution is added to precipitate cobalt 
hydroxide at pH 9. The solubility product constant [4] of Co(OH)2 is 5.9x10-15 after the filtered 
cobalt hydroxide is washed and heated at 500oC for 2 hours. The structure of recovered cobalt 
oxide is Co3O4 as indicated by the X-ray diffraction. The chemical reactions are as follows:

2LiCoO2 + 3H2SO4 + Na2SO3 Li2SO4 + 2CoSO4 + Na2SO4 + 3H2O (5)

CoSO4 + 2NaOH Co(OH)2 +Na2SO4 (6)

3Co(OH)2 +1/2O2 Co3O4 +3H2O (7)
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After recovering the cobalt, the lithium ion is absorbed by using manganese oxide (MnO2), 
manganese nodule, and, blue green algae’s powder as adsorbent. The lithium ion has been 
adsorbed within 240 minutes as indicated in Table IV. We found that absorbing capacity of 
MnO2 for Li ions is 1170 mg/kg after 240 mins.
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Figure 5. Results of air tabling
(Upward air velocity: 1.2m/s; Vibration frequency of the deck: 10 Hz)

Table III. Flotation result for -1mm size fraction of crushed lithium ion battery
(Pulp density: 10%, Methyl Iso-butyl Cabinol (MIBC): 0.14 kg/t, kerosene: 3kg/t)

Flotation Grade, % Recovery, %
Li Co Graphite Li Co Graphite

Feed (About 60% LiCoO2) about 30% 100 100 100
Float 0.7 3.3 90 15 12 95
Sink 3.8 24 5 85 88 5

Table IV. The lithium ion adsorption capacity (mg/kg)
as a function of the contact time and type of adsorbent

Contact time, (min)

Type of Adsorbent

Blue green algae MnO2 Manganese nodule

0 1170 mg/kg 1170 mg/kg 1170 mg/kg

10 1100 mg/kg 1090 mg/kg 1050 mg/kg

30 1060 mg/kg 1000 mg/kg 1000 mg/kg

100 1000 mg/kg 960 mg/kg 950 mg/kg

240 900 mg/kg 920 mg/kg 900 mg/kg
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Conclusions

Lithium-ion battery recycling has been studied and a flow sheet for recycling has been put 
forward. The battery package was easily disintegrated by the explosion in the water, containing 
Ca2+ ion. Next, the disintegrated batteries are crushed by the cutter mill. The particles bigger than 
1mm in size are fed into a rare earth roll magnetic separator and the iron has been separated as a 
magnetic fraction. Non-magnetic parts are separated by the eddy current. Aluminum and copper 
are recovered as conductive, while, the non-conductive parts are mainly plastics. Each fraction 
separated by eddy current was then fed into a gravity separator, i.e. an air table. On the other 
hand, the particles less than 1mm in size are separated by flotation. The float product was mainly 
graphite, whereas the sink one was lithium cobalt oxide. The lithium cobalt oxide is leached, 
neutralized and precipitated as cobalt hydroxide. The cobalt hydroxide is heated and recovered as 
Co3O4. The lithium ion in leached water is absorbed by manganese oxide. We found that 
absorbing capacity of MnO2 for Li ions is 1170 mg/kg after 240 mins.

Acknowledgement

The authors gratefully acknowledge the support provided by JSPS Scientific Research (A), Grant 
No. 22246118.

References

1) JOGMEC, Material flow of mineral resources, Mineral resources information center, 
http://mric.jogmec.go.jp/mric_search/, (2008).

2) T. Furuyama et al., “Recovering PVC by triboelectric separation and air tabling”, Resources 
Processing, 53(2006), 153-159.

3) Y. Kim et al., ”Recovery of LiCoO2 from waste lithium ion batteries by means of flotation”, 
Shigen-to-Sozai, 118(2002), 687-693.

4) D.R. Lide, “Handbook of chemistry and physics”, CRC press. 89th (2008), 8-123, 4-91.

376



 
 

METAL RECOVERY FROM INDUSTRIAL SOLID WASTE – 
CONTRIBUTION TO RESOURCE SUSTAINABILITY 

 
Yongxiang Yang 

 
Department of Materials Science and Engineering, Delft University of Technology 

Mekelweg 2, 2628 CD Delft, The Netherlands 
 
 

Keywords: Metal recovery, industrial waste, resource sustainability 
 

Abstract 
 
Increased demand of metals has driven the accelerated mining and metallurgical production in 
recent years, causing fast depletion of primary metals resources. On the contrary, the mining and 
metallurgical industry generates large amount of solid residues and waste such as tailings, slags, 
flue dust and leach residues, with relative low valuable metal contents. On the other hand, end-
of-life (EoL) consumer products form another significant resources. The current technology and 
processes for primary metals production are not readily applicable for direct metals extraction 
from these waste materials, and special adaptation and tailor-made processes are required. In the 
present paper, various solid waste resources are reviewed, and current technologies and R&D 
trends are discussed. The recent research at author’s group is illustrated for providing potential 
solutions to future resource problems, including metal recovery from MSW incinerator bottom 
ashes, zinc recovery from industrial ashes and residues, and rare earth metals recovery from EoL 
permanent magnets.  
 

Introduction 
 
While striving for the solutions to CO2 reduction, we are facing another increasing threat of 
resource depleting in minerals and metals. According to statistics, the economically exploitable 
metal minerals can mostly sustain between 20 and 100 years. A recent publication by Diederen 
indicated very severe global problem of metal minerals scarcity [1]. The depletion of the mineral 
resources is attributed by both the limited reserve in this planet and the rapidly increasing 
demand in materials consumption. In 2010, the whole world produced 1,414 mt of crude steel 
[2], 41,400 kt of primary aluminium and 16,200 kt of primary mined copper [3].  In total more 
than 1,500 mt of primary metals are produced in the world, among which almost 95% is steel, 
and the rest of the metals accounts for 5% (plus), according to the published figures for 2010 in 
USGS yearbook [3]. The production figure of crude steel has already included the contribution 
of steel scrap, while the nonferrous metals figure of more than 90 mt does not include the 
production from scrap. Figure 1 illustrates the evolution of world production (1960 – 2011) and 
consumption (1900 – 2012), according to Internal Copper Study Group (ICSG) [4]. It is clearly 
seen that in the past half century, the copper production has more than quadrupled, and the 
consumption figure shows even more clearly the fast increase since 1950s.  
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Figure 1. World refined copper production (left) and consumption (right) [4]. 
 
Looking into the total metal supply, recycling of metals has been playing a very important role in 
the total metal supply globally. According to various sources, over 35% steel and copper 
produced in the world comes from steel scrap, and about 30% of the aluminium and zinc supply 
originated from the scrap. This figure goes over 50% for lead. This means that for the total metal 
consumption, there is a significant contribution from the metal scrap recycled to the production.  
 
Steel is one of the few magnetic metals, which is easy to separate from waste streams. About 
80% of post-consumer steel is recycled, among which by sector steel recovery rates are 
estimated at 85% for construction, 85% for automotive, 90% for machinery, and 50% for 
electrical and domestic appliances [2]. According to World steel Association, over 20 billion 
tons of steel remains in use today in a variety of products which will be available for recycling 
[2]. According to International Aluminium Institute, now World Aluminium [5] in 2009 the 
estimated total aluminium products stored in use since 1888 is 662.9 million tons, which is 
available for recycling in the coming years depending on the life cycle of different types of 
aluminium products. According to Risopatron [6], recycling rate copper is very low, and an 
estimated old copper scrap accumulated in stock is about 270 million tons which is thought to be 
too expensive to recycle. However annually speaking, about 60% of available copper for 
recycling has been recovered in Europe and North America [7]. How much copper is still in use 
as products? Lifset et al. [7] estimated that as much as 85% of the copper mined and put into use 
throughout human history is in use today, because it has largely entered use in the past half 
century, and because many of the uses have lifetimes of several decades. According to 
International Zinc Association [8], 80% of recyclable zinc available in the world is recycled, and 
the 20% unrecycled zinc is mainly the flue dust from steelmaking processes.  
 
It seems that the recycling rate, defined as the recycled metal compared to the total metal 
available for recycling, is relatively high for many metals. If we take another look at how much 
metals are getting lost during production and use phase, we need to do a lot more to conserve the 
metal resources. Table I illustrates the metal losses during production, manufacturing and use 
phases for zinc, copper, nickel, chromium and silver, according to Stocks and Flow analysis 
project STAF for a number of metals conducted at Yale University. The figures are taken for the 
years between 1994 and 2000 because of the complete statistics availability, and situation for 
recent years will maintain the same trend. 
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Taking zinc as example: In 1994, 7.21 million tons of refined zinc is produced. During mining 
over 1 million tons of zinc metal is lost as tailings, while during smelting 330 kt zinc is lost as 
slags and residues. That is to say, to produce 1 ton of zinc metal it will lose 184 kg zinc, and the 
total metal recovery rate during production (from mining to pure metal) is about 84%. If one 
looks further at the end use phase, more metals are getting lost, and 1.673 million tons of zinc is 
lost into landfill in the form of end-of-life product wastes. On one hand we are producing new 
metals, on the other hand we are throwing away metals through their end-of-life phase. Putting 
all kind of losses together, producing one ton of zinc, we are losing at the same time 420 kg the 
same metal. According to statistics (see Table I), this metal loss is significant for other metals 
also: 280 kg for copper, 380 kg for silver, 450 kg for nickel and 490 kg chromium. This 
calculation has taken into account the recycling of these metals, and the recycled metals are not 
counted as losses. This analysis indicate clearly that we will have a big potential to further 
recover the available metals, in particular from the low grade tailings and landfill mines/urban 
mines. 
 

Table I. Global production of metals and the metal loss in the whole life cycle [9] 
 
Metal Zn (1994) Cu (1994) Ag (1997)  Ni (2000) Cr (2000) 
Mine metal (ore, kt) 7.800 9.490 20.200t 1.338 5.140 
Refined metal (kt) 7.210 11.800 24.600t 1.120 3.900 
Total metal loss (kt) 3.033       3.350 9.400t 509 1.910 
Metal loss/Refined metal 0,42 0,28 0,38 0,45 0,49 
Tailings (kt) 1.030    (34%) 1.400   (42%) 4.000t  (42.5%) 167      (32.8) 740    (39%) 
Slag (kt) 330       (11%)   150      (4%)  1.400t   (15%) 74     (14.5%) 590    (31%) 
Metal to landfill (kt) 1.673    (55%) 1.800   (54%) 4.000t  (42.5%) 268   (52.7%) 580    (30%) 
Reference   [10] [11]  [12]  [13]  [13] 
 
Taking zinc as example: In 1994, 7.21 million tons of refined zinc is produced. During mining 
over 1 million tons of zinc metal is lost as tailings, while during smelting 330 kt zinc is lost as 
slags and residues. That is to say, to produce 1 ton of zinc metal it will lose 184 kg zinc, and the 
total metal recovery rate during production (from mining to pure metal) is about 84%. If one 
looks further at the end use phase, more metals are getting lost, and 1.673 million tons of zinc is 
lost into landfill in the form of end-of-life product wastes. On one hand we are producing new 
metals, on the other hand we are throwing away metals through their end-of-life phase. Putting 
all kind of losses together, producing one ton of zinc, we are losing at the same time 420 kg the 
same metal. According to statistics of Table 1, this metal loss is significant for other metals also: 
280 kg for copper, 380 kg for silver, 450 kg for nickel and 490 kg chromium. This calculation 
has taken into account the recycling of these metals, and the recycled metals are not counted as 
losses. This analysis indicate clearly that we will have a big potential to further recover the 
available metals, in particular from the low grade tailings and landfill mines/urban mines. 
 
In contrast to the depleting natural resource of metal minerals, more and more waste materials 
are generated in our daily life and through industrial activities. However, the current technology 
and processes for primary metals production are not readily applicable for direct metals 
extraction from all these waste materials. In this paper, three examples are given for the recent 
research at TU Delft to illustrate the potential solutions to waste and resource problems: (1) 
metals recovery from municipal solid waste (MSW) incinerator bottom ashes, (2) zinc recovery 
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from various industrial wastes, and (3) rare earth metals recovery from EoL magnet scrap from 
computer hard disk drives (HDDs). Technological development and challenges will be 
addressed. 
 
 

Resource Recovery from MSW Incinerator Bottom Ashes  
 
Incineration or waste-to-energy processing is proved to be an efficient technology to the solution 
of environmental problems for the disposal of Municipal Solid Waste (MSW). Waste 
combustion converts the solid waste into thermal and electrical power, at the same time it 
generates over 20% of solid residues in the form of bottom ash and fly ash. The bottom ash 
consists of both inorganic mixture minerals (SiO2, CaO, Fe2O3 and Al2O3), and significant 
amount of metals. In the Netherlands and most of European countries, the metal content can be 
as high as 15-20 wt% of the bottom ash. As a European practice, about 60% of the metal content 
can be recovered through physical separation, and the rest of 40% metals are still trapped into the 
bottom ash due to limitations of the conventional technological. This is not only a loss of the 
valuable raw materials, but it also causes the problems for direct use as construction materials. 
The ideal solution would be the recovery of all valuable metals and generation of clean and high 
value-added construction materials.  
 
When physical metal separation is approaching its limit, chemical and metallurgical separation 
becomes very important to extract the remaining valuable metals from the bottom ash. Although 
hydrometallurgical leaching of the bottom ash may recovery copper and other base metals such 
as ammonia leaching, the remaining ash contains still large amount of steel scrap particles and 
the ash itself is still prone of environmental pollutions. Sulfuric leaching would leach both base 
metals (Cu, Zn, Al etc.) and ferrous metals, and further separation of theses metals becomes a 
heavy burden. Leaching of metals is in general a slow process and a strong oxidant is normally 
required such as hydrogen peroxide, which will add significantly the processing cost.  
 
As an alternative solution, a pyrometallurgical vitrification process has been investigated at the 
metals production and recycling group of TU Delft [14, 15]. Bottom ash vitrification is used for 
recovering the metal contents and for producing an environmentally clean slag product. The 
bottom ash from a typical Dutch MSW incinerator contains still about 8% metals after physical 
metal extraction through magnetic and eddy current separations. The bottom ash is a highly 
heterogeneous material containing both metals and a mixture of oxides and other compounds. 
The major elements are Si, Ca Fe, Al and Na. Vitrification proves to be an interesting option to 
separate metallic components and to generate a more stable glassy slag. At temperatures between 
1360 and 1500ºC, a homogeneous glassy slag product can be formed. On average 8.0% of metal 
was recovered after vitrification from the bottom ash already after the physical metal separation. 
Figure 2 illustrates the recovered metal alloy and the vitrified stable slag. 
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Figure 2. Bottom ash and the vitrified products: Cu-Fe alloy and stable silicate slag. 
The recovered metal alloy consists of approximately 82% Fe, 12% Cu, and a few percent of other 
nonmetallic impurities (2.0% P, 1.4% C and 1.4% S), as well as some minor alloying elements. 
Although use of the alloy directly in a secondary copper smelter is possible, the oxidation of large 
amount of iron in the alloy scrap is not efficient solution and the iron value as steelmaking raw 
material is lost. Therefore, copper – iron separation is a better solution in order to produce two 
useful raw materials accepted by copper and steelmaking industry. Removal of copper at relatively 
high concentration (~12 wt%) in the iron-based alloy is possible by using FeS or the sulphide 
mixtures based on FeS. Carbon saturation is essential to the success of copper separation from iron 
by sulphide treatment. The use of fluxing agents (Na2S or Al2S3) together with FeS will promote 
the removal efficiency of copper. A maximum of 93.9% of copper removal efficiency was 
achieved by using FeS (27.5 mol%)-Na2S (72.5 mol%) mixture at a stoichiometric S ratio of 2 at 
1500oC. Furthermore other cheaper source of metal sulphides such as pyrite (FeS2) mineral or even 
industrial waste such as ZnS containing sludge were also tested. The results are illustrated in 
Figure 3, in comparison with pure FeS. It is clearly shown that both ZnS sludge and pyrite are 
more effective compared with pure FeS for copper removal with a removal efficiency of 92% for 
pyrite and 95% for zinc sludge at a S/Cu ratio of around 7 times of the stoichiometry. The 
separated ferrous metal can be sold as steel scrap, while the Cu2S bearing matte phase can be used 
as secondary raw material in copper smelter.   
 

 
Figure 3. Copper removal efficiency using FeS, pyrite and zinc sludge 
from Fe-Cu alloy in graphite crucibles at 1500°C. 
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The vitrified bottom ash contains on average 52.1% SiO2, 16.2% CaO, 12.2% Al2O3 and 7.7% 
Fe2O3, and the rest includes mainly Na2O, MgO, TiO2 and K2O. The availability leaching test was 
conducted following the Dutch standard NEN 7341. The leaching values of the vitrified slag are 
significantly lower than its original bottom ash. Furthermore, equilibrium phase relations in the 
Na2O-CaO-SiO2 system at less than 50 wt% SiO2 have been experimentally established at 
temperatures between 1200°C to 1400°C[16], which was missing in the thermodynamic database. 
 

Zinc Recovery from Industrial Residues 
 
Annually about 10 million tons of zinc metal is produced globally, among which 30% is 
produced from zinc bearing secondary resources. The zinc residues normally contain large 
amount of iron oxide which is often associated with zinc oxide in the form of zinc ferrite 
(ZnO.Fe2O3) or even aluminate zinc spinel gahnite (ZnO.Al2O3). Zinc ferrite, also called 
franklinite, is one of the main technological barriers for effective zinc recovery in particular for 
hydrometallurgical processing routes.  
A lot of studies could be found in the literature for the treatment of zinc-bearing residues, in 
particular for EAF steelmaking flue dust. There are generally two types of processes: 
pyrometallurgical carbothermic reduction, and hydrometallurgical leaching based treatments. 
Waelz kiln process [17] is a common industrial process based on carbothermic reduction of zinc 
oxide and ferrite. and Ausmelt process applies Top Submerged Lancing (TSL) technology [18]. 
Some other developments were also reported such as INMETCO Process using Rotary hearth 
Furnace (RHF) [19], PISO Process using continuous channel furnace [19], to name a few. All 
pyrometallurgical processes produce upgraded zinc oxide as raw materials for zinc smelters. 
Some reported hydrometallurgical processes are EZINEX Process [20] based on NH4Cl leaching, 
Modified ZINCEX Process (MZP) [21] based on H2SO4 leaching and solvent extraction. Both 
EZINEX and MZP processes produce metallic zinc through final electrowinning. However, all 
leaching agents such as acid, alkaline and ammonia or ammonium salt (such as H2SO4, NaOH, 
NH4OH, NH4Cl) are not possible to dissolve zinc ferrite (ZnO.Fe2O3) and gahnite [22]. 
Concerning the difficulties of zinc ferrite leaching, studies have been reported on breaking down 
the ferrite into soluble zinc compound through roasting by use of caustic soda [23] and soda ash 
[24]. However, the reported roasting process is normally followed by acid leaching where 
removal of iron from acid leach solution is still a large burden. The studies at TU Delft focuses 
on the combination of roasting and NaOH leaching – zinc electrowinning process. The proposed 
process is selective for zinc – iron separation during leaching and is likely the best combination 
for zinc ferrite based residue materials for zinc and iron extraction. 
 
Zinc Recovery from Residues Stored in Rotterdam Harbour  
 
In Rotterdam harbour there is about 4700 tons of zinc containing materials, stored there for about 
20 years without proper treatment solutions. These zinc-bearing materials have relatively low 
zinc content (17.5% and 24.8% in two types), and cannot be used directly in any zinc smelters 
(both hydrometallurgical and pyrometallurgical) as raw materials without zinc enrichment 
processing. Because of the presence of chlorine, lead and small amount of other heavy metals, it 
cannot be simply land-filled. Based on the chemical and structural analyses of the solid 
materials, as well as the preliminary experimental results from the laboratory tests, various 
alternative conceptual treatment flow sheets are proposed for in-depth experimental research and 
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development at TU Delft. The synthesized technological routes are further studied through 
laboratory experiments in order to develop proper operating conditions and parameters which are 
needed for designing larger scale treatment facilities [25, 26]. Figure 4 shows the raw material 
(Zinc B), and the recovered metallic zinc through roasting - NaOH leaching - electrowinning 
route in the laboratory.  
 

     
Zinc B     Electrolytic Zn 

Figure 4. Zinc B from Rotterdam Harbour and produced zinc metal via leaching – electrowinning. 
Figure 5 illustrates a general flow sheet, proposed and tested through lab-scale experiments. Based 
on the concept of soda ash roasting, caustic soda leaching and zinc electrowinning in alkaline 
solutions.  Because of the high iron content in the feed (~20% and ~35%), caustic soda leaching has a 
great advantage of selective dissolution of zinc oxide, leaving the iron oxide in the leach residues.  
 

 
Figure 5. Conceptual flow sheet: combined pyrometallurgical and 
hydrometallurgical processing of zinc ferrite based solid residues. 

 
According to XRD analysis it is evident that zinc ferrite is a major phase in both residues, in 
addition to free ZnO. Zinc ferrites are not soluble under normal alkaline and acidic leaching 
conditions. To achieve sufficient recovery of zinc, roasting of zinc ferrite to convert it into 
soluble zinc oxides has been investigated. Both caustic soda and soda ash have been tested for 
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roasting, and in the end Na2CO3 at 950°C for 2 hours has been used in the roasting experiments. 
After two step leaching, about 75 – 80% zinc is reported to solution. 
 
The NaOH leach residues contain mainly iron oxide and other minerals, and could be sold to 
ironmaking industry with minimum upgrading efforts (washing out caustic residues). Other by-
products are Cu-Pb cake produced during solution purification, and could be sold to copper or 
lead smelters as raw materials. Some chloride salts are also generated during water pre-washing 
as a byproduct, which needs to be crystallized as either by-product or non-hazardous solid for 
safe disposal. 
 
During electrowinning after impurity (Pb abd Cu) removal by cementation,  a current density of 
673 A/m2 was applied with a cell voltage of 2.55 V on average. The specific energy consumption 
was estimated as 2.33 kWh/kg zinc. A current efficiency of 90% has been reached. At this stage, 
an electrolytic Zn of 95% purity (+4% Pb) has been obtained. After the overall processing, a total 
recovery of zinc is about 75%. Further process optimization is needed to increase the conversion 
rate from zinc ferrite to soluble free zinc oxide, to raise the leaching efficiency of zinc in caustic 
solution, to maximize the lead and copper removal based on cementation, and to find optimal 
electrowinning parameters for higher product quality with a lower energy consumption. Finally, 
adaptation of the developed process to the treatment of EAF steelmaking flue dust will make the 
technology more attractive to metallurgical industry.  
Zinc Recovery from Brass Recycling Filter Dust 
 
The residues generated at secondary brass smelters in the Netherlands are currently being 
transported for a long distance and processed by a different company abroad. However Dutch 
brass industry is looking for opportunities to process the secondary products on site, in order to 
reach a zero footprint on the environment. During brass recycling operation, certain amount of 
flue dust is generated from its melting furnace. Due to the low boiling point and high vapor 
pressure of zinc, the filter dust contains around 80% ZnO, 8% C, 4% CuO and 1.5% PbO. This 
dust is very fine and difficult for transportation. A study at TU Delft was performed on the 
processing techniques available to process zinc containing residues and from this study several 
treatment options were designed and tested in the lab [27]. The main focus was put on the 
recovery of zinc from the filter dust. 
 
First the pyrometallurgical reduction by utilizing the carbon contained in the filter dust was 
tested at 1200oC. It was found that a maximum of 97% of the zinc could be recovered; a higher 
recovery at 1200oC was not possible as the remaining zinc was bound to gahnite (ZnAl2O4). The 
residue still contains 15% ZnO and did not form a slag. A combined reduction of both the filter 
dust and melting slag resulted in the recovery of 96.8% of the copper, 99.9% of the zinc (as 
ZnO) and 64.9% of the lead. The test was performed at 1400oC and it was found that at this 
temperature the gahnite could be reduced. Also by addition of lime and silica a suitable slag was 
formed which contained 2.18% CuO and 0.16% ZnO. Both the copper metal and zinc oxide 
produced had a purity of over 98%. 
 
Hydrometallurgical treatment was also tested by using two different leaching agents, NaOH and 
H2SO4. It was found that the best leaching conditions for NaOH at a liquid solid ratio of 10 were 
90oC using 320 g/L NaOH. After 15 minutes the maximum amount of zinc was already leached 
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with 86% leaching recovery. Lead was leached for 68% and copper for 5%. Using 200 g/L H2SO4 
at 65oC resulted in 96% zinc recovery and 90.5% copper recovery. Both residues contained mainly 
gahnite which is impossible to leach under atmospheric conditions. After an iron removal step for 
the acidic solution both leach liquors were purified with Zn dust cementation. A zinc product of 
99.7% purity was produced through electrowinning for both solutions. The specific power 
consumption for the NaOH solution was significantly lower at 2.2 kWh/kg compared to 3.04 
kWh/kg zinc produced from H2SO4 leach solution. Finally a conceptual flow sheet is designed for 
both a pyrometallurgical and a (H2SO4) hydrometallurgical processing in a brass smelting plant. 
Figure 6 shows the filter dust and the electrolytic Zn in H2SO4 system. 

 

 
Figure 6. Illustration of the filter dust from brass recycling smelter and the   
electrolytically produced zinc through H2SO4 leaching and electrowinning. 

 
Rare Earth Element (REE) Recovery from EOL Permanent Magnets 

 
NdFeB based permanent magnets are widely used in computer hard disc drives (HDD), 
consumer electronics, wind turbines and electric-hybrid vehicles. REE-based magnet alone 
accounts for the largest REE consumption in terms of both volume and market values. The recent 
global supply shortage of REE has led to increasing incentives to the recovery of rare earth 
metals from the end-of-life (EoL) consumer electronics and industrial products. This study 
focuses on the REE recovery from NdFeB magnets in computer hard disc drives. For secure data 
destruction and difficulties of manual disassembling, shredding is the current industrial practice 
to process the EoL HDDs. The shredder residues, as a mixture of magnet and ferrous 
components, are strongly magnetic and extremely difficult for mechanical separations. The REE 
bearing magnet residues are normally ending up in steel plant as ferrous scrap. The valuable 
REEs (Nd, Pr and Dy) are lost into smelter slags. To recover the REEs, a combined mechanical 
and metallurgical processing route is developed at TU Delft, and is illustrated in Figure 7. Some 
recent experimental results are described below [28,29]. 
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Figure 7. Combined physical and metallurgical processing of HDD shredder residues. 
 
Thermal Demagnetization and Physical Separation 
 
The strong magnetism of the shredder residue is a barrier to the physical separation of the magnet 
particles from the majority ferrous materials associated with the HDDs. Therefore, a thermal 
demagnetization and dissociation process has been developed to liberate the NdFeB particles from 
the resin-bonded bracket and the steel casing attracted by strong magnetic forces. After 
demagnetization at about 400°C in air atmosphere, a process is developed to separate the NdFeB 
particles from the steel fractions through grinding and screening, by making use of the brittleness 
of the sintered NdFeB magnets and the high ductility of the steel and other entrapped metals. After 
screening, the finer fractions are principally NdFeB magnet particles, and the REE concentration 
(Nd, Pr & Tb) is significantly upgraded from originally 2.3 wt% in the HDDs to an average of 16.6 
wt % in the final fine fraction (< 1 mm) mixture which accounts for 63% of the mass of the 
shredder residue. The upgraded magnet scrap, the magnet concentrates, can be used as high quality 
secondary raw material for further metallurgical extraction.  
 
Metallurgical Extraction of REEs  
 
After demagnetization and physical upgrading, the recovery of rare-earths was subsequently tested 
with both direct hydrometallurgical and combined pyro- and hydrometallurgical processing routes. 
Almost 100% recovery of rare-earths (with less than 0.6 wt.% iron impurities) was accomplished 
by pyrometallurgical slag extraction with the two designed slag systems (CaO-SiO2-Al2O3 and 
CaO-CaF2) at 1500°C. At the same time all other metallic constituents are recovered in an iron-
based alloy with a total 99% Fe recovery, and this ferrous alloy could be sold as steelmaking scrap 
with a total of 5.5 – 7.5% other elements.  However, relatively low slag leaching recovery (around 
60%) with either H2SO4 or HCl is obtained for REEs, which requires further optimization of the 
slag system, microstructure of REEs in the slag, and leaching conditions.  
 
In the direct hydrometallurgical route, both rare earths and iron are first leached with 2 M H2SO4, 
showing high recovery (92-99%  for REEs and 85% for Fe, respectively) within 8 hours, though 
selective leaching of REEs is preferred. Results at different temperatures (room temperature, 50°C) 
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confirm that a lower temperature such as room temperature is preferred for REE leaching. REE-
iron separation is later achieved by the addition of a precipitating agent NaOH, for selective 
precipitation of a rare-earths and sodium sulfate double-salt (R2Na2(SO4)3· 2H2O, where R=Nd, Pr, 
Tb and Dy), provided that the pH is low enough (between 1-2) to avoid co-precipitation of iron. 
Using this method, optimal conditions allowed for high recovery of 98% rare-earth content and a 
high purity (98.4%) double-salt. The double-salt serves as a marketable intermediate product that 
can be converted to either RF3 or R2O3, which are common raw materials in the primary 
production of REEs and the produced REEs can be used for magnets manufacturing again or other 
REE- based applications. Figure 8 illustrates the raw materials and intermediate and final products 
from this research.  
 

 
 

Figure 8. From EoL HDDs to REE salt for metallurgical refining. 
 
 

Summary 
 
Broad opportunity has been explored for metals recovery from industrial wastes and EoL 
consumer and industrial products. Proper and efficient recovery of metals from these secondary 
resources will mitigate the problems of metals and minerals scarcity. Several research examples 
have been illustrated for addressing new challenges for efficient recovery of metal from large 
variety of waste streams and EoL products.  

• The first example proves that much more metals could be further extracted from MSW 
incinerator bottoms ashes. Using metal sulfide in particular pyrite mineral or ZnS sludge, 
good separation of copper from iron could be achieved from the metal alloys generated 
with the ash vitrification. Two marketable raw materials, secondary copper concentrates 
and steel scrap, could be produced.  

• The second example indicates that by using soda ash (Na2CO3) roasting, zinc ferrite 
minerals in the zinc bearing residues could be decomposed for more efficient 
hydrometallurgical processing. With alkaline (NaOH) leaching, more complete 
dissolution of zinc and good separation from iron oxide can be approached. After 
electrowinning in alkaline solutions metallic zinc can be produced with low energy 
consumption, and effective regeneration of NaOH as leaching agent.  

• The last example shows that EoL HDD shredder residue can be a good source of REE 
(Nd, Pr, Dy, Tb), and hydrometallurgical (or combined pyro- and hydrometallurgical) 
processing will offer a good opportunity for REE recovery and separation from the major 
ferrous components.  

These examples clearly indicated that the metal recovery from industrial solid wastes and EoL 
consumer products can make significant contribution to the materials sustainability.   
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Extended Abstract 
 
Today’s technology employs virtually the entire periodic table. The stocks and flows of the 
major metals, essentially unknown a decade ago, are now reasonably well quantified. Those 
cycles can be used to generate on overview of societal metal use. A key issue is whether scarcity 
implies long-term shortages or unavailability. To address this issue, a detailed methodology for 
generating a reliable assessment of the criticality of metals has been completed, making 
extensive use of peer-reviewed datasets and analytical approaches from the fields of geology, 
international trade, political science, and international policy, among others. This criticality 
evaluation has three components – Supply Risk, Environmental Implications, and Vulnerability 
to Supply Restriction, each of which is itself the composite of several metrics, as shown below.  
 

 
The results of applying this methodology to a number of widely used metals have generated loci 
in “criticality space” that reflect the degree to which metals in the ores of copper, nickel, rare 
earths, and several others are more or less critical than elements that could perform similar 
functions will be presented and discussed in some detail. The products of this research are 
expected to provide guidance for materials choice in product design and development, recycling 
potential, and the consideration of substitute materials in modern technology. 
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Abstract 

 
The production of mineral and metal commodities results in large quantities of wastes (solid, 
liquid and gaseous) at each stage of value-adding – from mining to manufacturing. Waste 
production (both consumer and non-consumer) is a major contributor to environmental 
degradation. Approaches to waste management in the minerals industry are largely ‘after the 
event’. These have moved progressively from foul-and-flee to dilute-and-disperse to end end-
of-pipe treatments. There is now a need to move to approaches which aim to reduce or 
eliminate waste production at source. Modern waste management strategies include the 
application of cleaner production principles, the use of wastes as raw materials, the re-
engineering of process flowsheets to minimise waste production, and use of industrial 
symbioses through industrial ecology to convert wastes into useful by-products. This paper 
examines how these can be adopted by the minerals industry, with some recent examples. The 
financial, technical, systemic and regulatory drivers and barriers are also examined. 
 

Introduction 
 
Many of the goods and services needed by society depend on the exploitation of non-
renewable resources and renewable resources that are under threat of destruction. There is a 
wide consensus that the key indicators of the health of the natural environment are in decline. 
The United Nations millennium ecosystem assessment report of 2005  [1] concluded that 
approximately 60% of the ecosystem services examined in that study are being degraded. 
These include fresh water, fisheries, air and water purification, and the regulation of regional 
and local climate, natural hazards, and pests.  
 
One aspect of the degradation of the environment is the potential depletion of natural 
resources. Another is the ability of the environment to cope with the impact of the emissions 
and wastes caused by meeting the ever-increasing material and energy needs of society. For 
example, in the United States more than 21 billion tonnes of resources of all kinds are 
consumed every year – about 80 tonnes per person per year, consisting of 76 tonnes of non-
renewable resources and 4 tonnes of biomass [2]. Only 19 tonnes of these resources are used 
as direct inputs to processing; the rest is waste. Further quantities of wastes are produced 
during processing of the direct inputs and during the use and ultimate recycling or disposal of 
the products made from them. Other developed countries have similar patterns of 
consumption. The per capita consumption of materials in the European Union in the latter half 
of the 1990s, for example, was 49 tonnes per year [3]. 
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This paper considers possible responses to the challenges posed by wastes from the mining 
and mineral processing industry. 
 

Wastes and the waste hierarchy 
 
A waste is commonly considered to be a thing or substance that has been discarded, or which 
will be discarded, and eventually sent to landfill or other disposal site. This, however, fails to 
recognise the possibility of it being useful again. Thus a better definition is: Something is a 
waste when it has no present use.  
 
Waste reduction and elimination are not new concepts and many strategies for them have long 
been known. Our ancestors rarely wasted anything. Many products were remanufactured or 
reused and materials were recycled before being ultimately discarded. The present attitude 
towards wastes largely resulted from the increasing availability of cheap energy and materials 
following the industrial revolution. There has been a renewed focus on wastes only since the 
ever-increasing quantities of waste from energy and materials production and consumption 
began to have wide-scale environmental impacts, in the latter half of the 20th century. 
 
The conventional waste hierarchy, reduce, reuse, recycle (the three Rs) lists waste 
management strategies in decreasing order of desirability. Thus, the most desirable strategy is 
to reduce the quantity of materials and wastes associated with a product, and to use fewer 
products. The next most desirable strategy is to reuse a product, and only as a last resort 
recycle the materials comprising the product. They focus on the reduction or minimisation of 
waste rather than on the elimination of wastes, and seem to have been developed with 
manufactured products, building and construction products, and domestic waste in mind. 
Their focus is on things that have had a useful life rather than on things or by-products that 
have not had a previous use, such as mining and processing wastes.   
 
The focus on minimising waste started shifting towards eliminating wastes at source as a 
result of the European Union Council Directive 91/156/EEC of 1991 which established the 
hierarchy: waste prevention; recovery; safe disposal. Importantly, it addressed things that 
have had a useful life and by-products, such as mining and processing wastes, that have had 
no previous use. After several revisions, Directive 2008/98/EC of 2008 established the 
following hierarchy:  

� prevention;  
� preparation for reuse;  
� recycling;  
� other recovery (e.g. energy recovery);  
� disposal.  
Directive 2008/98/EC excludes wastes resulting from the prospecting, extraction, treatment 
and storage of mineral resources and the working of quarries, which had been included in 
earlier versions, since these are now covered specifically by Directive 2006/21/ EC which 
follows a similar  hierarchy.  
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Strategies for minimising and eliminating wastes 
 
Strategies for minimising and eliminating wastes in the production of mineral and metal 
commodities can usefully be grouped as follows:  

� cleaner production;  
� use of waste as raw materials;  
� waste reduction through process re-engineering;  
� industrial ecology.  
These are arranged in order of increasing capacity to minimise or eliminate wastes, and hence 
form a hierarchy. This order also correlates with increasing degree of integration into the 
business of a company and the economy at large. Thus, cleaner production can be 
implemented at a single operation, whereas industrial ecology requires integration across 
companies and across industry sectors. These strategies are not mutually exclusive 
alternatives. There is considerable overlap between them and several strategies may be 
pursued in parallel. 
 
Figure 1 illustrates the historical trend in approaches to addressing the environmental impact 
of wastes. Company behaviour has moved in recent decades from complying with regulations 
to corporate social responsibility and now needs to move to an industrial ecology approach. 
The drivers for this change have moved from being exclusively profit to include regulations 
and stakeholders. In parallel, the materials cycle focus has shifted from a focus on products 
only to by-products as well as products. It now needs to shift to the entire materials cycle and, 
ultimately, to the entire economy. 
 

 

Figure 1. Historical trend in the approaches to the environmental impact of wastes (based on a figure 
by Giurco and Petrie [4]; with modifications). 
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Cleaner production 
 
Cleaner production, also sometimes called pollution prevention, is the continuous application 
of an integrated preventive environmental strategy to processes, products, and services to 
increase overall efficiency, and reduce risks to humans and the environment [5]. Cleaner 
production can be applied to the processes used in any industry, to the products themselves 
and to various services provided in society. For production processes, cleaner production 
involves one or a combination of the following:  

� conserving raw materials, water and energy;  
� eliminating toxic and dangerous raw materials;  
� reducing the quantity and toxicity of emissions and wastes at source during the production 

process.  
 
Waste is considered as a product with negative economic value. Each action to reduce 
consumption of raw materials and energy, and prevent or reduce generation of waste, can 
increase productivity and bring financial benefits to an enterprise. The similarities between 
eco-efficiency and clearer production are numerous. Eco-efficiency includes cleaner 
production concepts and captures the idea of reducing waste through process change rather 
than end-of-pipe approaches. Like cleaner production, eco-efficiency goes beyond pollution 
reduction by emphasising value creation for the business and society at large. 
 
The key difference between pollution control and cleaner production is that pollution control 
is an after-the-event, react-and-treat approach while cleaner production looks forward and 
attempts to anticipate and prevent. Cleaner production aims to minimise or avoid practices 
such as waste treatment (including stabilisation, encapsulation and detoxification), waste 
dilution to comply with regulations (e.g. releasing contaminated water into rivers or streams 
during high flow periods, blending arsenic-containing fumes with flotation tailings), and 
transferring hazardous or toxic substances from one medium to another (e.g. wet-scrubbing 
gases then disposing of the contaminants as waste water). Implementation of cleaner 
production requires a structured, holistic, common-sense approach using systems and people 
to both reduce environmental impact and improve the overall company performance [6].  
 
Wastes as raw materials  
 
Although processing of wastes could be considered an end-of-pipe environmental solution 
and therefore not particularly innovative, this is far from the truth. Many of the by-products 
from producing mineral and metal commodities, which are now considered wastes, contain 
much of value. Technologies for extracting that value are often technically sophisticated. 
There are several incentives for considering mining and processing waste as a raw material.  

� A mining and processing waste is essentially ‘free’ (since it has already been mined) and 
is often in a form suitable for further processing (since it may have been crushed and 
ground). 
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� Use of a waste reduces the demand for new mined material since the product produced 
replaces product that would otherwise have to be mined.  

� Use of a waste to make a saleable product reduces the volume of waste that must be stored 
or disposed of. This saves on storage and disposal costs and could lead to a reduction in 
the environmental impact. This is particularly advantageous for large-volume wastes such 
as beneficiation tailings.  

� Producing a saleable product adds another source of income for a company.  
 
Use of mining and processing wastes as raw materials is not a new concept and some wastes 
from mining and processing are already treated to produce saleable products. Sulfur dioxide 
in smelter gases is routinely used to make sulfuric acid. Slags from iron and steel production 
are used for making aggregate materials and as a raw material in cement manufacturing. 
However, mining and processing wastes are a largely untapped resource and there are many 
potential applications. An advance would be to optimise processes so that all output streams 
are useful products, rather than optimising processes around the principal product. In this 
way, all outputs would be optimised (in terms of composition and morphology) to maximise 
their effectiveness as inputs for further value-adding or, as a last resort, for disposal.  
 
While utilisation rather than disposal of mining and processing wastes is preferable, it must be 
recognised that not all, or even most, mining-related wastes can be used productively. The 
quantities of mining wastes are so large that there are insufficient bulk applications, even in 
construction projects, to use significant quantities. This is particularly so for rock waste and 
overburden from mining. Furthermore, many mines are located in remote and/or sparsely 
populated areas and the transportation of low-value construction products (sand, aggregate) to 
populated areas for use in infrastructure projects is uneconomic. Hence, the focus is 
necessarily on wastes from mines and processing operations close to populated areas and/or 
on higher-value products which can be transported economically over long distances.  
 
Some examples to illustrate the possibilities include utilisation of red mud from Bayer 
processing [7,8], spent pot lining from aluminium smelting [9], fly ash from power 
generation, slags from smelting operations and the use of wastes in geopolymer concrete [10]. 
There are many other examples in the literature. 
 
Process re-engineering  
 
The strategy of waste reduction through re-engineering aims to minimise the quantity of 
waste produced or to produce a by-product in a form that can be used more readily. This 
involves some process modification; often it may be necessary to completely redesign the 
flowsheet. There are three broad approaches:  

� flowsheet simplification;  
� use of novel equipment;  
� use of novel processing conditions.  
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Flowsheet simplification involves the removal or combination of stages to reduce the overall 
number of stages required to produce a mineral or metal commodity. This reduces the amount 
of transport, handling and physical processing of material and can potentially reduce the 
amount of chemical processing. This saves energy (CO2

Table 1. Some examples of processes which reduce waste production and/or energy consumption.   

 emissions) and reduces the quantities 
of other wastes. The use of novel reactors or other equipment involves utilising unique 
characteristics of a reactor or other item of equipment to do something that was previously not 
possible, or was very difficult to do. The use of novel processing conditions involves utilising 
relatively standard reactors and flowsheet configurations with different reagents or processing 
conditions, such as temperature, pressure or concentration. While one of these approaches 
often predominates, a technological development usually combines aspects of two or all three. 
Some examples are listed in Table 1. 

Flowsheet simplification Use of novel equipment Use of novel processing 
conditions 

Heap leaching Ore sorting [11] Electrolytic production of 
iron [12-14] 

Finex; HIsmelt iron-making 
processes 

Underground and in-pit pre-
concentration [15] 

The top gas recycling blast 
furnace (ULCOS program) 
[16] 

TiRO™ process for Ti metal 
production [17] 

Castrip5 process for thin 
strip casting of steel [18] 

Use of biomass as fuel and 
reductant in metallurgical 
processes [19] 

 Dry granulation of slag, with 
heat recovery [20,21] 

 

 Solar production of 
aluminium and other metals 
[22-26] 

 

 
Industrial ecology  
 
The term industrial ecology refers to an industrial system that operates much like a natural 
ecosystem in which materials circulate continuously in a complex web of interactions. While 
ecosystems produce some wastes (substances that are not recycled), such as fossil fuels and 
limestone and phosphate deposits, they are largely self-contained and self-sustaining through 
the constant input of energy from the Sun. In a similar fashion, industrial ecology involves 
focusing less on the impacts of each industrial activity in isolation and more on the overall 
impact of all such activities. This means recognising that the industrial system consists of 
much more than separate stages of extraction, manufacture and disposal, and that the stages 
are linked across time, distance and economic sectors [27].  
 
The concept of industrial ecology can be understood by considering the simple models of 
industrial systems in Figure 2. Figure 2(a) shows the familiar flow-through, or open loop, 
system. Industry takes in new materials and processes them using energy, and generates 
products and wastes. Both the products and the wastes are external to the boundary of the 
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system. They are considered as externalities and their impacts are borne largely by society as 
a whole. New materials and energy come from outside the system and the impacts of their 
production are borne largely outside it. Some recycling may take place through recycling end-
of-life products into the manufacturing system.  
 
Figure 2(b) shows an industrial ecosystem. This is not quite a closed loop. New materials and 
energy still come from outside the system and some wastes still leave it, but products and 
process wastes remain within the system. Responsibility for products and for process wastes, 
and for the impacts of their use, is borne within the system. The unusable wastes which leave 
the system are of three main types:  

� wastes generated during the extraction of new materials (e.g. overburden and waste rock 
from mining); 

� wastes that escape from the recycling loop (since there are losses inherent in recovering 
and recycling materials);  

� wastes lost through the use of products (e.g. by being discarded to landfill or incinerated).  
 
Products that are currently in use or being held for recycling, and industrial wastes and other 
materials which will be reused at some time, constitute a reservoir (or stock) of materials 
available for use in the future.  

 

Figure 2. Open and closed material flow systems [27]. 
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The cascading use of energy, which involves using the residual energy in liquids or steam 
emanating from one process to provide heating, cooling or pressure for another process, and 
the use of industrial by-products as feedstocks for processes other than the ones that created 
them, are major characteristics of industrial ecosystems. 
 
There are many eco-industrial parks around the world and they are rapidly growing in number 
and complexity. Kalundborg (Denmark), Humberside (United Kingdom), Moerdijk and 
Rotterdam (the Netherlands) and Kwinana (Australia) are frequently cited examples [28]. 
Kalundborg, is the location of a highly evolved eco-industrial park [29] and is probably the 
best known example of the implementation of industrial ecology principles. The Kwinana 
Industrial Area (KIA) in south-western Australia is an eco-industrial park based largely on 
resource processing and is in a region which combines major resource processing operations 
with manufacturing, agriculture, aquaculture and recreational activities. The existing regional 
synergies are arguably more diverse and significant than those reported for other heavily 
industrialised areas [30]. Forty-seven regional synergies have been identified. Thirty-two of 
these are by-product synergies and 15 involve shared use of utilities. These initially developed 
in a largely unplanned way in response to perceived business opportunities and environmental 
and resource efficiency considerations. A more coordinated approach to identifying and 
developing linkages was adopted with the formation in 1991 of the Kwinana Industries 
Council.  
 

Barriers and drivers to reducing and eliminating wastes 
 
Very large financial investments are needed in the minerals sector for major changes in 
technologies. Established technologies have been refined over many years and operations 
usually give financial returns long after the capital costs have been depreciated. Introduction 
of new technologies introduces production risks which can, and often do, prove very costly. 
Minerals companies are reluctant to introduce new technologies unless it can be done in an 
incremental way with minimum risk to overall production. Furthermore, the relatively low 
cost of disposal of mining and mineral processing wastes in most mineral resource rich 
countries is a disincentive to do anything other than discard them.  
 
Frequently, technical solutions are available or can be developed and implemented, but are 
too costly, risky or difficult to implement for systemic, organisational or regulatory reasons. 
There are no shortages of ideas and possible approaches even for radically new technologies, 
many of which would, if pursued, lead to more efficient or cleaner processes. But developing 
the right technology at the right time and in such a way that it can be introduced with 
minimum risk to production has proved a challenge for both technologists and business strate-
gists in the minerals industry.  
 
There is a large degree of entwinement between minerals companies and other industry 
sectors such as power generation, infrastructure (roads, rail, ports) and suppliers of reagents 
and other consumables. Technological changes in one area have implications that flow 
through the entire system. The co-production of multiple products (due to the complex nature 
of many mineral deposits), and the need to sell these to different markets with differing and 
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changing demand cycles, adds another layer of complication. The range of solid, liquid and 
gaseous wastes produced and the technologies for managing them is another complication. 
These combine to make mineral and metal production companies technologically complex 
and this constrains the changes that can be made easily, cheaply and with little risk. 
 
Companies often perceive themselves as in the business of making a particular commodity, 
such as steel or aluminium or copper. All other materials created in making their product are 
seen as wastes to be disposed of as cheaply as possible. Changing the culture of a company so 
that it perceives the resource in its entirety, not just part of it, as its greatest asset is a 
challenge which no minerals company has yet come near to tackling.  
 
In most jurisdictions, regulations fail to promote closed loop systems and may actually dis-
courage or prevent it. Of particular concern are regulations relating to the use of wastes or by-
products as substitutes for virgin materials, and the assignment of liabilities. In many 
countries, defining a material as a waste or secondary raw material has consequences for what 
uses are permitted, what administrative procedures apply to its transport, export and 
processing, and what costs will be incurred. In some jurisdictions, a company that sells 
material classified as waste remains liable for any damages that may result from its use, even 
if it has been reused several times before the damage occurs.  
 
Governments can help companies overcome market failure barriers by creating an 
environment that encourages adoption of cleaner production principles and that facilitates 
formation of industrial synergies, for example by:  

� developing more appropriate regulations concerning wastes;  
� entering into voluntary agreements with companies or industry associations on targets to 

achieve;  
� applying market-based financial instruments such as tax concessions, taxes on emissions, 

emissions trading schemes and special purpose grants.  
 
Historically, governments have responded to community expectations for better 
environmental outcomes through regulatory responses. The regulatory approach often 
prescribes conditions for resource access and use. Mining regulations often specify the 
maximum allowable level of pollution, minimum requirements for mine-site rehabilitation 
and the type of management processes that should be used to reduce environmental damage. 
However, in many situations the regulatory approach has failed to achieve the goals or has 
proved very expensive.  
 
Market-based instruments (MBIs) for environmental management are increasingly being used 
for the management of natural resources and the environment. MBIs encourage behaviour 
through market signals rather than through explicit directives [31]. MBIs have been used 
successfully to control NOx and SOx emissions in the United States. They are appropriate 
where regulatory approaches have failed to stop ongoing degradation or where the cost is 
prohibitive. The focus in applying MBIs is on achieving outcomes through the self-interest of 
companies and individuals. MBIs have two potential financial advantages over more 
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traditional instruments [32]. They allow different companies to make different adjustments in 
response to their unique business structures and opportunities; and they provide companies 
with an incentive to discover cheaper ways to achieve outcomes.  
 

Concluding comments 
 
The environmental challenges posed by non-renewable mineral resource extraction and use 
need to be addressed within the broader context of sustainability through an integrated 
strategy for managing the stocks of resources from which materials are obtained, the materials 
themselves, and the goods, products and infrastructure that contain materials [33]. 
 
Understanding within some industry sectors of this challenge, the need to transition to 
sustainability and the role of industry in this is growing, but much activity remains at the level 
of rhetoric. Vision 2050 [34], developed by the World Business Council for Sustainable 
Development, represents a major step forward. It envisages by 2050 ‘a planet of around nine 
billion people, all living well – with enough food, clean water, sanitation, shelter, mobility, 
education and health to make for wellness – within the limits of what this small, fragile planet 
can supply and renew, every day’. The proposed pathway to achieve this vision involves 
fundamental changes in governance structures, economic frameworks, and business and 
human behaviour. It involves incorporating the cost of externalities (carbon, ecosystem 
services, water), halving carbon emissions worldwide (based on 2005 levels), and achieving a 
four- to 10-fold improvement in the use of resources and materials.  
 
The minerals industry, through it’s sustainability peak body the International Council on 
Mining and Metals has adopted many of the principles of sustainability and corporate social 
responsibility but is yet to fully incorporate sustainability thinking within its business models 
at all levels. The inevitable closing of the materials cycle and transition to sustainability will 
create new opportunities for companies prepared to adopt new business models. Minerals 
companies can help the transition to sustainability by working proactively with their 
stakeholders, particularly government and government agencies, non-governmental 
organisations and other business sectors, to implement zero waste strategies. 
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Livelihood systems are the key areas of the Arctic and depend on its natural and economic 
extremality. Development and improvement studies of livelihood systems of the Arctic Zone 
were carried out taking into account the expected changes in climate that lead to the 
strengthening of the role of marine factors, economic and social development. The paper 
discusses various scenarios of livelihood systems of the Arctic zone. Innovation scenario 
includes primarily the use of scientific and technical achievements and high-tech processes, 
development of natural resources of the Arctic shelf. Innovation scenario involves close 
cooperation of natural resources in the Arctic. The inertial scenario is based on conservative 
estimates of projected growth in key socio-economic indicators of the Arctic zone. To improve 
livelihood systems of the Russian Arctic there is needed an efficient interaction of all the 
subjects of economic and social development of the Arctic zone of Russia. 

The Arctic can be considered as a research laboratory of the mankind, the territory of discovery, 
innovation search. The Arctic zone of Russia is a major training ground for basic and applied 
research in various fields of knowledge. 

The Arctic as a whole is characterized by an extremely low density and high dispersion of 
population. However, the Arctic zone of Russia is featured by the highest urbanization: more 
than 80% of people live in cities and towns with population exceeding five thousand people. 

Natural and economic extreme of arctic zone define an important role of the federal and regional 
public sector in the local economy.

Seaside character of the Arctic zone determines the originality of innovative economic systems 
formed here in the forecast period on the shelf and in the coastal zone. Possible climate changes,
the shift of economic activities to the shelf zone of the Arctic seas could increase the role of 
marine factor in economic and social development of the Arctic zone [10]. 

The Arctic is characterized by extreme climatic conditions, availability of various and significant 
reserves of mineral and other natural resources, the concentration of economic facilities and 
social services on limited areas, remoteness and transport inaccessibility, and extreme
vulnerability and slow recoverability of natural ecosystems.

The changes that are taking place in the Arctic are systemic, non-linear, rapid and irreversible. 
The most obvious examples are their unprecedented decline in seasonal minimum extent of sea 
ice in recent years and changes in the tundra ecosystem, where transitions from donor to acceptor 
in terms of greenhouse gas emissions are taking place. Nonlinearity is rapidly becoming a 
common feature of all the changes in the Arctic. These changes are not only irreversible due to 
the inability to return to baseline in the foreseeable future, but are systemic in nature, as it is 
about the processes that interact with each other, producing  powerful feedbacks and l resulting 
in large-scale effects [11]. 
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In our world, the increasing role is played by anthropogenic ecosystems in which large-scale 
biophysical processes are superimposed on equally large scale socio-economic transformations,
leading to the emergence of complex dynamic systems with nonlinear, rapid and often 
irreversible changes [1]. In such circumstances, management priorities are uncertain, and there 
are many challenges that are very difficult to remove by the conventional approaches (eg, by 
signing formal multilateral agreements), prevailing today in solving the problems in the 
international arena. These conditions are nowhere more as evident as in the Arctic.

On the territory of the Russian North there is concentrated two-thirds of the resource potential of 
the Russian Federation. The region produces over 92% of natural gas, 75% of oil, 80% of gold, 
90% of copper and nickel, significant amounts of other minerals. In the depths of the northern 
lands there lie 80% of the coal reserves in the country, which, according to the experts, will last 
for 800 years. Also the share of the North in the national production is 100% of diamonds, 
cobalt, platinum, molybdenum, apatite concentrate, as well as half of timber and fish products. 
Northern raw materials and fuel annually bring 25-30 billion dollars to the country’s budget [12].

Effective economic coordination in the Arctic involves continuous negotiations between defense 
and economic activities: the use of military infrastructure for socio-economic development and 
resource development of the Arctic zone, accounting for the defense interests of economic and 
community activities, and other measures.

There are several possible development scenarios for the Arctic zone. The inertial scenario
involves prolonging the currently acting trends in the key economic sectors in the Arctic, and is 
based on conservative estimates of projected growth of the key indicators of the Arctic zone.

The innovative scenario of the Arctic zone development involves close collaboration of polar 
countries in the joint development of large deposits of the Russian Arctic shelf and therefore
much more rapid rates of its development than the inertial scenario. This scenario is based on 
optimistic estimates of developing the key industries and sectors of the Arctic economy 
including implementation of major investment projects in the energy sector and transport 
infrastructure.

The characteristic features of the innovation scenario are consistent realization of the existing 
competitive advantages based on the rational use of natural resources potential of the Arctic 
territories, a manifestation of a new quality of economic growth, based on the impact of new 
technologies in the various sectors of the economy and the rapid development of information and 
communication sector and sub-sector of the Arctic intellectual services.

Russia has the world's largest offshore area, a promising for oil and gas. The offshore oil and gas 
fields in difficult ice conditions is a high-tech process that makes the innovative development of 
sectors and activities involved the creation of reconnaissance, exploration, production, 
transportation and processing of oil and gas. Therefore, the study and development of resources 
of the Arctic continental shelf will catalyze the transition of the Arctic and the Russian economy 
to innovative development.

The Arctic transportation system includes the Northern Sea Route (NSR) as the historically 
single national transport link, complex of sea vehicles and river fleet, aviation, pipeline, rail and 
road transport and coastal infrastructure (harbors, navigation, hydrographic and meteorological 
support and communication).

The main focus of efforts to modernize the Arctic transport system in the next 10-15 years will 
be to the qualitatively change of the very nature of the polar navigation: turn (including 
constructive using of a global climate change) moving in the North Sea way to routine procedure
with small risk.

The Northern Sea Route is closely related to the innovation process in the Arctic: all the 
innovations being introduced here will inevitably interact with other sectors of the economy of 
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the Arctic and are involved in their modernization. This is a key specificity Arctic innovations 
aimed primarily at overcoming distances, overcoming space.

In the future, the Russian Arctic will become a place of pilot testing and implementation of new 
off-road transport. Rapid progress will occur in the implementation of wireless, satellite-based 
communication in remote sparsely populated Arctic settlements. Information communication 
technology will be introduced into the production processes in all large and medium-sized 
corporate structure of the Arctic zone, which will help improve the efficiency of the basic sector 
of the Arctic economy.

Significant changes will take place in another critical area of the Arctic life support – small-scale 
power plants. Wind farms on the coast, geothermal power plants new thermoelectric plants,
steam and gas turbines will be set up [5].

The structural elements of the innovation infrastructure will ensure strengthening innovation in 
key resource complex of Arctic economy and in the field of life support [6].

The last two decades in the economy of the Arctic and northern areas of Russia there are have 
been major structural changes, which are primarily associated with a significant increase in the 
role of the service sector. Its share of total employment has increased everywhere, which can be 
seen not only as a symptom of the real sector collapse crisis of the economy, but also as the 
beginning of the process of long-term post-industrial transformation - the transition from the
economy, the core of which were industrial production, oriented on large amounts of 
homogeneous production (in the North and in the Arctic - for extraction of large amounts of 
natural resources) to an economy in which the central role is played by knowledge-intensive 
service industry (production service) which determines the degree of innovation and the 
competitiveness of the manufacturing process.

In the future rates of mining structures Arctic production service will be superior to all other 
sectors of the Arctic economy, both in terms of the generated new jobs here, and on the added
value created here.

Due to the nature of the economy across the Arctic, the Arctic production service inevitably has 
natural resource character. It clearly segregate two areas - subsector studying the environment
properties, the climate, the Arctic landscape and subsector studying natural resources of  Arctic 
land and water.

According to the concept of long-term socio-economic development of the Russian Federation 
up to 2020, a new model of the spatial development of Russia is based on the principles of 
polycentricism (multipolar) of regional growth centers, reduction of regional disparities (inter-
regional and intra-regional differentiation in the level and quality of life), formation of new 
regional and interregional priority development zones, new urban centers and regional industrial 
clusters - sets of interrelated competitive high-tech industries on the territory, aimed at deep 
processing of raw materials and energy to ensure the development of the previously uninhabited 
areas.

Important for the Arctic zone development will be the effect of formation of urban 
agglomerations associated with the formation of transport complexes, logistics centers, data 
nodes, education and innovation infrastructure [9].

The complexity of natural processes in the Arctic areas of Russia requires modernization 
framework for the management of Arctic regions and municipalities in Russia at both the federal 
and the regional and municipal levels. Due to the very rapid climatic and socio-economic 
changes, the Arctic will control maneuvers among the extremely high risks [4].

To speed up the transition to the strategic goals and objectives of the Russian Arctic it is need an 
effective, conflict-free interaction of all economic and social development Arctic zone of Russia.
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This involves the development of existing, forming new partnerships Arctic. Partnerships at 
different levels, different types and duration play a crucial role of the Arctic economy. 

There is an ongoing intensive process of state registration of Arctic policy. As happened many 
times in the country's history, the activation of the state machine after realizing there was a real 
threat of the final loss country's leadership position of Russia in the Arctic.

Among the most significant challenges include environmental security Arctic territories. It must 
be recognized that almost all ecological problems, except the trans boundary transfer of 
pollutants into the Arctic from Southeast Asia, are the result of Soviet and modern Russian 
socio-economic policy. 

Environmental issues are closely connected with the problematic state of the economy and social 
sphere of the Arctic territories. In this sense, the arctic regions are not much different from many 
of the Russian territories, located far away from the Russian Arctic Zone. 

Until recently, it was decided to link environmental concerns of some areas in the Arctic 
exclusively with industrial development and complication of ecological conditions in different 
parts of the Arctic only in connection with the level of involvement of the industrial turnover. 
However as a vital link in the full range of problems accumulated in the Russian Arctic issues 
should recognize the organizational and legal regulation of the State of the Arctic Policy.

The Russian Arctic for a long period is considered as the region based on the use of nuclear 
power plants in order to obtain the power (NPP) and thermal (APEC) for the needs of cities and 
ports. The state's investment in the project of floating nuclear power plants with plans of their 
placement in the Arctic will require solutions to the issues of radiation safety of these facilities. 
The limited radio ecological information for the Arctic region is known, in spite of the presence 
in Russia pioneer research in radiation hygiene and radioecology dedicated for migration of 
artificial radionuclides (IRN) in the chain lichen-reindeer-man [7]. Appeal to this problem due to 
the high sensitivity of terrestrial and aquatic ecosystems to the impact of radiation factor [3]. 

The phenomenon of increased radiation dose to the herders mainly associated with 
environmental causes. Their analysis is important to evaluate the stability limits of natural 
systems of the North to the pollution by most dangerous radiological IRN.

As a result of intensive management in the Russian Arctic and adjacent areas the Arctic 
environment is under intense influence (including the expense of pollutants in the cross border 
transfer), resulting in the growing degradation of arctic ecosystems. Rise and development of 
severe weather, frost-geomorphological, ice and other adverse natural processes related to 
climate change contribute to the strengthening of such negative phenomena. 

A particular problem is the potential contamination of the Russian Arctic, man-made 
radionuclides. The region has large facilities nuclear legacy associated with the activities of 
military and civilian nuclear fleet, and other radiation-hazardous objects.

At the same time despite the difficult climatic conditions of the Russian Arctic the socio-
economic development of the Russian Federation in the medium and long term will be closely 
linked to the development of natural resources in the Arctic. In accordance with the "Principles 
of State Policy of the Russian Federation in the Arctic for the period up to 2020 and beyond" the 
use of the Russian Arctic as a strategic resource base is a fundamental national interest. In this 
case, the development of natural resources in the Russian Arctic should not lead to 
environmental degradation [8]. Furthermore, an activity must be accompanied by the elimination 
of accumulated environmental damage, rehabilitation of degraded ecosystems. In accordance 
with the "Principles of State Policy of the Russian Federation in the Arctic for the period up to 
2020 and beyond" to the basic national interests of Russia in the Russian Arctic is referred
"saving and providing protection of the Arctic ecosystems." One of the main purposes of a state 
policy of the Russian Federation in the Arctic is "the preservation and protection of the Arctic 
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environment, the environmental consequences of economic activity in the face of increasing 
economic activity and global climate change." Finally, the "basic measures for the 
implementation of the state policy in the field of environmental security in the Arctic zone of the 
Russian Federation are: the establishment of special regimes of natural resources and 
environmental protection in the Arctic zone of the Russian Federation, including the monitoring 
of pollution, restoration of natural landscapes, disposal of toxic industrial wastes, provision of
chemical safety, especially in areas where the population is compact [3]. 
Currently existing national environmental regulatory framework is about 40 federal laws, 
regulations, and about 1200 orders by the Federal Government of the ministries and departments. 
They apply to the whole territory of the Russian Federation, including the Russian Arctic. 
Therefore the lack of effectiveness of the system of environmental management and 
environmental safety in the Russian Arctic is fundamentally a consequence of the shortcomings 
of these documents [14]. However, for the Russian Arctic, a situation exacerbated by the fact 
that most of these documents does not account for the specifics of its climatic conditions. As a 
consequence, for economic activity in the Russian Arctic are set essentially the same 
environmental requirements as for other areas much less vulnerable to human impacts and much 
more easily compensate for harm suffered. Demonstration seriously the country's leadership to 
the problems existing in the Russian Arctic is the adoption of a number of strategic documents. 
Unfortunately, contained in these guidelines and requirements for the business activities are 
practically not implemented in specific legislative acts.
To correct these deficiencies and establish a fully-fledged legal and institutional framework that 
is capable to solve environmental problems of the Russian Arctic, without prejudice the 
economic interests of Russia, requires deliberate and consistent work both to improve the 
existing legislation and the development of new regulations [2]. 
Increasing human pressure on the natural environment of the Russian Arctic, including in the 
areas of passing the NSR, sets a task of creating an appropriate legal framework to ensure the 
safe and efficient sailing as the navigation and technical as well as from an environmental point 
of view. For this purpose, it seems appropriate to confirm the status of NSR as a national 
historical Russian transport communication in the Arctic. At the federal law level it is necessary 
to define the basic requirements for the admission of vessels to be used by NSR, especially 
sailing ships along the NSR, the ways and means to ensure the prevention of marine pollution 
from vessels in ice-covered areas. This should be taken into account requirements for the 
protection of the marine environment from pollution contained in the UN Convention on the 
Law of the Sea in 1982, according to which (Articles 211, 234, 235) a coastal State shall adopt 
laws and regulations to prevent and control pollution of the marine environment and the 
International Convention on Liability and Compensation in Connection with the Carriage of 
Hazardous and Noxious Substances in 1996, which required the presence of evidence of 
financial security of the civil liability of the owner of the vessel for damage caused by pollution 
of the marine environment [1]. 

Such measures to improve the environmental safety in the operation of NSR can be developed 
with the involvement of Canadian experience, regulating navigation and protection of the marine 
environment of the North-West Passage and taking the necessary legislation.

One of the main environmental problems in the Arctic is a need to eliminate the so-called 
"accumulated environmental damage" in particular in the areas of the former military sites.

In Russian legislation does not exist the legal mechanism of accumulated environmental damage 
delineating responsibilities in that area of the state (in the person of the Russian Federation, 
subjects of the Russian Federation) and business entities and promotes funding beyond the 
budget. To improve environmental safety of the affected areas, including the Russian Arctic, the 
gaps should be eliminated, which, through legislation should be resolved the whole complex of 
legal, financial, economic, organizational, technical, scientific and methodological issues. 
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The regulatory framework in the field of maritime safety in offshore operations can be divided 
into three groups: international regulations, laws and regulations of the Arctic region and 
Russian.

It should be noted that few of the international standards, dedicated to solving environmental 
problems, written specifically for the conditions of the Arctic, as such standards are usually 
prepared for global use, and existing maritime standards in respect of work in the Arctic are 
more technical and projecting character, indirectly protecting the environment. 

While ensuring environmental safety work on the development of the Arctic shelf it should be 
guided by international and local regulations, given the experience of countries that are actively 
engaged in work on the shelf, particularly Norway. In this case, the legal regulation of security 
issues should be in the main areas: control of emissions into the atmosphere and into the marine 
environment, waste management, environmental control and monitoring. Currently, the 
International Maritime Organization (IMO) focuses on the protection of the atmosphere from 
emissions from ships and offshore structures for nearly all groups of harmful emissions [8]. 

North of Russia - an integral part of its socio-economic system, a vast, rich and unique world 
with a special civilization, harsh and beautiful nature. People-centered development of the 
Russian North, aimed at the reproduction of human and labor capacities to ensure high standards 
and improve the conditions of life - one of the global objectives of all Russians. Achieving this 
global goal essentially caused by solving the problem of improving the livelihoods of the 
northern regions of Russia [13]. 
The successful solution of the complex challenges of effective life support of the northern 
regions of Russia is possible in the implementation of evidence-based strategies for socio-
economic development of the Russian North. Such a strategy of social and economic 
development should include and take into account the main factors and conditions that 
significantly affect the socio-economic development of the northern regions of Russia, based on 
the following conceptual assumptions: North of Russia is also in the long term should be retained 
as an integral part of an organic social and economic space Russia, whose role in modern 
geopolitics and the global economy will continue to increase. At the present stage of social and 
economic development in a globalized world it is need: 

1) The systems approach to solving problems of social development, national economy and the 
economy of the northern regions;

2) The reorientation of priorities of socio-economic development of the northern regions of 
Russia with preference objectives of economic growth and objectives of social and labor 
development, including the improvement of livelihoods; 

3) A significant increase in the role and effectiveness of state regulation of the economy, social 
and labor sphere and labor economics in the northern regions of Russia; 

4) Strengthening the social orientation in the activities of business organizations, operating in the 
North; 

5) The harmonization of systemic effects of market mechanisms and measures of governmental 
social and economic processes at the federal, regional and municipal levels;

6) Improving the livelihoods of the Russian North, provides for the modernization of its major 
functional systems, including provision of goods; 

7) Further development of systems research and application development directed to the 
implementation of performance-based management methods in the realization of targeted 
programs for the development of the northern regions of Russia. 

Improving livelihoods will create the conditions necessary for the development of human and 
labor potential, sustainable growth of the regional economy in the northern regions of Russia. 
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MODELING TO EVALUATE COORDINATION AND FLEXIBILITY IN ALUMINUM 
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Reprocessing of aluminum production byproducts or dross for use in secondary production 
presents a particular challenge to the aluminum industry. While use of these non-traditional 
secondary materials is of interest due to their reduced energy and economic burden over virgin
counterparts, these materials necessitate the use of particular furnaces, specialized handling and 
processing conditions. Therefore, to make use of them firms may pursue use of an intermediate 
recycling facility that can reprocess the secondary materials into a liquid product.  After 
reprocessing downstream aluminum remelters could incorporate the liquid products into their
aluminum alloy production schedules.  Energy and environmental benefits result from delivering 
the products as liquid but coordination challenges result because of the energy cost to maintain
the liquid.  Further coordination challenges result from the need to establish long term recycling 
production plans in the presence of long term downstream aluminum remelter production 
uncertainty and inherent variation in the daily order schedule of the downstream aluminum 
remelters.  In this context a fundamental question arises, considering the metallurgical 
complexities of dross reprocessing, what is the value of operating a coordinated set of by-product 
reprocessing plants and remelting cast houses?

A methodology is presented to calculate the optimal recycling center production parameters 
including the number and volume of intermediate products made in the recycling center, how 
these products should be allocated to downstream facilities given uncertainty in supply and 
demand. A long term production optimization model was used to evaluate the theoretical
viability of the proposed two-stage scrap and aluminum dross reprocessing operation including 
the impact of reducing coordination on model performance. Then a dynamic simulation tool was 
used to evaluate the performance of the calculated recycling center production plan when 
resolved on a daily timeframe for varying levels of operational flexibility.  The dynamic 
simulation revealed the optimal performance to correspond to the fixed recipe with flexible 
production daily optimization model formulation.  Calculating recycled product specifications 
using the proposed simulation optimization method increased profitability when multiple 
downstream demand scenarios were included.
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IO-MFA AND THERMODYNAMIC APPROACH FOR METAL RECYCLING
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Recently, the issue of sustainable resource management has been increasingly recognized. In 
order to increase resource efficiency, Castro et al. (2004) pointed out an importance to 
understand the interconnections between the materials’ processing routes and their 
thermodynamic constraints, and discussed losses due to contaminations during recycling. One 
of the dominant solutions to avoid such losses or contaminants is knowledge about the 
substance flows in material cycles. Material flow analysis (MFA) is a powerful tool to 
understand the resource consumption and material cycle in the national economy. Some 
advanced MFA studies discussed the complex web of metal flows and their linkages 
(Nakamura et al. 2007, 2008). Discussions on the limitations of impurity removal and the 
recoverability of elements in the recycling of EoL metal products, however, have been 
insufficient even in conventional MFA studies.  

In their extensive works, Reuter and Verhoef (2004) suggested the importance of 
understanding metal linkages in natural resource processing by introducing the concept of the 
“metal wheel”, and Castro et al. (2004) showed the compatibility of materials combinations 
for recycling. Van Schaik (2010) also pointed out the limitation of recycling based on 
thermodynamic consideration. Even these representative studies, however, do not provide us 
with the quantitative limitations of impurity removal and the recoverability of elements in the 
recycling of EoL metal products. To address this issue, we have been thermodynamically 
evaluated the distributional pattern of alloying elements among the metal, slag, and gas 
phases in major metal remelting processes (Nakajima et al. 2010, 2011). 

This paper proposes a combined application of MFA with thermodynamic analysis for 
sustainable resource use, and conducts a detailed MFA of alloying elements for steel (nickel, 
chromium and molybdenum), typical impurities for steel (copper) and zinc for galvanized 
steel. 
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Abstract
Special steels, which have been imparted various properties by the addition of alloying 

elements, have become increasingly important as materials for human life in recent years. As 
the largest industrial consumer of special steel materials, the motor vehicle industry requires 
large volumes of various types of special steel for vehicle production. Scrap containing base 
metals and alloying elements is generated from end-of-life vehicles (ELVs). In current scrap 
treatment processes, alloying elements in steel materials are rarely considered, instead 
becoming impurities in steel recycling processes at electric arc furnaces (EAF) and losing 
their worth. 
In this study, with the aim of avoiding loss of useful steel alloying elements, we discuss 

effective treatment of ELVs for efficient recycling and use of steel alloying elements using 
waste input–output material flow analysis (WIO-MFA).

Introduction
Recently, huge amount of steel materials are used with various combination of alloying 

elements (special steel) in our society. One of the major destinations of these alloying 
elements is the motor vehicle industry. Material properties required in the production of 
motor vehicles, such as high tensile strength, low weight, and mechanical workability, have 
been realized by the addition of various alloying elements to steel.

Meanwhile, demand for iron scrap has been increasing [1]. As a result, about 25% of total 
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steel production now occurs in electric arc furnaces (EAFs). Special steel products such as 
motor vehicles, which are being manufactured in increasing quantities year on year, will 
likely be introduced into the EAF steelmaking process as scrap sometime in the future. 
Currently, iron scrap is the main source of iron in EAF steelmaking, and little attention is paid 
to the alloying elements in steel materials, except for the intrusion of copper or typical tramp 
elements and the separation of austenitic stainless steel. Thus, the elements in scrap may 
dissipate into slag or dust, or be introduced unintentionally into steel products that do not 
require them. Therefore, the supply and demand of scrap and the intrusion of alloying 
elements associated with scrap are of great concern [2, 3]. As scrap generated during the 
production of special steel products contains a relatively high proportion of manganese, 
nickel, and chromium, unintentionally high concentrations of alloying elements are found in 
the crude steel produced by an EAF or by processes (e.g., metal casting) that use iron scrap as 
the principal ferrous raw material [2]. Hence, the mass consumption of steel products with 
unidentifiable components can contribute to the dissipation and intrusion of precious alloying 
elements. Given these circumstances, investigation of the steel industry is essential for 
effective management of consumption and recycling of alloying elements. 

Given this background, it is important to construct new recycling structures in which 
alloying elements in scrap are considered as important sources of alloying elements and not 
as impurities or waste. Furthermore, efforts should be made toward the recycling of 
sustainable resources and the effective use of untapped natural resources. For this purpose, it 
is necessary to identify the alloying elements present in a given steel product and scrap. In 
addition, estimation of the effect of efficient scrap treatment on conserving alloying elements 
in the present day is important. In this paper, focusing on the recycling of end-of-life vehicles 
(ELVs) as an example, we discuss the total amounts of recoverable alloying elements from 
ELVs and more efficient usage of ELV scrap in the steel recycling process in EAFs. 

The steel material cycle has been the subject of many material flow analysis (MFA) 
studies based on the bottom-up approach [4-7]. While these MFA studies can provide 
valuable information about the existing amounts of targeted materials, it is difficult to trace 
the supply chain of all the materials used in products throughout the country using the 
bottom-up approach. Moreover, the representativeness and accuracy of the composition of 
highly fabricated products such as automobiles or machines can be highly problematic in this 
approach. Instead, we use the waste input–output MFA (WIO-MFA) model developed by 
Nakamura and Nakajima [8]. WIO-MFA is able to analyze inter-industrial and comprehensive 
material flow by combining MFA and input–output analysis (IOA). IOA is one of the most 
widely used tools for describing economy-wide activities and their environmental 
implications. As ferrous materials are some of the most widely used materials in our society, 
WIO-MFA is the most suitable technique to improve the understanding of the flow of steel 
materials including scrap. The recycling of motor vehicles is of great concern in the field of 
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industrial ecology. Since the degree of fabrication of motor vehicles is very high, various 
kinds of alloys are contained in products and mixed as scrap by shredding and pressing 
during ELV treatment [9-11]. Once such scrap is melted in the metal recycling phase, it 
becomes difficult to avoid contamination and oxidation loss of metals due to their 
thermodynamic distribution characteristics [9, 12]. Amini et al. [10] noted that iron 
contamination in aluminum-based alloys can cause considerable exergy and dilution loss in 
current ELV treatments and metal recycling processes when such substances are recycled to 
form alloys of the same grade. To solve this problem, easily recyclable car parts designed 
with consideration of metal combinations have been discussed [9, 11]. However, many 
existing motor vehicles were not designed with this concept in mind, and scrap from these 
vehicles is yet to be treated. Furthermore, although the main focus of previous studies was 
contamination with base metals such as iron, aluminum, and copper, the actual situation is 
likely to be more complicated owing to the existence of different steel alloying elements. 
Thus, we focus on steel alloying elements and their treatment in ELV scrap in this study. 
 

Methodology 
Development of WIO-MFA Table for the Analysis of Flow of Steel Alloying Elements 

The WIO-MFA table for the intended target is constructed and extended based on a 
national IO table for Japan. In previous studies, WIO-MFAs have been conducted based on 
the Japanese IO table for 2000 for base metals [13, 14] and polyvinyl chloride [15]. This 
method allows the compositions of materials and their flow routes in approximately 400 
different products to be analyzed. Detailed methodology for WIO-MFA is provided in 
previous studies. In this paper, steel material and its resources, such as ferroalloys, are 
described in detail, and the material flow of steel and its alloying elements are determined 
based on the IO table for 2005 [16]. In addition, motor vehicle-related sectors are refined and 
effective recycling strategies discussed.  
 
Disaggregation of steel material sectors 
Steel-related sectors are disaggregated to analyze the flow of steel alloying elements as 

described in Table 1. In the product category, crude and hot-rolled steels are disaggregated by 
type to clarify the flow from materials to products. The ferroalloy sector, which is the primary 
source of alloying elements in the steelmaking process, is disaggregated into 9 sectors: 
ferromanganese, ferrosilicomanganese, ferrochromium, ferrosilicon, ferronickel, 
ferromolybdenum, other ferroalloys, metallic manganese, and molybdenum oxide briquette. 
Metallic chromium, nickel, and molybdenum are also separated from the sector of nonferrous 
metal. 
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Disaggregation of car parts sector 
The car parts sector is disaggregated into 8 groups as described in Table 1. In the IO table 

for 2005, the automobile-related sector contains two final products (passenger cars and trucks, 
busses, and other cars) and 3 intermediate products (automotive body, internal combustion 
engine, and car parts). Of these, the car parts sector is one of the most highly aggregated 
sectors in the IO table. Because of this aggregation, material flow in the automobile-related 
sector is unclear. When various steel materials are collated in the aggregated car parts sector, 
the composition of the sector becomes an average of the various collated materials (Figure 
1a), such that we cannot distinguish usages of steel materials. On the other hand, 
disaggregation of the car parts sector clarifies the flow of steel materials (Figure 1b). In 
addition, this disaggregation makes it possible to assess disassembly and collection of parts 
for ELV treatment. 
 

Table I. Disaggregated sectors 
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Figure 1. Schematic of the disaggregation of the car parts sector 

 
Results 

Final destination of steel alloying elements 
Identifying the final destination of steel alloying elements is important for their effective 

life-cycle management. Using WIO-MFA, the concentrations and final destinations of 
manganese, chromium, nickel, and molybdenum are estimated. Results for manganese are 
also estimated; however, manganese is difficult to estimate accurately owing to its role as a 
deoxidizing agent in the steelmaking process; therefore, accuracy of results of manganese is 
lower than other results of alloying elements. Figure 2 illustrates the final destinations of 
manganese, chromium, nickel, and molybdenum in the top ten (49.3%) sectors. The largest 
accumulated sector for manganese, chromium, nickel, and molybdenum is the passenger car 
sector, followed by stainless steel materials, trucks, buses and other cars, and nonresidential 
construction. From the viewpoint of effective life-cycle management of alloying elements, it 
is important to consider domestic demand. Almost all alloying elements contained in steel 
materials are exported. Therefore, they cannot be managed and recycled in Japan. Conversely, 
alloying elements contained in around half of passenger cars and a large part those contained 
in trucks, buses, other cars, and nonresidential construction remain in Japan, and will be 
discarded there at the end of their lifetime. Overall, about 44% of final destinations were 
domestic in 2005. Therefore, there are considerable amounts of alloying elements that should 
be treated as precious “urban mines.” 
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Figure 2. Final destination of steel alloying elements analyzed by WIO-MFA 
 
Composition and alloying element contents of a passenger car  

Motor vehicles display the greatest quantitative potential for recycling of steel alloying 
elements (Figure 2). We clarify the composition and content of alloying elements of a 
passenger car using disaggregated WIO-MFA and discuss efficient ELV scrap treatment and 
recycling. 

Figure 3 illustrates the parts composition of a passenger car, which we obtained using 
WIO-MFA. The “direct” category includes all intermediate products (i.e., those not produced 
by automobile-related sectors) included in production of a passenger car. The weight of 1 
passenger car unit is 1,049 kg, excluding tires and glass. The contents of alloying elements 
and copper in each part are illustrated in Figure 4. Amounts of chromium, nickel, and 
molybdenum in 1 passenger car unit are 6.34, 1.50, and 0.21 kg, respectively. Although the 
exhaust weighs only 29 kg, it contains large amounts of alloying elements owing to the use of 
stainless steel. In recycling steel materials from ELVs, copper contents are of great concern 
because the hot workability of copper-containing steel is lower than copper-free steel. Much 
of the copper content is present in the direct, engine, and electric equipment parts (Figure 4). 
Figure 4 also indicates that distribution of copper by parts is distinctly different to that of the 
other three steel alloying elements, although engines contain similar contents of all elements. 
The high concentrations of these elements in engines does not pose a problem, because 
engines are usually removed during the current ELV treatment process and treated separately 
[17, 18]. Therefore, copper and steel can be easily separated and steel alloying elements can 
be recycled in low-copper environments. Thus, our results suggest the effectiveness of 
detailed ELV disassembling for the recycling of steel alloying elements. 
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Figure 3. Parts composition of a passenger car 

 
Figure. 4 Steel alloying elements and copper contents in each part of a passenger car 

 
4 Discussion and conclusion 

In many current ELV treatment processes, dismantling of parts is conducted to remove 
sources of copper contamination such as wire harnesses and electric cables [17]. However, 
after the removal of copper, dismantled parts are pressed and shredded together [18]. In this 
situation, the remaining alloying elements are mixed and diluted with iron matrix and are 
wasted. However, if dismantled parts were separated before shredding, they could be used to 
make steel products of similar composition.  

For example, an exhaust contains large amounts of chromium and nickel despite its 
relatively low weight owing to the use of stainless steel. Concentrations of chromium and 
nickel in exhausts are 8.98% and 2.14%, respectively, a combination that is useful for 
stainless steelmaking.  

We can use the results of this study to set scenarios for recycling steel alloying elements 
efficiently in the ELV treatment process. Focusing on the contents of alloying elements in 
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each part will allow effective combinations of parts to be shredded and melted together. 
Additionally, we intend to propose a new ELV scrap recycling system for the efficient use of 
steel alloying elements. 
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Phosphorus is present only as a trace element on the Earth, but is one of the important 

strategic resources for agricultural food production and for the chemical industry. Natural phosphate 

ore is traded worldwide, mainly as a raw material for fertilizer. Approximately 147 × 103 kt of 

phosphate ore was mined in the world during 2005. Of this, 24.7% (36.3 × 103 kt) was produced in the 

USA, 20.7% (30.4 × 103 kt) in China, and 17.1% (25.2 × 103

Vaccari 2009

kt) in Morocco, while there are 

essentially no deposits of phosphate ore in Japan or the EU (USGS,2012). It is of concern that, due to 

growing world demand for fertilizers, deposits of high-grade phosphate ore could be exhausted within 

the next 100 years ( ), and the average price of the ore in 2008 was approximately 

doubled that in 2007. Concerning the restricted supplies of phosphorus resource, it is important to 

consider the quantity and availability of phosphorus resources that currently remain untapped.

Various authors have analyzed P flow from the economical use and recycling perspective

(Smil 2000), (Li, He et al. 2007) (Neset, Bader et al. 2008; Matsubae-Yokoyama, Kubo et al. 2010;

Matsubae, Kajiyama et al. 2011). From these snapshots we might better be able to go beyond the 

“once-through mode of societal phosphorus metabolism” (Liu, Villalba et al. 2008). However, it is 

difficult to trace the supply chain of all the materials used in products throughout the country by using 

the bottom-up approach. The fact that phosphorus and other plant nutrients are one of the most widely 

used elements in our society calls for taking a bird’s-eye view for a better understanding of the flow of 

phosphorus including agricultural products and meat products(Goodlass, Halberg et al. 2003).

Input–output analysis (IOA) is one of the most widely used tools of industrial ecology for describing 

the economy-wide activities and their environmental implications. 
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With this in mind, we developed the Integrated Phosphorus Cycle Input Output 

(IPCIO) model to estimate the phosphorus requirement for economic activities and evaluate

the recycling effects of reutilization of phosphorus resources which are currently

untapped. The accounting framework of IPCIO has 4 natural resources and 25 phosphorus 

related commodities in physical term and 389 intermediate sectors of the Japanese 

economy in 2005 year. As empirical studies, phosphorus recovery and recycling scenarios 

are considered for future phosphorus resource management.
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