Helmholtz-Zentrum Dresden-Rossendorf (HZDR) i_l' _= D R

HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

Thermodynamics data of valuable elements relevant to e-waste
processing through primary and secondary copper production: a review

Shuva, M. A. H.; Rhamdhani, M. A.; Brooks, G. A.; Masood, S.; Reuter, M. A.;

Originally published:
May 2016
Journal of Cleaner Production 131(2016), 795-809

DOI: https://doi.org/10.1016/j.jclepro.2016.04.061

Perma-Link to Publication Repository of HZDR:

https://www.hzdr.de/publications/Publ-24002

Release of the secondary publication
on the basis of the German Copyright Law § 38 Section 4.

CC BY-NC-ND


https://www.hzdr.de
https://www.hzdr.de
https://doi.org/10.1016/j.jclepro.2016.04.061
https://www.hzdr.de/publications/Publ-24002
https://creativecommons.org/share-your-work/cclicenses/

Accepted Manuscript .
P P P »Cle:’acper
ction

Thermodynamics data of valuable elements relevant to e-waste processing through
primary and secondary copper production — a review

M.A.H. Shuva, M.A. Rhamdhani, G.A. Brooks, S. Masood, M.A. Reuter

Pll: S0959-6526(16)30329-8
DOI: 10.1016/j.jclepro.2016.04.061
Reference: JCLP 7085

To appearin:  Journal of Cleaner Production

Received Date: 11 September 2015
Revised Date: 12 April 2016
Accepted Date: 13 April 2016

Please cite this article as: Shuva MAH, Rhamdhani MA, Brooks GA, Masood S, Reuter MA,
Thermodynamics data of valuable elements relevant to e-waste processing through primary and
secondary copper production — a review, Journal of Cleaner Production (2016), doi: 10.1016/
j-jclepro.2016.04.061.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jclepro.2016.04.061

Thermodynamics data of valuable elements relevanbte-waste processing
through primary and secondary copper production — areview
M.A.H. Shuvd? M.A. Rhamdharti®, G.A. Brooks?, S. Masoot’, M.A. Reute?
'Swinburne University of Technology, Australia
’Wealth from Waste Research Cluster, Australia
*Helmholtz Institute Freiberg for Resource Techng|dgermany

*Corresponding author: ARhamdhani@swin.edu.au

Abstract

Waste of electronics and electrical equipment (WEkEe-waste) can be viewed as a
resource for metals, as it does not only contagnchmmon metals like iron (Fe), aluminium
(Al), lead (Pb) and copper (Cu) but also tracepracious and rare elements such as gold
(Au), silver (AQg), tin (Sn), selenium (Se), tellum (Te), platinum (Pt), palladium (Pd),
tantalum (Ta), cobalt (Co) and indium (In). Theaeery of these trace elements is vital, not
just because it has high commercial values, bud ds resources efficiency. One of the
existing industrial routes for processing of e-wastthrough the primary and secondary Cu
smelting processes. During these processes, tbe &l@ments are distributed in different
phases, i.e. in metal/matte, slag and gas. Diffeeaments have different thermodynamic
properties that govern the partitioning behaviaunirthy the process. There has been a number
of studies on the distribution behaviour of the¢r@lements relevant to primary Cu smelting
(extraction of metals from virgin ores). Howevéreite are only limited thermodynamics data
relevant to secondary Cu smelting (extraction ofatsefrom secondary/recycled sources).
This paper reviews the thermodynamics data releW@ntrecovering the trace valuable
elements from the primary Cu as well as secondargi@elting. These data and knowledge
provide the basis for determining the optimum ctiads favourable for recovering the trace

valuable elements in e-waste through the industiiepyrometallurgical processing.

Keywords: Thermodynamics, Precious metals distribution, Valulle metals distribution, Black

Copper Smelting, E-waste recycling, WEEE recycling



1. Introduction

Copper is mostly present in the earth’s crust asc@ntaining minerals and gangue
minerals (Davenport et al., 2002). The main rout€o production from sulphide ores is
through pyrometallurgy processes (Cui and Zhan@82&otuska and Chmielewski, 2008).
A continuous depletion of primary resources hagi@d us to recycle Cu from non-primary
sources such as from industrial wastes, consumstes/and WEEE (waste of electronics and
electrical equipment or e-waste) (Davenport et 2002). According to the United State
Geological Survey (USGS), around 30% of annual €@dyction comes from the recycled
sources (Goonan, 2010; Wood et al., 2011).

E-waste is defined as a broad range of electroemicds ranging from refrigerators,
air conditioners, personal stereos and consumetretecs to cell phones and computers
which have been discarded by their user (Puckedi.e2002). In addition to the common
metals such as Fe, Cu, Al, Ni, e-waste also cositiaactes of precious and rare elements, like
Au, Ag, Pt, Pd, Cd, Se, As, Co, Te, Ta, Ru, Ge, &a, Sn, Pb, and Bi (Cui and Zhang,
2008; Lehner, 2003). As, Bi and Pb are considerdokthazardous elements, while Au, Ag,
Sn, Pt, Pd, Ge, Rh, Co and other rare elements lghlecommercial values. To put it in a
perspective, one tonne of computer scraps contaie old than seventeen tonnes of gold
ores (Australian Bureau of Statistics, 2013; Do@014). The metals and their concentration

vary from one type of e-waste to another and atsg with time as the technology changes.

Recycling and utilisation of e-waste and other arbees are important for resource
efficiency (Reuter and Kojo, 2014; Worrell and ReuR014). Nevertheless, there is still gap
in knowledge and there are technical and non-teahmhallenges that prevent the use of
these resources efficiently. There are a numbeysfematic studies on the analysis of e-
waste collection, benefits of e-waste recycling aagious proposed solution to e-waste
problems (Chi et al., 2014; Menikpura et al., 2004&Jen et al., 2014; Zeng et al., 2015)
which are mainly associated to reduce the envirowahechallenges. Reuter et al. (2013)
described about the opportunities and limits ofahetcycling from e-waste. A humber of
studies have also pointed out that recycling ofrttte earth metals from e-waste is important
to build a green economy (Binnemans et al., 2018) eeduce the supply chain risk
(Binnemans et al., 2015).

Currently, one of the existing industrial routes fwocessing of e-waste is through
metallurgical processes embedded in primary andnslscy base metals productions, such as

through Cu smelting. It is a great challenge fotahmdustries to develop and design optimal



smelting processes utilising e-waste (GoOtze andeRoR012; Khaliq et al., 2014). The
elements found (and their concentrations) in e-avase significantly different than those
found in common primary ore concentrates. A largiblase of information, in particular, the
solution thermodynamics data in the primary Cu essng has accumulated over the years
but the information is limited to a number of elentse(such as In, Te, Se, Co, Pd, Pt and Rh)
behaving in Cu/matte/slag systems. There are Ilinptéblished data available which focus on
the trace elements distribution in secondary Cwcgssing. There is still some gap in the
information for the separation of the combinatidretements in e-waste particularly in the
operating conditions beyond those commonly usetienexisting processes. This requires a
rethinking of traditional processing techniques,jclhmust be based on knowledge of how

these unusual trace elements distribute betweeseplturing smelting.

2. Methods
The current study focuses on a comprehensive argtersgtic review of

thermodynamics data of valuable metals associaigdpnmary and secondary Cu smelting.
Particularly, identifying the distribution-ratio @aof valuable metals during Cu smelting
process relevant to e-waste processing, availablenvironmental, metallurgical, and
chemical literatures. This review paper then hgjtts the gaps in knowledge required for the
improvement and optimisation of current industgabcesses. The implication for metal
recycling industry as well as the challenges fourfe research and improvement of industrial
processes are also described. It is hoped thaartiee helps the development of ideas for
further research on the thermodynamics behaviowabfable elements to promote metals
resource efficiency and also useful for the induaind scientific community as state of the

art reference paper.

3. Thermodynamic Behaviour of Valuable Elements irCu

The equilibrium reaction of a solute elemeM’ ‘between liquid metal and slag

having a valence dfv can be described by Equation 1:
[M] +>0, = (M0,) (1)

The equilibrium constank for the above reaction is expressed by the aesvibf metal

oxide and metal distribution-ratio as follows
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The distribution-ratio ofM’ in slag and metal can be defined as

s/m _ (pct M)
Lu [pct M] (3)

Where the parentheses () and [ ] denote the ctratiem of the element in slag and metal
phases respectively. It was shown that the didightratio can be represented as (Takeda et
al., 1983; Yazawa and Takeda, 1982)

sym _ K@plymlPyY

M [nrl(vmo,)

(4)

WhereK is the equilibrium constant for Reaction (&); is the total number of moles in
constituents in the relevant phasgs, is the activity coefficient of M in the metat,,, is
the activity coefficient of metal oxid# 0, in the slag and,, is the oxygen partial pressure.
It was reported that monocation form of oxides slwowstant activity coefficient over a large
range of composition (Takeda et al., 1983; Yazamth Bakeda, 1982; Yazawa et al., 1968).
As shown in Figure 1, the activity coefficient afides in the slag is a function of mole
fraction. It can be seen from Figure 1(a) that mounolear atom base oxides such as 3,10
AsO, 5 etc., showing constant activity value throughdwg toncentration range. However,
the activity coefficients of multi-nuclear atom baexpression such g0, As0; etc., as
shown in the Figure 1(b) do not show constant \w@against the concentration. It was also
reported that the value of the total number of ma@éspecies in non-ferrous smelting slag
systems (such as in FeECu(y 5-=CaO-MgO-MOv/m slag systems) is similar when a# th
constitutes were expressed in mono-nuclear atom, has the number of mol€a;) is 1.45
per 100 g of slag phase, and 1.57 per 100g of npétase (Takeda et al., 1983). For a
particular temperature, all the terms on the rgjtle of Equation (4) are constant, with the

exception opoy. Therefore, the following relationship can be bbshed:

log LSI\,{m = logB + (g) log Py, ) (5

s/m

From the slope of the linear relationship betwksl,,;™ andlog Py, the degree of
oxidation of solute elemeFZ’itin the slag can be determined. The activity cogffit of MO,

in the slag can be calculated by using Equationf (e activity coefficient in of element M
in liquid metal phasey,,, is known. Takeda et al. (1983) extensively stddiee distribution-

ratio of selected solute metal elements as a fomafpo, as shown in Figure 2.
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Fig. 1:Relationship between the activity coefficient ofdes and the mole fraction of oxides
in FeQ-CaO slag at 125C, reproduced from (Takeda et al., 1983; Yazaved. £1968).

Yazawa (1974) described that the trace elementaviomlr in primary Cu processing

can be represented by the following two reactions:

1
[M]spy +5 Sz = (MS) (s (6)



1
[M]sy +5 02 = (MO) sy (7)

The logarithmic equilibrium constantiyg K; and log K, of Reactions (6) and (7) were
calculated respectively for the various elementsmébin primary Cu smelting at 1300°C, and
shown in Table 1. In addition, the activity coeiffict (yy) at infinite dilute solution of
elements and the distribution-ratio coefficiehj;, in molten Cu and white metal are also
given in the table. From Table 1, the stabilitywafious elements during the Cu smelting can
be evaluated. Au, Ag, Se and Te are stable amdreg etements and difficult to be removed

by oxidation. Some other elements can be removétkeioxide or sub oxide forms.

Table 1: Thermodynamic data of elements in prin@2umysmelting at 1300°C (Yazawa, 1974,
Yazawa and Azakami, 1969)

Cu Au Ag Pb Bi As Sh Sn Ni Co Fe Zn Se Te

Lyu - 172 2.4 115 8.1 9.0 13.6 9.3 31 112 0.20 0.99.074 0.118

™ 1 0.36 2.9 51 25 0.0008 0.017 0.13 2.6 8.6 12.6130 0.0034 0.004
logK, | 2.88 - 094 112 -1.3 - -0.2 135 134 115 239273 -

logK, | 201 -4.63 -223 242 168 3525 349 400 3.18 03.%40 6.16 -1.24 0.04
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Fig. 2: Distribution-ratios of Pb, Bi, Sn and Agtween slag and liquid Cu systems at
1250°C, reproduced from (Takeda et al., 1983; Yazaval. £1968)

Yazawa and Azakami (1969) suggested two mecharosnindling solute elements
during the primary Cu smelting. First is throughdation immediately after slagging and the
second one is through volatilization. They had aered the following Reaction (8) to

describe the removal of impurities during the Cowasting:



CU.ZO (l) + [M](S,l) =2Cu + (MO)(S,I) (8)

They utilised available experimental and thermodyicadata of the behaviour of
solute elements at 128 as listed in Table 2. It was pointed out thattdde metals (Group
1) in the Table 2, which have a smillvalue, are difficult to oxidise. These metals, boer,
have a high economic value and could be recoveoed fhe anode slime at later stage of the
Cu processing. The Group 2 metals cannot be rembyaxkidation but can be removed by
volatilisation, particularly Zn and Cd because lo¢it high activity coefficient and patrtial
vapour pressure. It should be noted that Se, Teassehide have large partial pressure but
their activity coefficient are very low. On the ¢rary, Group 3 metals have largevalues
and most of them are easily oxidized and veryelithount may be found as inclusions. In
Cu smelting some impurities have value which carrdm®vered but deleterious elements
which cannot be recovered either in converting lecteolytic refining stages should be

removed as much as possible before the smeltirappso

Nagamori and Mackey (1978) simplified the disttibo-ratio of elements into three
feasible models and considered equilibrium systBms&igh grade matte as well as fayalite
slag for all these models. Au, Ag, Bi, Sb and Agaveategorised in the first model where
their distributions depend only on the temperatiiitee second model represented elements
whose distribution varies with temperature @agdandps,, which include Pb, Zn, Ni, Co and
Sn. While, Te and Se were in the third model whitrar distribution depends on the
temperature an@o, only. The assessment established feasible physicochemmagls for
different elements in the fayalite slag. Table 8vg the distribution-ratio of some elements
and their relation wittpo, andps; at 1250°C and Table 4 shows the Gibbs energy afata

elements in Cu.

Nakajima et al. (2011) proposed that precious rmetal, Pd, Ag, Pt) and other
metals (Se, Te, Bi, and Sb) remain in molten matal can be recovered at later processes.
Some elements (In, Ni, Sn and Pb) are distributeslag and metal. A distribution-ratio chart
of different phases in the Cu converting procesh@vn in Figure 3. It was reported that the
distribution of elements largely depends on theratpeg temperature angh,. The effect of
temperature ando, on In, Ni, Pb, Sn distribution-ratio is shown imgére 4. In addition, the

slag composition also plays an important role tmver or remove elements from the Cu.



Table 2: Thermodynamics data of elements in lighidat 1200°C (Yazawa, 1974; Yazawa
and Azakami, 1969)

Element Content (%) Equilibrium ConstantK) vy

Au 0.003 1.2x 10 0.34

Hg - 2.5x 10 -

Ag 0.1 3.5x 16 48  Groupl
Pt i 5.2x 16 003  (most
Pd - 6.2x 10 0.06 ns]te"’;g'li)
Se 0.04 5.6x I <<1

Te 0.01 7.7x 19 0.01

Bi 0.009 0.64 2.7

Cu ~99 - 1

Pb 0.2 3.8 5.7

Ni 0.2 25 2.8

Cd - 31 0.73 Group 2
Sb 0.04 50 0.013 V(O”I“aotﬁ;
As 0.04 50 0.0005 netals)
Co 0.001 1.4x 10 10

Ge - 3.2x 18 -

Sn 0.005 4.4x 10 0.11

In - 8.2x 16 0.32

Fe 0.01 4.5x 10 15

Zn 0.007 4.7x 10 0.11

Na - 1.1x 18 -

Cr - 5.2x 16 -

Mn - 3.5x 10 0.80

Si 0.002 5.6x 10 01  Group3
Ti ) 5 8x 16 ) (OX|d|_sed
Al 0.005 8.8x 18 0.008 readily)
Ba - 3.3x 10* -

Mg h 1.4x 16° 0.067

Be - 5.4x 16° -

Ca - 4.3x 103 -




Table 3: Distribution-ratio value of elements in @rocessing at 1250°C (Nagamori and
Mackey, 1978)

Element  Relationship & Dependency LSM/m (calculated)
Ag 1000 (estimated), IndependentAg) andPs, 1000
As 30+10 ( 1200-1300°C), Independentfs) andPs, 30
Au 2.5x 10, Independent td, andPs, 2.5x 10
Bi 1545, Independent t8,, andPs, 15
Fe Dependent o, andPs, ~10*
Ni Dependent o®,, andPs, 1.38
Pb Dependent ot,, andPs, 0.013
Sh 1545, Independent t8,, andPs, 15
Se = (7 +26) x 1077 Py, "2 + 0.027 + 0.018t, 35.2

L3
Independent t&s,, t = 0.01(T-1523),
Sn Py, andPg, 1.8
Te 5 =(8+4t)x1078P, "2 4+0.029 + 34.2
L3,
0.006t, Independent t&s,, t = 0.01(T-1523)
Zn Dependent o, andPs, 6.33x 10'

* Pg, = 2.22 x 10™%atm,P,, = 2.41 x 10~7atm

20
Distribution modelfor Cu converter
xy = 0.01 (mol fraction)
Po2 = 10" Pa
| pcu=8x10"Pa o Al
T=1500K . o.s[v'
10 oW B o Cr g
e Mn
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= Ge @ ®Zn
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O Recoverable elements |O Pt OAu
-20
-20 -15 -10 -5 0 5 10
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Fig. 3: Metal distribution-ratio in different phasef the converter of the Cu smelting in
certain atmosphere. Adapted with permission frorkdjima et al., (2011). Copyright 2011
American Chemical Society



3 3
In
In
2 2
Ni
~~ ) ~
= 1 \ g 1
) P
S i 32 P
o0 e . Pb o0
O 0 momm=ea IO --1- Qo0 1--1--
-_— T, ——— ] — =
s s
1 -1
Distribution model for Cu converter Distribution model for Cu converter
vy = 0.01 (mol fraction) xym = 0.01 (mol fraction)
po, = 10" Pa, pc, = 8 x 10'Pa pc, =8 x 107Pa, 7= 1500 K
.2 L _2
1500 1550 1600 -2 -1 0 1
Temperature, 7/ K log (po,/Pa)
(a) Temperature dependence (b)Oxygen partial pressure dependence

Fig. 4. Effect of temperature anmm, on distribution-ratio of elements in a Cu converte
Adapted with permission from Nakajima et al., (2D1Qopyright 2011 American Chemical

Society

10



Table 4: Gibbs Energy data and activity coefficiendf elements in Cu

Reaction

AG® (J/mole)
AG® = AH® — TAS = -RTInK

i

Reference

cu () + %02 (9) = Cu0y5(I)
49 () +30:(9) = AgOys(s)
Co() + % 0,(g) = CoO (1)
sn () + % 0,(g) = SnO (1)
sn (1) + % 0,(g) = Sn0,(s)
Pb (1) +20,(g) = PbO ()
As (D) + % 0,(g) = As0, 5(D)
Sh (1) + % 0,(g) = Sh0, 5(1)
Bi () + % 0,(g) = Bi0, 5(I)
Te (1) + % 0,(g) = Te0, (1)
Fe () +5Te, = FeTe (s)
Se (1) + % 0,(g) = Se0,(s)

1
Fe (a) +2—Se2 = FeSe (s)

-58800+19.55T

-26020+40.00T

-235480+71.55T

-262290+86.57T

-584090+212.55T

-195100+77.7T

-330620+115.39T

-334820+114.23T

-284300+133.05T

-315470+176.15T

-46929+80.79T

-229870+189.74T

-148603+79.95T

3.1

14

0.12

4.8

0.006 ~ 0.06

0.15~0.6

01~1

0.033

0.002

(Takeda et al., 1983; Yazawa, 1980)

(Takeda et al., 1983; Yazawap)198
(Azakami and Yazawa, 1976; Takeda et al.,

1983; Yazawa, 1980)

(Takeda et al., 1983; Yazawa et al., 1968)

(Takeda et al., 1983; Yazaw80)19

(Hultgren et al., 19%keda et al., 1983)

(Azakami and Yazawa, 1976; Takeda et al.,
1983)

(Azakami and Yazawa, 1976; Takeda et al.,
1983)

(Choi and Cho, 1997; Mackey, 1982; Nagamori
and Mackey, 1977; Sigworth and Elliott, 1974)

(Choi and Cho, 1997; Mackey, 1982; Nagamori
and Mackey, 1977; Sigworth and Elliott, 1974)
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3.1 Distribution of S

Sn is relatively scarce element as its averageesuration in the earth’s crust is about
2 ppm (Emsley, 2001). However, in a personal coempabout 1 wt% of Sn is found
(Australian Bureau of Statistics, 2013). In Cu gimgl Sn will distribute between gaseous,
metal and slag phases. P, between 18 to 10° atm, Sn remains as involatile Sh@®@s the
Po2 is decreased, SnGs reduced to a volatile SnO which can segregatefft@as. The
distribution-ratio of Sn in different slag systeni Gu smelting reported by previous
researchers are shown in Figure 5. The activityfficoent of SnO in Cu and various slag

systems is presented in Table 5.

[ Takeda and Yazawa (1989). calcium ferrite, 125000 /D &
(O Takeda and Yazawa (1988), iron silicate 1250O c /Z/
A Nagamori and Mackey (1977), alumina iron silicate, 1200°¢ ’ . ‘
1 0 5/ Nagamori and Mackey (1877), alumina iron silicate, I3UDD c m
. Gortais et al. (1994), CaF»-Ca0-MgO-Si0, 12270 (o} J// ’
@ Anindya et al. (2013), calcium ferrite silicate (CaO= 21.8%), 134300 c 'E/
I Anindya et al. (2013), calcium ferrite silicate (CaO= 13.8%), 1300° C 4
! a o
=
1k Va ~ R
S L.
JZI/ - Tl
Ec 9 P35 =g
Bwn 7 /QZS s
| ~ _4 : R
0.1} -l
2 Ty ®
= el
A /Q/ A . 1
O . 5 ol
- QA 1//2
B/./ e @ b @ /-
. P i
0.01 |- O/,@ s |
1 E_3 1 | 1 1 | | | 1
-13 42 A1 -10 -9 -8 & -6

log P, (atm)

Fig. 5: Sn distribution-ratio as function pf, and temperature in different slag systems

Takeda et al. (1983) and Yazawa et al. (1968)rdmst that at highpo,, Sn was
found as a tetra-valent in a FeOaO slag. Nagamori and Mackey (1977) reported Sinats
present in the slag as SnOpab below 10¢° atm. In their work, they used FeGiO,-Al,0;
slag and Cu reacted at 1200and 1306C. The presence of alumina in the slag had little
effect on the Sn distribution-ratio. Takeda et(&4B83) and Nagamori and Mackey (1977)
observed a similar trend of Sn distribution-ratibazawa et al. (1999) investigated
distribution-ratio of Sn between Cu and ReCa0-SiQ (FCS) slag apo, 10%%to 10° atm

12



at 1300°C. They found Sn as SnO in slag and hi§hér activity coefficient in the slag than
that in FeQ-CaO and Fe@SiO; slags.

Table 5: Activity coefficient of SnO in various glaystems

Investigators Do, (atm) Temperature®C)  ysno

Iron-Silicate Slag

. ] 6 1200 1.9+0.3
Nagamori and Mackey (1977) b 10 1300 0.840.1
Takeda et al. (1983) 10 1250 1.5
Takeda and Yazawa (1989) 10*2-10° 1300 1.8
Louey et al. (1999) 10+ 1250 -
Calcium-Ferrite Slag
Takeda et al. (1983) 10 1250 0.9
Takeda and Yazawa (1989) o 10° 1300 1.2
Ferrous-Calcium Slag
Yazawa et al. (1999) 16— 10° 1300 5-6.2
Anindya et al. (2013) 10%2- 108+ 1300 09-3

Gortais et al. (1994) carried out equilibrium expents for Sn at 122T using
CaF,-Ca0O-MgO-SiQ slag and confirmed that Sn is present as 31t®igh po2. Louey et
al. (1999) investigated the distribution of elenselietween matte and fayalite slag at
1250°C and at very lowo, (10 atm) and found that Sn behaved as Sm the
distribution-ratio of Sn of 2.8+0.3, which is clote those reported by Koike and Yazawa
(1994) and Yazawa et al. (1968).

Anindya et al. (2013) studied the distribution of Between Cu and FCS slagpab
below 10° atm and at 1300°C. The Sn was found in the for@r@d in the slag as confirmed
from the slope of the variation of Sn distributi@atio with po, shown in Figure 5. They
found much lower the distribution-ratio of Sn in $G@lag and Cu compared to previous
studies (Gortais et al., 1994; Nagamori and Mack®y,7; Takeda et al., 1983; Takeda and
Yazawa, 1989; Yazawa et al., 1968). Anindya e{28l13) reported that the distribution-ratio
of Sn and Cu decreases with increasing CaO inl#teand attributed this to the increase of
SnO activity coefficient in slag.

Street et al. (2001) investigated the Sn solubilitfCaO-ALOs-SiO, slag at 160%C
and reported that solubility of Sn is independenpe in the range 0£0**° to 10 atm.
However, solubility of Sn in slag increases witkrgasingpo, in the higher region, because

of SnO dissolution in slag. Li et al. (2009) consted the Cu-Sn phase diagram and Lu et al.

13



(2012) evaluated existing thermodynamics data ahcutated the activity coefficient of Sn

in liquid Cu using interaction parameters.

Beyond the Cu system, there are a number of studiethe thermodynamics of Sn
removal from steel scrap. Sano et al. (1998) amd & al. (2011) studied the recovery of Sn
from steel scrap. Wang et al. (1991) determined abvity of Sn in liquid Fe-S alloy
saturated with C and Ag.

The relationships of Sn distribution-ratio in dréat slag systems witho, have been
investigated by many researchers but the effeetdditive like AbOs, MgO or mix thereof
was not extensively studied. The effect of tempeeabnys,ohas not been investigated for a

wide range ofo>.

3.2 Distribution of Ag

In FeQ-CaO slag at 1250°C, Takeda et al. (1983) and Yazstval. (1968) showed
that the distribution of Ag to the slag is very dimisecause it is difficult to oxidise. The
dissolution of Ag in Fe@CaO slag did not show any dependency on the cbatekg in Cu.

It is seen in Figure 6 that the distribution-ratiobAg depends on the pOAg was primarily
dissolved as monovalent oxide (Ag&) at highpo,. The effect of slag basicity or acidity on
Ag distribution-ratio was not reported.

Louey et al. (1999) investigated the distributiatio of Ag between Cu-matte and
FeO-SiO; slag at 1250°C aio, =10 °atm. The Ag matte/slag distribution-ratio was found
to be 120+40 which is in agreement with (Roghariletl997a; 1997b; Takeda and Roghani,
1993). However, they found discrepancy between mheasured and the calculated
distribution-ratio of Ag, because the Ag was préserslag as oxide rather than Ag metal.

Avarmaa et al. (2015) investigated the equilibridistribution-ratio of Ag between
FeQ-SiO, slag and Cu-matte at 1250-1860under controlledoo,, ps2 and pso2 They
reported that Ag distribution-ratio slightly inceeal with increasing grade of Cu-matte. The
effect of temperature on the solubility of Ag imglwas found to be large, as volatilisation of
Ag occurred at high temperature.

Schlitt and Richards (1975) determined the Ag hstion in metal and matte
systems at 1150 to 12%D under CG-SO,-N, atmosphere and found no dependency on
temperaturepo, andpsoz

The solubility of Ag in different slags was invegtted at high temperature and
dissolution mechanism also examined inGHB,03;, CaO-BO; and BaO-BO; slags (Park
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and Min, 1999, 2000). It was suggested that satylof Ag decreased with the increase of
basicity. The mechanism of Ag loss in borosilicstisy was studied by Pickles et al. (2011).
The ionic reaction of Ag in MO-BD; (MO=CaO, NaO, BaO) slags at high@e, is shown in
Reaction (9)YPark and Min, 2000):

Ag () + 50, (g) + 0% (slag) = Ag0 § (slag) ©)
The partitioning of Ag metal is enhanced with tmadg of Cu-matte, but solubility of
Ag in slag can be increased with higher temperaamapo,. Therefore, low temperature is

preferable for Ag partitioning during smelting ogeon. Ag behaviour on other slag systems
and the effect of slag additive have not been studi
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Figure 6: Distribution of Cu and Ag in matte andgshs function of log,,, reproduced from
(Takeda et al., 1983; Yazawa et al., 1968).

3.3 Distribution of In

Some published data of distribution-ratio of Inbetween Pb or Cu metal and slag
system is shown in Figure 7. Johnson (1983) camwigdstudy on the distribution of In in
FeO-SiQ-Al,05-Ca0-MgO-PbO slag and molten Pb at 1200°C pgdof 10*? atm. The

oxidation state of In in slag was not assessedisnstudy. Johnson suggested that In
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distribution-ratio was independent of Fe/gi@tio, and observed a declining trend when slag

basicity is increased.
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Fig. 7: In distribution-ratio in slag and Cu asuadtion ofpo,

Hoang and Swinbourne (2007) measured the partitgpaf In in Pb and Fe@BiO,-
Ca0-ALO; slag atpo,=10"?-10"° atm and 120%C. They found that In distribution-ratio
increases with increasing Fe/Si@atio, but independent of CaO/SiQatio. Highest
distribution-ratio was found at most FeO rich sliigvas reported that In was present in slag
as InO. Anindya et al. (2014) determined the Inritigtion-ratio in Cu and Fe@CaO-SiQ-
MgO slag at 1300°C anpo,=10°-10° atm. In was found to be in the form of Indn slag
due to instabilityof InO. Similar result was also found by Henao let(2010), where they
used EPMA (Electron probe X-ray microanalysis).id¢dnaction of InQ s was calculated and
it was found that it behaves as neutral oxide ag.slt was reported that distribution-ratio of

In in metal increases with increasing of CaO imgsla

Ko and Park (2011, 2012) found that In solubilibanges with the slag basicity (In
solubility decreases with increasing silica contefnhe dissolution mechanism of In in CaO-

SiO-Al ;05 slag was constructed in the following reaction:

In(s) + ~0, (g) = In* +-(0%) (10)
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Han and Park (2015) measured In solubility in FeO-R\l,03-5Ca0-MgQ;; slag at
1300C andpo=10*%-10"! atm and found that In solubility increases witlkreasingpoz.
The solubility of In was found much lower in CaG2&iAl,O3 compared to FeO-bearing
slag. The dissolution of In in FeO-SHAI,03;-5Ca0-MgQ,: was found to decrease with
increasing temperature, which indicates the exatfeemature of I1pO in slag. It was
suggested that a high temperature reducing atmoesptieh low silica content in calcium-
aluminosilicate slags is a conducive conditionggro-recycling of In bearing materials (Han

and Park, 2015). The dissolution mechanism of idein slags is still not fully understood.

3.4 Distribution of Seand Te

Nagamori and Mackey (1977) measured the solubiifityse and Te in FeE5i0,-
Al,O3slag and Cu at 1200°C to 1300°Cpisy between 18" to 10° atm, where they observed
Se distribution-ratio decreases with increaspeg. It was reported that Se and Te can
dissolve in slag both in elemental {S&€”) and molecular (SeO, Se®eSe, TeO, TeD
FeTe) form. At lowpo, in addition to atomic dissolution, they are disgdl as stable FeSe
and FeTe. The distribution-ratio of Se was foundntrease with lowering opoz. They
found a constant relationship of Te distributiotieravith po,. Alvear et al. (1994) reported
that the distribution-ratio of Se and Te decreasils increasingpo, during reduction and
opposite trend was found in oxidation in8&s slag systemThe activity of Te oxide and
Se oxide were reported to decrease with decreasingaQys in NaQsCO,-TeO, and
NaQy 5-CO,-SeQ systems which is also the indication of high piaring ratio of Se and Te
in metal for NaCQO; slag system.

The behaviour of Se in Fe&iO, slag equilibrated with a Cu-Se alloy in; N
atmosphere was investigated at 1%8%nd 1256C by Fang and Lynch (1987). They found
that the nature of Se species in slag is in agreemi¢gh Nagamori and Mackey (1977). Fang
and Lynch (1987) found that Se solubility is laggaffected by F&/Fe* ratio and almost
zero at very low ratio.

The distribution-ratios of Se and Te between CaOzR¢gO slag and Cu ipo,=10°
to 10%%®atm at 1208C to 1406C were investigated by Johnston et al. (2007).fEkalts are
shown in Figures 8 and 9 compared with the residitddagamori and Mackey (1977). Se and

Te dissolve into the CaO-Fe®™gO slag according to following reactions:

Se (s) + 2102 (g9) = Se?* + (0%7) (11)
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Te (s) + 2102 (g) = Te?** + (0%) (12)

It was found that distribution-ratios of Se and de higher in Fe@CaO-MgO
compared to in Fe@SiO,-Al,03 slag. This was mainly due to higher activity ofé8wl Te in
FeQ,-CaO-MgO, which also increases with increasing eragure. It was reported that Se
and Te enter into slag as complex of calcium (CaSe@ CaTeg) which are more stable
with increasing temperature (Johnston et al., 2Q@bbnston et al., 2007). Johnston et al.
(2007) reported that the partitioning of Se andifi@eases with increasing temperature.
Swinbourne et al. (1998) investigated Te distrilmdratio in Cu anode slimes smelting at
1100C and found that low temperature and lpws are preferable for Te elimination in
anode furnace. Zhao and Irons (1997) showed thab&ld be reduced using calcium carbide
and NaCO;s; from molten Cu at 1300°C.

In summary, the partitioning of Se and Te to skgnhanced in the presence of lime
through formation of complex Ca. In the presencerar, iron selenide and iron telluride
could form and also increase the activity of Te &edn slag. The effect of additive in FeO
SiO; slag on the behaviour of Se and Te has not beemughly investigated, therefore

further study is required.
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Fig. 8: Se distribution-ratio in the slag and Cwadsnction ofP,,and temperature
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Fig. 9: Te distribution-ratio in the slag and Cuaafsinction ofP,, and temperature

3.5 Distribution of Pt, Pd, Au and Rh

The concentration of Pt group metals (PGM) in tigin ore is low (3-20 ppm),
therefore most of them are recovered as by-proaiwiag Ni and Cu smelting (Cabri, 1992;
Graedel et al., 2002; Saurat and Bringezu, 200@¢. tface concentration of Pt in e-waste is
0.1-5 ppm. The PGM are favourably recovered usimgeat Cu production circuits (Reuter
and Kojo, 2014).

Yamaguchi (2010, 2013) determined the distributiatie of Pt and Pd in Cu alloy
and FeQ-CaO slag at 136C andpo,=10°-10° atm and reported that the distribution-ratios
of Pt and Pd were increased with increagipg (shown in Figure 10). Henao et al. (2006)
measured the distribution-ratio of Pt, Pd and Rtween Cu-matte and Fe@iO, slag at
1300C under fixedpso2 It was found that distribution-ratio is constamt to 60% Cu in

matte and then increases with increasing matteegriignao et al. (2006) reported the

pMette/stag of 1000 for Pd and 100 for Pt, respectively.
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Fig. 10: Distribution-ratio of Pt and Pd betweerO€aO slag and Cu alloy at 130
reproduced from (Yamaguchi, 2013).

Avarmaa et al. (2015) investigated the distributadriPt, Pd and Rh between FeO
Si0, slag and Cu-matte at 1250 to 1350and reported an increasefi****/*'*? of pt, Pd

and Rh with increasing matte grade. THE**/*'*? were 3000 for Pd, 6000 for Pt, and
10000 for Rh in a matte grade of 65% Cu, respdgtividhey also reported that the effect of
temperature was very small. The solubility of Pd &d was increased with increasing matte
grade, temperature amm, (Avarmaa et al., 2015; Yamaguchi, 2010), as bdttariel Pd
exhibit deviation from Raoultian behaviour in thiute Cu-Pd and Cu-Pt systems (Abe et al.,
2006; Li et al., 2008).

Swinbourne et al. (2005) investigated Au solubilityslag and found that solubility of
Au in Pb-slag is higher compared to in Re®)O, and CaO-Si@ slag. The dissolution
behaviour of Pt (Nakamura et al., 1998; Nakamuch@amno, 1997; Wiraseranee et al., 2014),
Rh (Wiraseranee et al., 2013a; Wiraseranee eR@L3b) and Au (Han et al., 2015; Schlitt
and Richards, 1975; Swinbourne et al., 2005) haen Istudied to understand the dissolution
reaction in slags. The ionic reactions of Pt in €8@D; slag (Nakamura and Sano, 1997),
Au in CaO-SiQ-Al,03-MgQOsy Slag (Han et al., 2015) and Rh in CaO-S#tag (Wiraseranee

et al., 2013a) were suggested to follow these it

Pt (s) + 2102 (g) + 0%~ (slag) = PtO 3™ (slag) (13)

Rh (s) + 4302 (9) + %02_ (slag) = RhO 5 (slag) (14)
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Au (s) + 4102 (g9)+ %02_ (slag) = AuO~ (slag) (15)

Au (s) + %02 (9) + %02‘ (slag) = Au0 3~ (slag) (16)

3.6 Distribution of Pb

The summary of published data of Pb distributicioran Cu and different slags is
shown in Figure 11. Takeda et al. (1983) and Yazaival. (1968) measured the Pb
partitioning between Fg@CaO and Fe@SiO, slags and liquid Cu at 12%D. It was reported
that Pb exists in slag as PbO and partitionindag s higher in Fe@SiO, slag compared to
FeQ.-CaO slag. The activity coefficient of PbO was fduio increase with increasing of
CaO. Takeda et al. (1983) reported the stabilityPbO in slag increases with decreasing
temperature.

Nagamori et al. (1975a) investigated the equilioriof Pb in Fe@SiO,-Al,Os.
CuQys slagand metallic Cu at 126G and 1308C at po=10"-10° atm and found that
distribution-ratio of Pb depends @a,, andyepoincreases with increasing A&); content in
the slag. The activity of PbO in slag was foundb¢o0.07, which was independentpgh and
temperature.

Kim and Sohn (1998) measured the distribution-rafi®b in Cu and FeE5i0; slag
at 1256C andpoz =10'%-10° atm. It was found that the distribution behavidepends on
Po2, basicity and FeglSiO, ratio. They also found that the activity coeffiti@f PbO and the
distribution-ratio of Pb are not remarkably affectey the addition of AlO3;, CaO, MgO or a
mixture thereof. Due to the addition of additivesiag, PB" was replaced to decrease its
proportion in slag by G4, Mg** and AF".

It was proposed by Acuna and Yazawa (1987) thatdik&ibution-ratio of Pb is
highest for Fe@SiO, slag, followed by Fe@BaO and Fe@CaO slags. Matsuzaki et al.
(2000) measured the distribution-ratio of Pb betw&aO-SiQ-Al,0O3; and liquid Cu at
1350C and reported that the partitioning of Pb is affdcby po,, temperature and slag
basicity. The slag system was considered as aaegalution by Matsuzaki et al. (2000) to
calculateyppo and they found similar results indicated by (Takedd Yazawa, 1989). It was
also mentioned by Matsuzaki et al. (2000) thgbwas decreased, as CaO was replaced with
SiO; at a fixed A}Os. In the study of Kim and Sohn (1998), it was alsorfd thatypyohas a

linear correlation withpoo.
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Fig. 11: Pb distribution-ratio as function@j, and temperature in different slag systems

Heo et al. (2012) investigated the distributioneraif Pb between FgE5i0-(CaO,
Al,03) and molten Cu at 1260 and 13° atm. They found that Pb distribution-ratio
decreases with increasing of CaO and®lin the slag. Heo et al. (2012) proposed that due
to the increase of alumina content, the activityFefD decreases from about 0.45 to 0.25
which promotes the dissolution of Pb into the slag.

Kaur et al. (2009) measured the Pb distributioreragtween Cu and Fe&aO-SiQ
slag at 1308 andpoz=10° atm; and indicated that Pb partitioning in FCSysia better
compared to in Fe@SIiO, slag. Degterov and Pelton (1999) optimised thentbeynamics
database for equilibrium calculation of Pb whiclates to the Cu production at temperature
range 1150 to 135Q andpo, 10'°to 10° atm; and reported that the distribution-ratio bf P
is affected by slag basicity and Fe/Sifatio. PbO behaves as a strong basic oxide at the
conditions of Cu processing (Heo et al., 2012; Kaimd Sohn, 1998; Matsuzaki et al., 2000).

3.7 Distribution of Co

The distribution-ratio of Co was investigated byz#wa et al. (1968) between liquid
Cu and Fe@CaO or Fe@SiO; slag at 1258 and the result is shown in Figure 12. It was
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found that the distribution-ratio decreases witlwvdang po». It was also reported that under
oxidative smelting condition Co goes to slag andlifficult to recover for a matte grade
approximately above 80% Cu. Kho et al. (2006) messuhe Co distribution-ratio in

synthetic Cu-matte and Fe@iO,-MgO slag at 125 to be 4.3+0.9, which is in a good
agreement with results of Mwema et al. (1995) butigher than the finding of Yazawa et al.
(1968).

0O Iron silicate, 1250°C
O Calcium ferrite, 1250°C

100 |

10|
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Fig. 12: Co distribution-ratio as function p#é; in different slag systems, reproduced from
(Takeda et al., 1983; Yazawa et al., 1968).

Derin and Yucel (2002) studied the solubility of Getween Co-Cu and ADs-FeO-
Fe0s-Si0, slag at 135%C andpo, 10*°to 10° atm. They found thajceo increases with
decreasingo,. The Equation (17) shows the activity coefficieftCoO in silica saturated
fayalite slag as a function of Co solubility. Itosts thatyc.oincreases with Co solubility in
slag (Grimsey and Toguri, 1988).

Yeoo = 1.94 + 0.123 [wt% Co] (17)

Reddy and Healy (1981) investigated the distributiatio of Co in Cu-Co alloy and
Cw,0-Co0-SiQ slag at 120% to 1300C under argon atmosphere, where they found that
distribution-ratio of Co increases with decreasiegperature. They proposed a relationship
of distribution-ratio of Co as a function of tematrre as shown in Equation (18).

log L, = 2090/ + 1.26 18}

Grimsey and Liu (1997) measured the effect of adgliin FeQ-SiO, slag on the

activity coefficient of Co oxide apo, of 10° to 10™ at 1206C. They found thatyceo
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increases with increasing of &3, MgO and CaO and decreases with increasing of 8iO
slag. According to Teague et al. (200{gs0 increases with Si©Ocontent in the slag, but
above 4% Si@it decreases due to precipitation of spinel crgstadm the slag. Chen et al.
(2004) reproduced the experimental data by modetizdion for silica content up to 20% in
slag and found that the presence of silica in €80 slag induces a strong interaction
between CaO and Sj(thus lowering the interaction between CoO and @a@resulting in
the decrease ofoin slag.

KubiSta and West'al (2000) determined the thermodynamic propsriof Co-Cu
system and calculated the phase diagram. Later,ef{Lal., 2012) calculated the activity
coefficient of Co in liquid Cu using interaction rpmeter determined by KubiSta and
Viest'al. The partitioning of Co to slag is enhan@edhe presence of lime, magnesia or
alumina in slag, as these increase the CoO aciiviglag and th@o, also plays important
role in term of Co recovery (Eerola et al., 1984in@3ey and Liu, 1997).

3.8 Distribution of As, Bi and Sb

The summary of published data of distribution-raticAs, Bi and Sb in different slag
system is shown in Figures 13, 14, 15 respectigely dissolution form of these metals in

various slag systems is shown in Table 6.

Nagamori et al. (1975b) studied the distributiotieraf As, Bi and Sb between FgO
SiO»-Al,03.CuQy 5 slagand metallic Cu at 126G and 13008C atpo, 10** to 10° atm. It was
found that distribution-ratio of Sb and Bi decreassith increasing temperature but
independent opp,. It was suggested that Bi and Sb dissolved asiattorm in slag. This
was in good agreement with (Jimbo et al., 1984).

Yazawa et al. (1968) and Takeda et al. (1983) meddhe As, Bi and Sb partitioning
between Fe@CaO and Fe@SiO; slags and liquid Cu at 12%D. It was reported that Bi, As,
Sb dissolve through oxidic dissolution such as Bi@&sO, 5 SbQ s respectively; which was
in contrary to Nagamori et al. (1975b). Takeda let(#983) found a linear relationship
between these metals partitioning apg, in FeQ-SiO, slag. It was also found that
partitioning of As and Sb was lower in FeSIO, slag compared to Fe&aO slag. Sb and
As oxide are acidic which tend to form oxide witiskc flux. Thus the activity coefficient of
Yasows andyspa.s decrease with the increasing of CaO, which was t@deareason of higher

distribution-ratio of As and Sb in Fe@aO slag.
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Table 6: Dissolution form of Bi, Sb and As

Investigators Po, (atm) Temperature®C) Results

Iron-Silicate Slag

Nagamori et al. (1975b) 1H- 10° 1200 and 1300 atomic dissolution (Bi,Sb,As)

Takeda et al. (1983) 10 - 10° 1250 oxidic dissolution
(BiO1g, SbQ s, AsOye)

Jimbo et al. (1984) 10**- 107 1200 and 1300 oxidic dissolution

(BiO, SbO, AsO)

Kim and Sohn (1998) 10 - 10° 1250 atomic dissolution (Bi,Sh,As)

Chen and Jahanshahi (2010) 14910° 1300 oxidic dissolution (AsQ)

Calcium-Ferrite Slag

Takeda et al. (1983) 1H- 10° 1250 oxidic dissolution
(BiO1g, SbQ s, AsO, )

Eerola et al. (1984) 10'-10° 1250 oxidic dissolution
(BiOy5, SbQ ¢, ASO )

Chen and Jahanshahi (2010) 3010° 1300 oxidic dissolution (AsQ)

Ferrous-Calcium Slag

Paulina et al. (2013) 10 1300 oxidic dissolution (BiQ)

Chen and Jahanshahi (2010) 10 - 10° 1300 oxidic dissolution (AsQ)

Kaur et al. (2011) 10 1300 oxidic dissolution (SbQ)

Kim and Sohn (1998) examined the distributiomeratf Bi, Sb and As in Cu and

FeQ-SiO; slag at 1258 andpo;of 10* to 10° atm. It was reported that their distribution

behaviour is independent pb,. They found very small effect of AD;, CaO, MgO or a

mixture thereof on the distribution.
Acuna and Yazawa (1987) studied the distribubb\s and Sb between matte and
FeQ-BaO slag at 130C and Fe@-CaO slag at 125C. They found that distribution-ratio of
As and Sb decreases with increasing matte grade @@%. The distribution-ratio of As and
Sb were the highest for Fe@aO and followed by Fe@CaO and Fe@SiO, slag. Roghani
et al. (1996) investigated the distribution-ratioAs, Bi and Sb between Fe@aO slag and

Cu matte at 125€ under highpso> and found that the distribution-ratio decreaseth wi

increasingpso2 According to Roghani et al. (1996), As and Sbenstiable in matte phase,

therefore constant ratio df/)" and L

Bi

s/m

were found against matte grade in low region.

However, 2™ and L¥/™ were found to increase with increasing CaO in dlagy, whereas

s/m
LBi

showed constant value.

Riveros et al. (1987) determined the distributiatier of As and Sb between pEOs-
Na,O-Si0, and molten Cu at 1280. They found that higher valence specie are miataes

with increasing ofpo, and basicity. The most stable oxide species ofvAs found to be
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AsO, 5 which was in disagreement with (Kim and Sohn, 1®8ghani et al., 1996; Takeda
et al., 1983).
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Fig. 13: As distribution-ratio as function pé, in different slag systems

Kaur et al. (2011), Chen and Jahanshahi (2010)Paudina et al. (2013) studied the
distribution-ratio of Sb, As and Bi in Feg@€aO-SiQ (FCS) slag and molten metal (Cu or
Ag) at 1300C. It was proposed by Kaur et al. (2011) that Sisalves in Fe@CaO-SiQ
slag as Sb@ at po,=10° atm. The distribution-ratio of As in FCS was repdrto be lower
than the Fe@CaO slag. Paulina et al. (2013) determined theildigion-ratio of Bi in FCS
slag and Cu gbo,=10° atm. The distribution-ratio of Bi was affected tye CaO content in
slag, but independent to Fe/Sifatio. Paulina et al. (2013) compared the distrdmniratio of
Bi with previous results (Gortais et al., 1994; &d& et al., 1983) and proposed that Bi
dissolves in FCS slag as Bi© Furthermore, it has been also shown using previata
(Nagamori et al.,, 1975b; Teppo et al., 1990) thatvily coefficient of Bi in liquid Cu

decreases with increasing of temperature.
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Fig. 14: Bi distribution-ratio as function pb, in different slag systems
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Chen and Jahanshahi (2010) measured the distmbrgtoo of As between Fg©
Ca0-SiQ-MgO and Ag at 130T andpo,=101-10° atm. Ag-As alloys were used in their

experiment, where they found tl'i@iéM was strongly affected by,,, and it was considered

that As dissolves in slag as As® Distribution-ratio of As in Fe@CaO slag was one

magnitude higher than in Fe@BiO, slag. They also studied the effect of slag contmrson

distribution of As, where they found thajéM decreases with increasing silica content in the
slag. According to thenpo, also affected the activity coefficient of Ag©(yaso1.9 and it
was found thagaso1.5in FEQ-SIO; slag was 40 times higher than that in €20 slag.

Wypartowicz (1995) re-examined thermodynamics proge of Cu-As liquid
solution at temperatures 98Dto 11758C, where they found that the activity of As in Cu
decreases with increasing of temperature. Relaifaitie activity coefficient of As and As
oxide with temperature has not been studied extelysi There is gap in knowledge
regarding the effect of temperature and slag cortipon the distribution behaviour of Sb,
As and Bi in FCS slag.

4. Gaps in Knowledge

The distribution and partitioning behaviour of coomelements such as, Au, Ag, Se,
Te, Sn, Pb, Bi, As, and Sb in the conditions redwva primary Cu processing have been
studied by a number of researchers. However, lanitata were found for the elements like
Pt, Pd, Rh, In and Co and no data were found fora@& Ga. The information on the
distribution behaviour of valuable elements in tt@nditions relevant to secondary Cu
processing is not available except for Sn and he Jummary of previous studies of valuable
elements distribution-ratio shown in Table 8 intkcthatthe majority of the thermodynamic
data existed are relevant to primary rather thaorsgary Cu processing.

The presence of multi-solute elements in a solutcam affect each other’s
thermodynamic behaviour. One important aspectrikats to be mentioned is the fact that
the majority of the previous partitioning behaviaiudies focused on selected individual
elements and assuming that the influence of onmezie in Cu on the activity of other is
negligible. In real systems where there is mora thr@e solute element, such as in processing
of e-waste via Cu smelting, it is necessary to imrshe elements confluence effect, which
usually represented by interaction parameters (&idpwand Elliott, 1974). To fully
understand the distribution behaviour, the inteoacparameters will need to be taken into

consideration for complex systems.
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Table 8: Summary of previous work of trace valuaslements distribution in primary and
secondary Cu smelting

Yazawa and Takeda, 1982; Yazawa et al., 1968)

Primary Secondary
Metal Copper Ref. Copper Ref.
Processing Processing
(Avarmaa et al., 2015; Fountain et al., 1991; Gsrta
et al., 1994; Kashima et al., 1978; Louey et al.,
Ag Data available 1999; Mackey, 1982; Nagamori and Mackey, 1978; No data i
Schlitt and Richards, 1975; Takeda et al., 1983; available
Takeda and Roghani, 1993; Yazawa, 1974; Yazawa
and Takeda, 1982; Yazawa et al., 1968)
AU Limited data (Han et al., 2015; Nagamori and Mackey, 1978; No data i
available Schlitt and Richards, 1975; Swinbourne et al., 2005 available
Pt L'm't‘?ld t()jlata (Avarmaa et al., 2015; Henao et al., 2006; Schilitt No data
avarabie and Richards, 1975; Yamaguchi, 2010, 2013) available -
(matte-slag
Pd system)
Limited data No data
Rh available (Avarmaa et al., 2015; Henao et al., 2006) : -
available
(matte-slag
system)
(Alvear et al., 1994; Choi and Cho, 1997; Fang and
Se Lynch, 1987; Johnston et al., 2010; Johnston gt al. No data
Data available 2007; Nagamori et al., 1975b; Nagamori and available -
Mackey, 1977; Nagamori and Mackey, 1978;
T Te Swinbourne et al., 1998; Zhao and Irons, 1997)
(Fountain et al., 1991; Gortais et al., 1994; Loaty
al., 1999; Mackey, 1982; Nagamori and Mackey,
sn Data available 1977; Nakazawa and Takeda, 1983; Roghani et al., One data (Anindya et
1997a; Roghani et al., 1997b; Takeda et al., 1983; available al., 2013)
Takeda and Yazawa, 1989; Yazawa and Takeda,
1982; Yazawa et al., 1968)
(Anindya et
In Very limited Nakajima et al. (2011) TWO. data al., 2014,
data available available Han and
Park, 2015)
(Acuna and Yazawa, 1987; Degterov and Pelton,
1999; Kaur et al., 2009; Kim and Sohn, 1998;
Pb Data available Matsuzaki et al., 2000; Nagamori et al., 1975a; No data i
Nagamori and Mackey, 1978; Nakazawa and available
Takeda, 1983; Takeda et al., 1983; Takeda and
Yazawa, 1989; Yazawa et al., 1968, 1999)
(Chen and Jahanshahi, 2010; Jimbo et al., 1984;
Bi Kaur et al., 2009; Kaur et al., 2011; Kim and Sohn,
1998; Mackey, 1982; Nagamori et al., 1975a, b; No data
Data available Nagamori and Mackey, 1978; Nakazawa and available -
Takeda, 1983; Paulina et al., 2013; Riveros et al.,
As 1987; Roghani et al., 1996; Takeda et al., 1983;
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Sb

(Choi and Cho, 1997; Derin and Ycel, 2002;

Co Data available Grimsey and Toguri, 1988; Kho et al., 2006; al\\ll(;i?aabt% -
Mwema et al., 1995; Teague et al., 2001)

No data No data

Ge . - ) -
available available
No data No data

Ga . - . -
available available

5. Implication for Metal Recycling Industry

The valuable elements found in e-waste could bsidered as resources as opposed
to waste in the overall materials flow if these tenrecovered using feasible routes. It may
be possible to recover most of these valuable ele&sné the conditions favourable for
partitioning them into appropriate phases are ifledt For this thermodynamics data and
their understanding are essential. It can be semn the present review study that most
researchers have conducted their study in the terye range 1250-13%D which is
mainly driven by the current industrial practice @u processing. There are also other
parameters such aso,, activity of these valuable metals in slag and aheind the
composition of slag (which relates to slag phydsnesunical properties favourable for
operation) to consider for the control of the digition of valuable elements in different
phases. The information on the existing thermodyoatata and distribution behaviour of
the valuable elements in the literature have bedleated; and listed and classified by
operating parameters (temperature psg and slag systems as shown in Table 9. The table
provides information about the typical slags, terapges andpo, range previously
investigated to understand the behaviour of vakiaments distribution in industrial Cu

smelting processes.

A systematic research is required to understanddatermine the thermodynamics
data, particularly the interaction parameters aaditmning of valuable metals in wider
conditions relevant to both primary and secondauy pfocessing. On the basis of more
comprehensive thermodynamic information, furthetirojgation and improvement of the
existing processes can be carried out to maxingsevery of most if not all the valuable
metals. These can also induce the development\dl moocesses for better recovery of the

metals from other urban ores or wastes.
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Table 9: Different experimental conditions in vaisoslag systems for elements distribution in mattextal

Equilibrium System

Slag System

Po,(atm)

Temperature®C)

Minor Elements

Ref.

Iron-silicate slag

Slag — Cu alloy

Slag — Cu alloy

Slag — Cu matte
Slag — Cu matte

Slag — Cu matte
Matte — Cu alloy

Slag — Cu alloy

Slag — Cu matte

Slag — Cu alloy
Slag — Cu alloy

Slag — Cu alloy

FeESio,

FeO-K04-Si0+Al,O;

FeEsio,
Fegsio,

Fegsio,

Fe@SiO,-(Ca0, MgO, A}O5)

FeOx-Sjid1go

FeO-E©5-Si0,-Al ,0;
FeOx-SiEMgO

Fe@Sio,

10%-10°

10M-10°

10—11,5

10%4— 107%

10%-10°

10 - 108
10™ - 10°

10°-10°

1250

1200 and 1300

1250
1250 and 1300

1250 to 1350

1150 to 1250

1200

1250

1350

1300

1300

Ag, Sn, Pb, As, Sb, Bi, Co

Sn, Te, Se, Bi, As, Pb, Sb,Co

Ag, Sn
Ag, Pb, Bi,Sb

Au, Ag, Pt, Pd,Rh
Ag, Au, Pd, Pt

Pb, Bi, As, Sb

Co

Co
As

Pt, Pd

(Nakazawa and
Takeda, 1983;
Takeda et al., 1983;
Yazawa et al.,
1968, 1999)
(CarchYicel,
2002; Nagamori et
al., 1975a, b;
Nagamori and
Mackey, 1977)
(Louey et al., 1999)
(Kashima et al.,
1978; Roghani et
al., 1997a; Roghani
et al., 1997b;
Takeda and
Roghani, 1993)
(Avarmaa et al.,
2015)
chigt and
Richards, 1975)
(Heo et al., 2012;
Kim and Sohn,
1998)
(Choi and Cho,
1997; Kho et al.,
2006)
(Derin and Yicel,
2002)]
(Chen and
Jahanshahi, 2010)
(Henao et al., 2006;
Yamaguchi, 2013)
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Calcium-ferrite slag

Slag — Cu alloy Fe@CaO 10%- 10° 1250 Ag, Sn, Pb, As, Sb, Bi, Co (Nakazawa and
Takeda, 1983;
Takeda et al., 1983;
Yazawa et al.,
1968, 1999
Slag — Cu alloy CaO-FeO-F@,-MgO 10% - 10°¢ 1185 and 1250 Se, Te (Johnston et al.,
2010)
Slag — Cu matte FegCaO - 1250 Ag, Pb, Bi,Sb (Roghani et al.,
1996)
Slag — Cu alloy Fe@CaO-MgO 10" - 10° 1300 As (Acuna and
Yazawa, 1987)
Ferrous-calcium-silicate slag
Slag — Cu alloy Fe@CaO-SiQ 10°-10° 1300 Sn, In (Anindya et al.,
2013, 2014)
Slag — Pb alloy Fe@CaO-SiQ 10" - 10" 1200 In, (Hoang and
Swinbourne, 2007)
Slag — Cu alloy FeECaO-SiQ 10° 1300 Sb, Bi, Pb (Kaur et al., 2009)
Slag — Ag alloy Fe@CaO-SiQ-MgO 10" - 10° 1300 As (Chen and
Jahanshahi, 2010)
Others slag system
Slag — Cu alloy CaF-Ca0O-MgO-SiQ - 1227 Sn, Sb (Gortais et al.,
1994)
Slag —Cu alloy CaO-SiAl 04 - 1350 Pb (Heo et al., 2012;
Matsuzaki et al.,
2000)
Slag — Cu alloy CiD-Co0-SiQ - 1200 to 1300 Co (Reddy and Healy,
1981)
Slag — Cu alloy N#D;-Na,O-Sio, - 1250 As, Sb (Riveros et al.,
1987)
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6. State of the Art Research Tools and Future Chahges

Accurate measurement and meaningful data of elesmisiribution in phases rely on
good experimental, characterisation and measuretaenhiques. Recent studies on the area
emphasised on the use of equilibration and quegdeichnique to measure the distribution
of valuable metals and understand their thermodyméehaviour. During the equilibration,
the multi-components in the system are let to dopaile at certain conditions (e, and
temperature). It is important for the system tachethe true equilibrium. The checking of the
true equilibrium condition can be done by carrymg experiments approaching equilibrium

from different directions, for example from redugiand oxidising conditions.

Once the true equilibrium is achieved, a quencbindgpe sample is then carried out to
preserve the conditions at high temperature amvathe analysis at room temperature. It is
important to carry out the quenching carefully as$ to shift the equilibrium. The sample is
then characterised and the elements distributiomgheen measured using different analysis
methods, including XRD (X-Ray Diffraction), ICP-AE8nductively Coupled Plasma-
Optical Emission Spectroscopy), EPMA as well as wbemical analyses. EPMA
measurement provides an accurate measurement stpla microscopic level. EPMA
analysis, however, is not able to accurately me&asaoncentration below 1 wt%. It cannot
also be used to quantify accurately composition sample with multivalent cation
simultaneously exist, e.g. differing &% and FeO, unless other techniques (such as wet

chemical analysis) is used in conjunction.

The challenges for future research include the rstaleding of the behaviour of
volatile valuable metals, e.g. In, Ge and Sn. Aehaxperimental technique to limit the
evaporation during equilibration is required. Th®ice of material for containing the sample
is also a challenge as there may be a possibifitieaction between the sample and the
material of the container. Some of the valuableatsehave different state of valency;
therefore oxidation state of metal in slag is aaotthallenge to identify. Sometimes it is
difficult to determine the slag composition usingiagle technique only, rather a multiple
approach and techniques are required.

7. Concluding Remarks

This paper has highlighted the thermodynamics dbteluable trace elements in Cu
and slag systems to understand their partitionglgaliour in different phases in relation to
Poz2, temperature and slag composition. Thermodynadats of valuable elements in ferrous
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calcium silicate (FCS), which is relevant to secamwydCu processing, is limited. Only data
for Sn, In, Sb, Bi and As in selected operating dittons are available. Extending the
thermodynamics knowledge in FCS slag to understaadehaviour of remaining valuable
trace elements such as Au, Ag, Pd, Te, Pd, Rh@GRun, Ga, Co and Ta would provide a
more comprehensive information that can be usedetelop more economical and eco-
efficient high temperature routes for the recovafrall valuable metals and for an improved
control of hazardous emission during the e-wasbegssing through primary and secondary
Cu production. There is still a lot of gap in timdormation and understanding, which requires
further systematic research to develop, measure gerkrate a more comprehensive

thermodynamics information.
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Highlights:

The paper collates and systematically reviews the thermodynamic data of valuable
metals relevant to e-waste processing through primary and secondary copper
processing.

Thermodynamics data of valuable elements in ferrous calcium silicate (FCS) dag,
which is relevant to secondary copper processing, is limited. Only data for Sn, In, Sb,
Bi and Asin selected operating conditions are available.

There is a need in extending the thermodynamics knowledge in FCS slag to valuable
trace elements of Au, Ag, Pd, Te, Pd, Rh, Ru, Ge, In, Ga, Co and Ta.

A more comprehensive thermodynamic information is vita to develop more
economical and eco-efficient high temperature routes for the recovery of all valuable
metals and for an improved control of hazardous emission during the e-waste

processing through primary and secondary copper production.



