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LAB-SCALE DC ELECTRIC ARC FURNACE DESIGN AND
THERMODYNAMIC SLAG OPTIMIZATION FOR METAL RECOVERY
FROM SLAG PHASE

SUMMARY

Entrapment of metals in slag phase cause a drastic economical loss in various
metallurgical slags due to inefficient metal/slag seperation. Copper slags, display a
substantial copper (Cu) presence, ranging between 0.5% and 3.7%, comparable to or
exceeding the copper content observed in standard copper ores. Moreover, treatment
of secondary sources such as printed circuit boards (PCBs), spent auto-catalytic
converters (SACs) and low grade jewelry waastes could be treated by the very same
principles. E-wastes are found to contain notable concentrations of copper (Cu) and
gold (Au), with levels approximately 13-26 times and 35-50 times higher,
respectively, than those typically present in the minerals conventionally employed for
the extraction of these metals. In SACs, Platinum group metals (PGMs) such as Pt, Pd,
Rh is typically present in larger quantities with concentrations ranges spanning from
100-3000 ppm, 5-1700 ppm and 5-240 ppm respectively while PGM ore deposits
contains only 2.8 to 0.7 ppm. Low-grade jewelry waste including floor sweepings,
polishing dusts, rags and tissues, emerge as significant reservoirs of gold (Au) and
silver (Ag), exhibiting concentrations as high as 848 ppm Au and 7812 ppm Ag was
reported. In contrast, the gold concentration in conventional gold ores typically falls
within the range of 1 to 15 ppm. This highlights the potential value in extracting
precious metals from seemingly less significant waste materials, underscoring the
importance of exploring diverse sources for resource recovery.

In this study, a pyrometallurgical process and slag optimization methodology were
designed for the efficient separation of metals from slag phase. Particularly, a direct
current (DC) electric arc furnace (EAF) capable of reaching a temperature of 1800 °C
in a short time was designed and constructed for the recovery of metals trapped in
various sources such as Cu flash furnace slag, jewelry waste slag and spent auto-
catalyst (SAC) containing platinum group metals (PGMs). Slag optimization studies
were made through thermodynamic calculations and thermal investigations.

During the construction of the DC-EAF involved several critical components: A hearth
design was devised through heat transfer calculations, ensuring the inner crucible's
resilience to temperatures reaching a maximum of 1800 °C. Consequently, the inner
hearth was crafted using high-purity Al.Os castable, while the outer hearth was
constructed using MgO bricks and Al;Os-ZrO cement. Heat transfer calculations
indicated that the outer steel casing could potentially attain temperatures as high as
425 °C, where the incorporation of a cooling system for both electrodes and the steel
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casing is required. To facilitate electrode motion during smelting, an electrode motion
system featuring two step-motors connected in two axes was designed. Continuous arc
formation during melting is essential to reach high temperatures as quickly as possible.
However, due to the variation in electrical resistance of the melting environment with
temperature, presence of solid and liquid phases, arc formation was controlled using
an automation system that could adjust both voltage and electrode-electrode distance
(or arc length). Continuous arc formation was investigated using current-time graphs
and it was observed that the arc consistently formed except for brief short circuits. A
power source incorporating an AC to DC rectifier and an electrode system was
constructed to provide the requisite energy for arc smelting. Additionally, a
mechanical tilting system was implemented to facilitate the straightforward tapping of
the system.

The recovery of metals from slag phase involved optimizing the melting of slags since
the homogeneous melting of all phases in the slag and its connection to viscosity were
crucial. Therefore, the optimization of the slags to be melted was carried out through
thermodynamic calculations and thermal behavior measurements. Initially, slag
samples were characterized using X-ray diffraction (XRD) and X-ray fluorescence
(XRF). The SAC phase contained high amounts of SiO2, Al,O3 and MgO thus, located
in the cordierite phase region. Cu flash furnace slag contained fayalite slag with
FeO.SiO, while jewelry waste slag was rich in PbO due to the cupellation process used
to collect the metal phase in lead.

In this study, binary phase diagrams of SiO2, Al203, MgO and FeO, along with flux
additions (Ca0, Na2O, B,03), were systematically examined, revealing crucial insights
into low-temperature phases, eutectics and low liquidus temperatures. The phase-
equilibrium diagrams for the spent auto-catalyst (SAC) phase, augmented with Na2O,
CaO and B»0s flux additions, were meticulously calculated. Notably, SAC phase
demonstrated a melting point of 1453 °C and Na»O addition resulted in the formation
of NaAlO;, NaAlSiOs and NapSiOs, at 0.75 SiO2/Na;O+SiO, and (0.05
Al>03/Na;0O+Al>03 achieving an overall slag formation temperature of 1100 °C. The
introduction of B20s at a ratio of 0.5 MgO/B203+MgO led to the creation of MgsB20s
at an exceptionally low temperature of approximately 500 °C. Moreover, a mere 30%
(w/w) B20s addition remarkably decreased the slag temperature to 900 °C,
demonstrating the pronounced influence of B>Os on reducing viscosity through its
interaction with the SiO2-Al>,Oz3 network. Conversely, the incorporation of CaO ((0.6
Si02/Ca0+Si02) and (0.354 Al,03/CaO+Al>03)) formed calcium-based silicate and
aluminates, with specific phases transforming at temperatures of 1350 °C, 1200 °C,
1180 °C and 1150 °C. Gibbs free energy calculations elucidated the feasibility of
reactions between fluxes and slag phases. When the formation energy of CaB20a
surpasses that of calcium silicate and aluminates, it does not contribute to a reduction
in the melting point of these oxides. On the other hand, Na2O together with B,O3 prove
useful as the NasSisO19, NaAIO, target phases forms rather than sodium borate species
resulting a decrease in melting temperature and lowered viscosity. The study further
explored the thermal behavior using Differential Scanning Calorimetry (DSC),
revealing endothermic peaks corresponding to slag formation temperatures and
viscosity calculations demonstrated that B,Oz induced a drastic reduction in slag
viscosity, even at low concentrations (5%-10%), reaching as low as 125 Pa.s. This
comprehensive investigation provides valuable quantitative insights into the
thermodynamic and kinetic aspects of the studied pyrometallurgical process, paving
the way for enhanced efficiency in metal recovery from diverse sources.
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When determined flux additions from thermodynamic calculations, (0.75
Si02/Na;0+Si0,, 0.05 Al203/Na20+Al>03, 0.5MgO/MgO+B,03 and 30% B0s3) into
SAC and (0.22 FeO/FeO+Na20 and 30% B0z) into Cu flash furnace slag and only
30% B»03 added to jewelry slag, recovery efficiencies were determined. The results
indicated attainment of <%92.94 Pt and Pd recovery for SAC, %83.16 Cu recovery for
Cu flash furnace slag and %98.48 Ag and %84.77 Cu recovery for jewelry slag.

This research strives to pioneer the creation of a comprehensive approach for
extracting metals from slag phases. It integrates high-temperature smelting and
introduces a slag optimization methodology to reduce melting temperature and
viscosity. The objective is to incorporate a minimal flux volume, a critical element for
improving recovery efficiency and streamlining the industrial adoption of the process.
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CURUF FAZINDAN METAL GERIi KAZANIMI iCiN LABORATUVAR
OLCEKLI DC ELEKTRIK ARK FIRINI TASARIMI VE TERMODINAMIK
CURUF OPTIMIiZASYONU

OZET

Metallerin ciiruf fazinda hapsedilmesi, verimsiz metal/cliruf ayrimi1 nedeniyle cesitli
metalurjik ctiruflarda ciddi ekonomik kayiplara neden olur. Bu duruma drnek olarak,
bakir ctiruflar1 %0,5 ila %3,7 arasinda bakir igermekte ve standart bakir cevherlerinden
daha fazladir. Ayrica, baski-devre Kkartlar1 (PCB'ler), kullanilmis oto-katalitik
konvertorler (SAC'ler) ve disiik metal icerikli miicevher atiklari gibi ikincil
kaynaklarin islenmesi de aymi prensiplerle metal kazanim prosesleri
gerceklestirilebilir. PCB’ler, kayda deger konsantrasyonlarda bakir (Cu) ve altin (Au)
icermekte ve bu metallerin cevherlerindeki oranlarina kiyasla sirasiyla 13-26 kat ve
35-50 kat daha yuksektir. SAC igerisindeki seramik yapida bulunan Pt, Pd ve Rh platin
grubu metallerinin konsantrasyonu sirasiyla 100-3000 ppm, 5-1700 ppm ve 5-240 ppm
araligindadir ve bu miktarlar cevher yataklarinda yalnizca 0,7 ila 2,8 ppm’dir. Disiik
metal igerikli miicevherat atiklar (ramat) farkli kaynaklarda ciddi oranda, 848ppm Au
ve 7812 ppm Ag igerdigi rapor edilmistir.

Bu calismada, verimli metal/ciruf seperasyonu icin pirometalurjik proses tasarimi
yapilmistir. Cu flash firin1 clrufu, miicevher atigi ciirufu ve PGM igeren kullanilmis
oto-katalitik konvertor gibi ¢esitli kaynaklarda ctiruf fazinda bulunan metallerin geri
kazanimina yonelik olarak 1800 °C sicaklia kisa zamanda ¢ikabilen, bir dogru akim
(DC) elektrik ark ocak (EAF) tasarlanmis ve insa edilmistir. Bununla birlikte
termodinamik hesaplamalar ve termal incelemeler yoluyla clruf optimizasyon
caligsmalari yapilmistir.

DC-EAFnin ocak bolimi maksimum 1800 °C'ye ulasan sicakliklara dayanacak
sekilde 1s1 transfer hesaplamalariyla gereken refrakter malzeme se¢ilmi yapilmustir. I¢
ocak yiiksek saflikta Al>Os dokiilebilir malzeme kullanilarak insa edilirken, dig ocak
MgO tuglalar ve Al;O3-ZrO ¢imentosu kullanilarak insa edilmistir. Is1 transferi
hesaplamalari, dis celik mahfazanin potansiyel olarak 425 °C'ye kadar yiiksek
sicakliklara ulasabilecegini gosterdi; bu da hem elektrotlar hem de ¢elik mahfaza icin
bir sogutma sistemi gerektigini géstermistir. Ergitme sirasinda elektrot hareketini, iki
eksene bagli iki step motor igeren bir elektrot hareket sistemi tasarlanarak insa
edilmistir. Ergitme esnasinda siirekli ark olusumu yiiksek sicakliklara miimkiin
oldugunca c¢abuk ulasmak agisindan oldukga 6nemlidir. Ancak ergime ortaminin
elektriksel direncinin sicakliga bagli olarak degismesi, siirekli arki kesmekte ve bu
sebeple de hem voltaji hem de elektrot-elektrot mesafesini (veya ark uzunlugunu)
ayarlayabilen bir otomasyon sistemi kullanilarak kontrol edilmistir.
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Siirekli ark olusumu akim-zaman grafikleri kullanilarak incelenmis ve saniyelik
kesilmeler disinda disinda arkin tutarli bir sekilde olustugu gézlenmistir. Ark ergitme
icin gerekli enerjiyi saglamak amaciyla AC'den DC'ye dogrultucu ve elektrot sistemini
iceren bir giic kaynagi kullanilmistir. Ek olarak, ergitme sonrasi dokiim siirecini
kolaylastirmak i¢in i¢in mekanik bir yatirma sistemi insa edilmistir.

Ciiruf fazindan metallerin geri kazanimi, ciiruf igerisindeki tiim fazlarin homojen
olarak ergimesi ve diisiik viskoziteye sahip olmasina bagli oldugundan yapilan
calismadaki ciiruf optimizasyonu bu parametreler lizerinden yapilmistir. Ciiruflarin
optimizasyon c¢aligmalari, termodinamik hesaplamalar ve termal davranis lgtimleri
yoluyla ger¢eklestirilmistir. Baslangicta ciiruf 6rnekleri X-1s11 kirinimi (XRD) ve X-
15101 floresansi (XRF) kullanilarak karakterize edildi. SAC fazi1 yiiksek miktarda SiOp,
Al>03 ve MgO igerdiginden kordiyerit faz1 bolgesinde yer almaktadir. Cu flas firin
curufu, FeO.SiO ile fayalit ciirufu icerirken miicevher atig1 ciirufu, kursundaki metal
faz1 toplamak icin kullanilan kupelasyon islemi nedeniyle PbO acisindan zengin
oldugu gozlemlenmistir.

Bu ¢alismada, SiO2, Al,O3, MgO ve FeO'nun ikili faz diyagramlari ile flaks ilaveleri
(CaO, Na20, B,03) sistematik olarak incelenmis ve diisiik sicaklik fazlari, Gtektikler
ve diisiik sivilasma sicakliklari hakkinda 6nemli bilgiler ortaya ¢ikarilmistir. NaxO,
CaO ve B20s flaks ilaveleriyle harcanmis oto-katalizér (SAC) fazinin faz dengesi
diyagramlar1 hesaplanmistir. SAC faz1 1453 °C’da bir ergime noktas1 gosterirken,
Na20 ilavesiyle (0.75 SiO2/Na,0+SiO> ve 0.05 Al,03/Na,O+Al203) yapi igerisindeki
SiO2 ve Al;Os fazlart NaAlIO2, NaAlSiO4 ve NazSiOs olusturmus, Ve sistemin ergime
sicakligi 1100 °diismiistiir. SAC komposizyonuna B>Oz'iin 0,5 MgO/B203+MgO
oraninda eklenmesi, yaklasik 500 °C gibi son derece diisiik bir sicaklikta MgzB2Og'nin
olusmasina yol agmugstir. Ustelik yalmzca %30 (agirlik/agirlik) B2Os ilavesi, clruf
sicakligini dikkate deger dl¢tide 900 °C'ye diisiirmesine ragmen yapi igerisindeki SiOp-
Al>O3 fazlar1 1400 °C’lere kadar ciiruf fazina katilmamistir. SAC kompozisyonuna
CaO'nun ((0,6 SiO2/Ca0+Si0y) ve (0,354 Al,03/CaO+Al203)) dahil edilmesi, SiO; ve
Al>O3 fazlarin doniismesiyle kalsiyum bazli silikat ve aliiminatlar olusturmus, ve bu
fazlar 1100-1350 °C arasi ergime sicakliklarina sahip oldugu gézlemlenmistir. Gibbs
serbest enerji hesaplamalari, flaks ve SAC’da bulunan fazlar arasindaki reaksiyonlarin
olusma enerjilerini incelemek i¢in kullamilmustir. Calismada ayrica diferansiyel
taramal1 kalorimetre (DSC) kullanilarak SAC’1in termal davranis arastirilmistir, clruf
olusum sicakliklarina karsilik gelen endotermik tepe noktalar1 ortaya ¢ikarilmis ve
viskozite hesaplamalariyla B>Ogz'lin diisiik konsantrasyonlarda bile (%5-%10) curuf
viskozitesinde 125 Pa.s'ye kadar ciddi bir azalmaya neden oldugunu anlagilmistir. Bu
kapsamli aragtirma, ¢alisilan pirometalurjik siirecin termodinamik ve kinetik yonlerine
iligkin degerli bilgiler saglayarak, ergitme islemi esnasinda ciiruf bilesimi
hazirlanmasinda kullanilmasi1 hedeflenmistir.

Termodinamik hesaplamalardanla flux ilaveleri belirlendiginde SAC'ye (0,75
Si02/Na;0+Si0,, 0,05 Al,03/Na,O+Al>03, 0,5MgO/MgO+B;03 ve %30 B.03) ve
(0,22 FeO/FeO+Na20 ve %30 B203) ) Cu flas firin ciirufuna eklenmis ve miicevher
curufuna sadece %30 B2Os eklenmis ve geri kazanim verimleri belirlenmistir. Yapilan
calismalarda SAC icin <%92.94 Pt ve Pd, Cu flas firin ciirufu i¢in %83.16 Cu ve atik
mucevher cirufu icin %98.48 Ag ve %84.77 Cu geri kazanim verimine ulasildigini
gOstermistir.

Bu arastirma, metallerin cliruf fazindan geri kazanimina yonelik kapsamli bir
yaklagimin olusturulmasina onciiliik etmeyi amaglamaktadir. Yiiksek sicakligr kisa
stirede ¢ikabilecek potansiyele sahip DC-EAF tasarimimin yaninda diisiikk ergime
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sicakligl ve viskoziteyi azaltmak ig¢in ciiruf optimizasyon metodolojisini anlatan
calismada, geri kazanim verimliligini artirmak ve siirecin endiistriyel olarak boyutlara
entegrasyonunu kolaytirmak adina en uygun ve diisiik hacimdeki flaks miktarlar
belirlenmistir.
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1. INTRODUCTION

Earth’s crust is mainly composed of oxygen (O), silicon (Si), aluminum (Al), iron (Fe) and
calcium (Ca). When thermochemical stabilities of oxides have taken into account, it's not
surprising that these oxides are present in at least one stage of all metallurgical processes.
In metal production, such oxides must be separated from the metal melt in the phase called
“slag” [1].

Slags have crucial function for production of metals from ores which are summarized as:

e Seperation of unwanted oxides and other impurities from melt

e Preventing the contamination originating from furnace atmosphere and combustion
byproducts of the fuel

e Providing thermal insulation for the melt

e Regulating the supply of refining agents into the melt during the metal smelting.

To achieve these functions, slags must show certain properties such as having a low melting
point (Tm) and immiscibility so that a homogenous slag melt can be achieved on the top of
the molten metal. Slags are formed by the presence of oxide impurities from the gangue,
along with the addition of "fluxes.” Fluxes, are generally metal compounds (oxides,
phosphates, flourides and chlorides) and their purpose is to lower the liquidus temperature,
enabling the homogeneous separation between the metal phase and the slag phase due to
the density difference [2].

Composition of the slag varies by the metallurgical processes where, it commonly
composed of SiO,, FeO, CaO and Al>Os. The formation of slag is an endothermic reaction
that results in an increase in volume, leading to a higher heat input. Increase in slag volume
also decreases the production yield, as it increases the entrapment of metals. Additionally,

viscosity and wettability of slag directly influences the diffusion of reaction in the slag-



metal interface. Therefore, in order to create a slag, all of such must be taken into

consideration [2], [3].

1.1. Slag Chemistry

In metallurgical industry, conventional approach is to adjust the “basicity” of the slag to
achieve desired Tm while increasing refractory life and improving productivity of the
process [4]. In 1947, Flood and Forland explained the behaviour of acid and basic oxides

in terms of exchanging O% ions (Eq 1.1), presenting the key reactions as;
[..Si— 02" —Si— 0%7..] 4 20% - 2[Si — 0%7] + 2[Si— 0%7] (1.1)

In Eq 1.1, a basic oxide donates an oxygen ion (O%) that cause Si-O bridges to break down.
Basic oxides are the ones which donate O% ions to the slag (Eq 1.2), e.g. CaO, FeO, MgO,
Cu20, Na20, K20, that ionise as follows:

Ca0 — Ca?* + 02 (1.2)

Acidic oxides which accept O% ions, e.g. SiOz , P20s, Al,O3 and which produce complex

cations by reaction with the oxygen anions (Eq. 1.3-1.4), i.e.

Si0, + 202~ - Si02~ (1.3)
P,0s + 202~ - 2P03" (1.4)
ALO; + 302~ - 2AI03~ (1.5)

Therefore, one molecule of SiO; is balanced by the neutralization of two molecules of basic
oxide (20% ions), whereas one molecule of Al,O3 and P.Os each require the neutralization
of three molecules of basic oxide, as observed in (Eg. 1.6 — Eqg. 1.8). When the composition
of the slag consists of these proportions of basic and acidic oxides, it lacks both basic and

acidic properties and is referred to as a neutral slag.

Si0, + 2Ca0 — Ca,Si04or Ca0.Si0, or 2Ca%* + Si0;~ (1.6)



P,0: + 3Ca0 —» Caz(P0,), or 3Ca0.P,05 or 2Ca%* + 2P03" .7
AL, 05 + 3Ca0 — Cas(AlO3), + 3Ca0.Al, 05 or 3Ca®* + 2A103~ (1.8)

A slag became basic when it contains a higher proportion of basic oxides than the neutral
ortho-compound composition, resulting in an excess of O ions. On the other hand, an
acidic slag holds more acidic oxides than the neutral ortho-compound composition, leading
to an excess of SiO», P.Os, or Al2Os. A typical basic slag composition consists of three
moles of CaO and one mole of SiO, (more CaO than seen in Eq. 1.6) while an acidic slag
composition involves one mole of CaO for each volume of SiO2 (less CaO than seen in Eq
1.6) [2], [4], [5]. Several formula exist for assessing a slag's basicity (as seen in Eg. 1.9 and
Eq. 1.10), with the most precise being the basicity ratio (B), defined as [2], [6]:

mOleCao + mOleMgo

B = )
moleSioz + moleA1203 (l 9)

moles of basic oxide — 3 * moley, o,

B= :
2 * moleg;o, (1.10)

When the basicity ratio (B) is equal to 1, a neutral slag composition is attained. B<1
indicates an acidic slag, while B>1 signifies a basic slag. Typically, an acidic slag tends to
be more viscous than a basic slag. For simplicity, the CaO/SiO; ratio used to define

viscosity in this context [2].

Despite basicity approach is commonly used in current metallurgical industry, it does not
present a detailed slag behaviour. However, it could offer a slight perspective to create a
slag. To accomplish this objective, it is essential to examine the reactions between metal
oxide phases, the formation of the slag and the behavior of slag throughout thermodynamic

and glass formation studies.

1.1.1. Structure of Slags

Slags could either behave as a glass or a ceramic, according to its dominant bond type (e.g.
covalently bonded or ionically bonded) which is determined by its composition as seen in
Figure 1.1. In this work, formation of slags were explained by the chemistry of glasses.
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Addition of Basic oxide .
+
Addition of Acidic oxide .‘
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Predominantly Predominantly lonic
Covalent Bonding Bonding
e.g. Si0, POy e.g. Na,0 CaO

Figure 1.1: lllustration of gradual transition from the predominantly covalent bonding to
ionic bonding by either acidic or basic oxide addition (lllustration is modified from ref

[21)

Si is the most common component in many slags where rapid cooling of it results in the
formation of a glass structure without long-range crystalline order. Thus, molecules only
interact in short-range forces [2]. To investigate this local arrangement of molecule
networks, Zachariasen and Warren explained the glass structure where glass forming
element oxides are connected in 3-D disordered infinite network. This network is formed
by metals having low coordination number in oxide network. In the case of SiO; glasses,
network is composed of SiO4 tetrahedrons or in case of BoO3, BOz3 triangles [5].

Based on the Zachariasen-Warren network theory, certain principles apply to the creation
of basic 3-dimensional networks at lower levels. This pertains to the glass formation of
uncomplicated compounds like SiO;, B2O3, P.O5, GeO,, As2Ss and BeF: [5];

e A glass is more likely to be formed by an oxide or compound, if it readily creates
polyhedral groups as the smallest building units.

e Polyhedra should not have more than one corner in common

e In simple glasses, anions (e.g., 0%, S*, F) should not connect with more than two
central atoms of a polyhedron. Consequently, anions act as bridges between two
polyhedra.

e The polyhedra should have fewer than six corners.
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e A polyhedron must connect with neighboring polyhedra through at least three

corners.

When introducing large cations like Na>O or CaO into glasses, such as SiO2 networks,
bridges within the structure are disrupted. The accompanying oxygen (or other anions like
SZ, F) from the large cation occupies the vacant position at the free end of the separated
tetrahedron. Simultaneously, the large cation is housed in the expanded cavity resulting
from the network break at that location. As illustrated in Figure 1.1, The theory assumes
chain network is severed by the placement of large cations in the cavities of the network
which increases the ionic character of the system. Zachariasen categorized the cations in a

glass in the following manner [5]:

e Elements that contribute to the formation of networks, like Si, B, P, Ge, As, Be
typically have a coordination number ranging from 3 to 4.

e Intermediates have the capacity to either enhance the network (with a coordination
number of 4) or break it (with coordination numbers ranging from 6 to 8), yet they
lack the ability to independently form a glass.

e Network-modifying elements, such as Na, K, Ca, Ba, etc., generally exhibit
coordination numbers of approximately 6.

According to theory, the presence of large cations leads to the disruption of bridges in the
slag network. This in turn, enhances the mobility of the building units, making it easier for
network-modifiers to contribute to the reduction of viscosity and the melting range.

Additionally, it results in an increase in electrical conductivity [5].

Relation of ionic size to bond type and therefore glass formation was first explain by
Goldschimdt. To form a glass, the radius of cation (rc) to the radius of anion (ra) must be
in the range between 0.2 to 0.4. This criterion is satisfied in instances such as SiO2 , B2Os,
P20s, etc. Dietzel was the pioneer in expanding Goldschmidt's ideas, going beyond the size
and polarizability of ions to include their charges. This extension enabled the exploration
of the effects of interaction forces between cations and anions in the solidification of a melt.

By utilizing the basic physics equation for attraction (or repulsion) (P) between electrical



charges (Q) at a distance (a), Dietzel offered a more inclusive comprehension of the

solidification process. (Eq. 1.12).

Q.Q

_ ZoZge? (1.13)
NCEED) '

In this context, (Eq. 1.13) K represents, the interacting forces; Z. and Zaare the valencies
of the cation and anion, respectively; e denotes the elementary charge; rc and ra stand for
the radii of the cation and anion, where a = r¢ + ra. Dietzel introduced the term "field

strength” (F) in these considerations (Eqg. 1.14).

F=— (1.14)

Table 1.1 highlights how Zachariasen's categorization of ions into network-formers,
network-modifiers and intermediates aligns directly with their field strength. In the case of
network-modifiers, the field strength (F) typically falls within the range of 0.1 to 0.4. For
network-formers, F is notably higher, ranging from 1.4 to 2, almost an order of magnitude
larger. Intermediates on the other hand, exhibit an F value approximately between 0.5 to
1.0.

Table 1.1: Classification of cations according the their field strength (Dietzel's approach)

[5].
: S lonic Field
Valence Ion_lc Coordination distance Strength at Function in the
Element Radius number . ; ) -
[Z] . for oxides distance of O  glass structure
rin[A] [CN] ain[A] ions [Z/a?]
Na 1 0.98 6 2.30 0.19 Network modifier
Ca 2 1.06 8 2.48 0.33 Network modifier
Fe 2 0.83 6 2.15 0.43 Network modifier
Mg 2 0.78 6 2.10 0.45 Intermediate
Al 3 0.57 6 1.89 0.84 Intermediate
Fe 3 0.67 6 1.99 0.76 Intermediate
B 4 0.20 4 1.50 1.34 Network former
Si 4 0.39 4 1.60 1.57 Network former
P 5 0.34 4 1.55 1.57 Network former




*Network modifier is a term that explains the behavior of the element in the network structure. Modifier
means that the molecule network is destroyed while “former” means creation and preservation of the network.

From this section it can be concluded that the viscosity and melting temperature of slag can
be controlled by adjusting and optimizing the slag composition, by breaking the molecule
networks in the slag phase. It is important to mention that the adjusting basicity in a slag is

meaningful since the addition of CaO, Na2O and FeO behave as a network modifier.

1.2.Metal and Slag Seperation

In pyrometallurgical extraction, it is frequent to lose some of metal content to slag phase.
In iron and steel production, remnant of Fe or ferroalloys may find their way to slag. The
blast furnace slag which is enriched with Fe, can be reintegrated into the steel plant as a
secondary source of iron and as a pre-melted flux. Additionally, basic oxygen furnace
(BOF) slag holds potential for recycling into the sinter and blast furnace operations,
facilitating the recovery of Fe and Mn. Cu slags typically contain a higher metal
concentration than ferrous slags, even than the Cu levels found in the sulfide ores. The
enrichment of Cu in these slags is often attributed to the entrapment of matte in the slag, a
phenomenon that becomes particularly common when the slag melt is quenched. This
process restricts the gravity separation of metal-bearing sulfide droplets. Reprocessing Cu
slags is a routine practice in certain extraction processes, typically involving comminution
in a mill, followed by flotation to recover residual sulfides. These recovered sulfides are
then reintroduced into the smelter [7]. Figure 1.2 is a radar chart depicting the possible
elements into the slag, gas or metal phase during a given process. This figure serves as an
illustration of the metal trapment observed in slags during the pyrometallurgical processing
of natural ores. The figure suggests that several valuable metals can be extracted from the
slag phase. For instance, Cu-Ag-Au-Pt-Pd-Rh can be obtained from Cu-convertor slags,
Cu-Ag-Au-Pt-Pd from BF-Pb slags and Cu-Ag-Au-Pt-Pd from Zn-Pb ISP, indicating the

potential for recovering these metals from these specific slag sources [7].
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Figure 1.2: An element radar chart illustrates the distributions of elements among phases
during pyrometallurgical reprocessing [7].

Slag primarily contains metal oxides from gangue ores which must be seperated from the
system in order to remove impurities from the molten metal or matte. In typical
pyrometallurgical processes, the slag floats on top of the molten metal due to density
difference and in most cases, it is eventually tapped from the furnace. Settling, often a final
step before tapping, is a common practice in many pyrometallurgical processes, facilitating
the separation of slag and matte/metal as seen in Figure 1.3. This illustration depicts a
standard smelting process. In the first step, the furnace is charged with metal-bearing ores
and reductants. In the second step, heat is applied to the furnace, causing the metal to melt,
while the oxide part remains in a solid state within the melt. To achieve a homogeneous
slag, fluxes are introduced to obtain low-melting solid oxide phases. Despite this, certain
industrial processes such as Cu smelters, Pb reduction smelting furnaces, ferrochrome
smelters, among others, still experience losses of metal-rich droplets in slags due to
inadequate phase separation. These losses pose a significant challenge in metal extraction

and recycling industries and their mitigation involves optimizing phase separation.
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Figure 1.3: An illustration depicts metal/slag seperation in a typical smelting process.

Despite there are variety of sources for metal entrapment such as dissolution of metal in
slags, physically entrapped matte or metal can account for up to 65-80% of total metal loss.
Thus process parameters such as furnace operation, slag viscosity, fluid motion in the slag,
settling time, SO, generation and the presence of solid particles directly influence the

efficiency of matte-slag seperation [8].

Loss of metal or matte droplets in slag phase are associated with inadequate settling of
droplets. These physical losses involve particles with diverse sizes, ranging from several
millimeters to a few micrometers. In general, the settling of droplets of a certain phase in

another phase can be described by Stokes' equation (Eg. 1.15) [9]:

_ (pm —ps)gd?

1.15
181 (1.15)

The settling rate (v) can be calculated using Stokes' equation, where [9]:

pmetal and psiag represent the density of the metal droplets and the slag, respectively (kg/m3)
d is the diameter of the droplet (m)

g is the gravity constant (m/s?)

1 is the viscosity of the slag (Pa-s)

This equation is suitable under conditions of laminar flow, which is marked by a low
Reynolds number. It is particularly applicable to rigid spheres or drops/bubbles and remains
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approximately valid for liquid droplets rising or settling in an immiscible medium with a

stationary surface.

Nevertheless, in industrial processes where larger metal droplets are present in slags, these
droplets may not be inherently rigid and might not retain a spherical shape. When the
viscosity of the droplets is notably lower than the viscosity of the slag, internal tensions
within the droplets emerge. In such cases, Stokes' equation needs to be corrected and the
Hadamard-Rybczinski equation (Eq. 1.16) becomes more appropriate [8]. In the context of

the Hadamard-Rybczinski equation:

_gridp
V= 3

(1.16)

Ap denotes the density difference between the sphere and the fluid. Preliminary
experiments have suggested that small drops with a diameter below approximately 0.01 cm
exhibit behavior similar to rigid spheres and their velocity can be precisely described by
Stokes' equation On the contrary, drops of a size that is adequately large conform to
velocities described by the Hadamard-Rybczinski equation. Both the Stokes and
Hadamard-Rybczinski equations underscore the significance of slag viscosity, the size of
sinking droplets and the density difference [8], [10]. For lowering the metal losses in slag

phase, the following considerations should be pursued;

» To enhance the density differential, the density of iron silicate slags diminishes with rising
silica content, decreasing temperature and elevated levels of basic oxides. Typically, FeO

tends to increase slag density, whereas SiO. and CaO exert the opposite influence.

« Increase droplet size to its maximum by promoting coagulation or facilitating the growth
of smaller droplets. This method enhances the surface-to-volume ratio, influencing the
interfacial energy between the droplets and the slag. Additionally, droplets may undergo

growth or reduction due to oxidation or reduction reactions.

« Within the liquids with high viscosity, small particles may be trapped for prolonged
durations [8], [11]. It's important to highlight that the viscosity of the slag is influenced by
the fraction of solid particles, a phenomenon referred to as the "slurry effect,” elucidated by

the Einstein-Roscoe model equation (Eq. 1.17) where:
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n=n1-af)™ (1.17)

1 is the viscosity of the molten slag with dispersed particles (Pa-s),

n° is the viscosity of molten slag without dispersed particles (Pa-s),

f is the ratio of solid particles in the slag

a is the inverse maximum ratio of solid particles

n is geometrical shape constant, assumed to be 2.5 for spherical particles [12].

The efficiency of the sedimentation process is significantly influenced by the settling rate.
A study examining the impact of settling time on metal losses verified the anticipated
outcome, revealing a decrease in Cu content in the slag layer with longer settling times. In
the Tamano flash smelting furnace, the average settling time for the slag spans 4 to 5 hours,
during which particles with a diameter larger than 0.13 to 0.15 mm settle. It is noteworthy
that extended sedimentation times have a limited impact on the recovery of smaller particles
[8].

The traditional assumption was that phase separations in slag-metal systems were solely
driven by the buoyancy effect arising from the substantial density contrast between the alloy
and the slag. However in another study, this hypothesis was questioned through an
exploration of varying gravity conditions on products synthesized by combustion
phenomena. Diverse gravity conditions ranging from 10~° G to 1.7 G were applied to study
various systems. The examination uncovered that mechanisms influenced by surface energy
could also play a pivotal role in the settling process [49]. Additionally, adhesion of copper
matte and metal droplets on the surface of the slag due to surface tension described by
Fagerlund [13]. Poggi et al. established the critical radius of a droplet capable of resting on
the interface by equating the upward force resulting from surface tension with the weight
of the particle (or drop) as seen in Eq. 1.18 [11]. It is anticipated that larger drops will sink

through the slag/metal or matte surfce, while smaller drops will float.
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R = 2"‘Vslag 1/2
= (3 *p

(1.18)

particle * g

4

R is the critical radius of the sphere (m),
p is the density (kg/m?),

g is the gravity constant (m/s?),

y is the surface tension (N/m).

Up to this point, main parameters effecting the metal loss in slag phase is described; Larger
metal droplets exhibit a higher tendency to sink and a longer settling time facilitates a higher
yield. Slag viscosity decreases the metal/slag separation, having critical impact on metal

entrapment.

Moreover, extensive exploration in the literature has focused on the chemical dissolution
of metals in slags. Initially, the prevailing assumption was that copper (and other metals)
dissolves in slags in the form of oxides, commonly termed 'oxidic' dissolution. The
concentration of Cu20 in a slag is associated with the thermodynamic conditions of the
furnace and can be reduced by managing the furnace according to established metal-matte-
slag-gas relationships. The solubility of Cu2O decreases at lower temperatures as depicted
in Figure 1.4A. Additionally, at higher pO2 Cu solubility increases as seen in Figure 1.4B.

12



z
w
T

100% Cu

— 7% Cu_ alloy =

—e 0% Cu alloy "

Wt. % copper in slag
nN
T
L)
1
a
T
1
g
S
[
NE
2
L) 1

...
|
[ ] o o
| ;p 7
]
Wi % copper 1n slag
S S
T I
o
'S
o
\ o
OO o
o
¢ \&.
. -
" 5,
3, -
3 4 o
° \
o
\ \
o 0 =l

—o—23% Cu alloy ]

e 1 I I 0 (]
1250 1300 1350 $ 2 4 B - e

Ml.\lfy of copper m’ aliay
Temperature (°C)

Figure 1.4: The impact of temperature on the solubility of copper in slags at a constant
oxygen partial pressure (PO) of 10® atm (A).2 Impact of tempertaure and PO2, on Cu
solubility in slags (B) [14], [15]

2In Figure 1.4A, Cu alloy refers to Cu-Au alloy which was investigated in the cited article and the figure
shows an increase copper loss in the slag phase with increasing Cu content. Cu-Au alloy was not mentioned

in the text to avoid confusion.

The explaination of metal dissolution were explained by Richardson and Billington, for
sulphur-free slags [16]. They stated that Cu can only dissolve after oxidation where no
solid Cu in present. However, when the slag coexists with a sulphidic matte phase, the iron
silicate slag can dissolve Cu. The ionic theory gave rise to the concepts of ‘oxidic’ and
'sulphidic’ dissolutions of copper to explain this phenomenon [17], [18], [19]. Nagamori's
experiments showed Cu solubility far exceeding that attributed to oxidic loss in previous
studies on sulphur-free slags. This increased solubility was linked to the presence of S in

the slag, leading to the development of the concept of “sulphidic dissolution”.

In line with the molecular or ionic theory of slag, a sulfur ion (S ion) may dissolve in the
slag, displacing a free oxygen ion (O ion) initially associated with an iron ion.
Subsequently, this sulfur ion may have a tendency to replace some of its coordinating iron
ions with copper, in accordance with the activity of copper in the matte. The overall
dissolved copper in the slag arises from the combined effects of oxidic and sulphidic
dissolution and the proportions of each depend on the composition of the slag. Sulphidic
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dissolution is typically notable for matte grades up to around 60% Cu, while at lower copper
percentages, oxidic dissolution becomes the predominant mechanism as illustrated by
Figure 1.5 [1], [17].
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Figure 1.5: Diagram illustrating the calculated values of oxidic, sulphidic and total
dissolved copper in commercial reverberatory slag [8].

Nagamori's original data [19] demonstrated a decrease in copper content in slags with an
increase in sulfur content. Sridhar et al. [20] highlighted that typical investigations utilize a
gas-matte equilibrium to regulate the oxygen potential, mirroring plant practices. Nagamori
employed metallic iron in equilibrium with 0-55 wt% Cu mattes to control the oxygen
potential, leading to a lower oxygen potential than in copper smelting, thereby increasing
sulfur solubility. For Cu grades of mattes exceeding 55 wt%, Nagamori utilized copper
metal in contact with matte to stabilize the oxygen potential, resulting in an oxygen potential
close enough to that in copper smelting. In the composition range exceeding 55%,

Nagamori observed that copper loss is exclusively oxidic.

The findings by Sridhar et al. [20] suggest that copper losses in slags can be accounted by
the oxidation of copper under varying oxygen potentials encountered during the production
of distinct matte grades. Additionally Sridhar et al. suggests, the presence of copper

sulphide is deemed highly improbable, given that the affinity of sulfur for iron is greater
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than for copper. This higher affinity increases the likelihood of sulphide ions being in

proximity to iron ions rather than copper ions.

In many slags, the dissolution of metals generally depends on the very same parameters that
decreases the physical entrapment of metals. The silica content also plays a role in Cu
losses, with optimal copper preservation occurring at approximately 35% SiO2. This decline
is attributed to the dominance of slag-matte interfacial tension over melt viscosity. The
addition of SiO. boosts viscosity and diminishes surface tension. Silica content influences
magnetite formation (with the SiO./FeO ratio being crucial) [3]. VVarious constituents in the
slag also play a role in influencing the Cu loss. An increase in FeO by the reduction FeSa,
results in decreased viscosity, lowered density and support magnetite reduction, thereby

enhancing Cu solubility in the slag through the formation of SO; bubbles [8].

1.3.Typical Ferrous and Non-Ferrous Slags

Slags can be categorized based on their metallurgical processes as in Figure 1.6; Ferrous
slags are created as side products during various iron and steel smelting and refining
procedures. Non-ferrous slags are generated in the process of extracting non-ferrous metals
commonly from natural sulfide ores. These slags cover various types, such as Cu slag, Zn
smelting slag, Sn slag, Ni converter slag, SiMn slag, V slag. A typical non-ferrous metal
from sulfide ores involves three essential steps; concentration, roasting and smelting;
ultimately resulting in the production of non-ferrous slags [21]. In addition to ferrous and
non-ferrous slags, various slags find application in metallurgical and recycling industries.
One such example is salt slag, which originates from the secondary aluminum industry.
During the smelting process of recycled aluminum scraps in a reverberatory or rotary
furnace, fluxes containing NaCl and KCI are introduced into the molten bath. Incineration

slag, formed from the incineration of municipal solid waste (MSW). After burning,
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remaining solid is terms as bottom ash whereas dust collected from air filters is called fly

ash.

Metallurgical Slags

Non-ferrous Slags

+ Cu Slag

Figure 1.6: Classification of typical metallurgical slags.

1.3.1. Ferrous Slags

According to the World Steel Association (2012), over 400 million tonnes of iron and steel
slags are generated annually. The primary categories of slags resulting from these unit
processes can be broadly classified into two groups: Blast furnace slag (iron slag) and
steelmaking slags. Steelmaking slags can be further categorized based on the specific unit
process from which they originate, namely, BOF (Basic Oxygen Furnace), EAF (Electric
Arc Furnace) and ladle furnace slags [22]. Slag composition of ferrous processes were
given in CaO/MgO-SiO,-Al>03/FeOx/CrOx slag system.
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Figure 1.7: Common slag composition used in iron production (blast furnace slag), steel
manufacturing (steel slag) [22].

As seen in Figure 1.7, All ferrous slags generally in the region close to SiO»-CaO line, due
to high SiO- content which arises from the gaunge while CaO is introduced as a flux during
the processes. Blast furnace slags is generated from Fe production through thermochemical
reduction in the blast furnace. Numerous researchers have examined the standard chemical
composition of slags in iron and steelmaking and their discoveries are summarized in Table
1.2 [22]. Blast furnace slags are part of the CaO-SiO>—Al>03-MgO system and may include
minor components like MnO, FeO, Na20 and KO among others. Generally, blast furnace
slags exhibit liquidus temperatures ranging from 1350°C to 1400°C and a basicity ratio
(CaO/Si0y) typically falling between 1.2 and 1.3. The mineral composition of slow-cooled
blast furnace slags contains crystallized Ca-Al-Mg silicates, particularly melilite
(Ca2MgSi»07—-Ca,Al,SiO7) and merwinite (CasMgSi20s) [22].

Table 1.2: Typical blast furnace slag composition taken from various works [23-27].

Typical Composition [%6]

Ref.

SiO: CaO A0z MgO MnO FeO S
36-45 33-42 10-16  3-16 <2.0 - - [23]
34.7 35.5 9.9 14.6 - 0.6 1.6 [24]

3542 3540 8-15 89 0310 0508 07-15 [25]
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3542 3338 1015 7-12 <10 <10  1-15 [26]
41.7 338 134 74 03 05 0.8 [27]

In the BOF process, the blast furnace's hot metal, steel scrap and fluxes in the form of lime
and dolomite are introduced into the furnace. Impurities dissolved in the liquid metal,
including Si, P, Mn and S undergo oxidation and combine with the lime and dolomite
fluxes, resulting in the formation of BOF slag. Because of the impurities present in the
crude liquid steel and the refining needs in the BOF process, the slags typically exhibit a
high basicity ratio (2.4 < Ca0O/SiO2 < 4.0). They also have a higher FeO content due to
oxidizing conditions and specific blow regimes (as seen in Table 1.3). In comparison to

blast furnace slags, their chemical composition tends to be more variable.

Table 1.3: Typical basic oxygen furnace slags taken from various works.

Typical Composition [%0] Ref
ef.

CaO SiO2 AlO3 MgO FeO Fe20s MnO
45-60 10-15 1-5 3-13 7-20 3-9 2-6 [28]

394 1197 216 969 3023 - 2.74 [29]
477 1325 304  6.37 ’ 2436 2.64 [30]
479 122 1.2 0.8 26.3 - 0.3 [31]

45 11.1 1.9 9.6 10.7 109 3.1 [32]
30-55  8-20 1-6 515  10-35 - 2-8 [33]
42-55  12-18 <3 <8 ; - <5 [23]

The increased FeO content in basic oxygen furnace (BOF) slag stems from the challenge
of recovering some iron in hot metal as steel. Primary components of BOF slag include
FeO, CaO, SiOz, Al,03 and MgO. In the case of electric arc furnace (EAF) slag, formed
during the recycling of steel scraps, its chemical composition is significantly influenced by
the chemical properties of the recycled steel scraps. Major components of EAF slag consist
of FeO, Ca0, SiO,, Al,0O3 and MgO with trace elements such as MnO, P»Os and SOz present
in minimal quantities. In certain instances, the FeO content in EAF slags is reported to be

very low, i.e., <3% [21].

The EAF process depends on solid steel scrap, fluxes, slag formers and ferroalloy charges,
which are melted by passing an electric current through the charge mixture using graphite
electrodes. In situations where EAF serves both smelting and refining functions, oxygen

and other oxy-gas mixtures are injected into the molten steel through specially designed
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lances. This is done to oxidize the impurities dissolved in the crude liquid steel. In such
cases, the oxidation products react with fluxes and slag formers, ultimately forming the

final EAF slag [21]. Composition of EAF slag is given in Table 1.4.

Table 1.4: Composition of EAF slag taken from various works.

Typical Composition [%6]

Ref.
CaO SiO2 Al203 MgO FeO Fe203 MnO Cr203
30-50 11-20 8-13 8-22 5-6 - 5-10 - [28]
455 32.2 5.2 3.3 1 - 2 0.05 [32]
46.9 335 6.22 1.07 0.36 1.56 2.6 2.92 [34]
39-45 24.32 8.15 1-6 - - 0.4-2 29.2 [23]
25-40 10-17 4-15 - - - <6 3 [35]

During the ladle refining process, desulfurization agents (such as Mg, CaSi and CaC,) and
deoxidation agents (such as Si and Al) are introduced into the steel bath. The reaction
products, including substances like CaS, 3CaO - P,Os, SiO2 and Al2Os either dissolve into
or are absorbed by carefully engineered slag. The slag is eventually removed from the
surface of the liquid steel. However, limited knowledge exists regarding the chemical
composition of ladle furnace slags thus, it tends to vary based on the quality of the steel
produced. Various alloys are injected into the ladle furnace to achieve steel of the desired
quality. According to some experiments, ladle slag is anticipated to have a very low FeO
content (<10%) as indicated in Table 1.5, while concentrations of CaO and Al>Oz are higher
for ladle slags [21]. Argon oxygen decarburization (AOD) slag also exhibits a similar

composition with lower SiO> content.

Table 1.5: Slag compositions from ladle furnace and AOD furnace taken from various
resources.

Typical Composition [%6]

Ref
ts;?)ge Ca0 Si0; ALO; MgO FeO Fe:0s MnO  TiO:  CrOs
Ladle 55 15 125 75 : 21 036 033 001  [35]
Ladle 425 142 229 126 05 11 02 840 2700  [32]

ppm  ppm

AOD 5410 265 491 63 118 063 102 098 183  [34]
AOD 476 3124 166 365 - ; 16 022 507  [36]
AOD 455 263 97 73 : : 21 - 63  [36]
AOD 4648 26-31 17-10 37-7.3 - . 1421 0211 3663 [37]
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Charge chrome slag is a byproduct of submerged arc furnaces, consisting mainly of MgO,
SiO2, AlLO3, Cr203, CaO and FeO. Recently, charge chrome slag has attracted considerable
attention due to its high concentration of the Cr. There is a growing emphasis on the
treatment and recovery of chromium owing to environmental concerns. In contrast to steel
slag (BOF, EAF), the Fe and SiO> percentage of charge chrome slag are roughly similar,
while CaO is much lower. On the other hand, MgO, Al.Oz and Cr contents are significantly
higher in charge chrome slag compared to steel slags. [21]. Due to the elevated chromium
content in charge chrome slag, considerable emphasis has been placed on its treatment and
the recuperation of chromium from it. It is approximated that a charge chrome plant

generates nearly equal quantities of slag and metals [36].

1.3.2. Non-ferrous Slags

Non-ferrous slags are formed during the production of non-ferrous metals such as Cu, Zn,
Pb, Ni, Sn and etc. These metals are commonly found in sulfide ore thus, it is necessary to
remove its sulphur content as SO, gas. During smelting two immiscible phases occur; a
heavier sulfide phase (Cu.S) containing copper namely, “the matte” and the oxide phase,

“the slag” according to equilibrium of (Eg. 1.19) [38];

Cu,0 + FeS S Cu,S + FeO (1.19)
2Fe0 + Si0, S Fe,Si0, (1.20)
2Fe,05 + 3Fe;04 + 2FeS — 17Fe0 + 250, (1.21)

SiO. as flux is added to mixture to lower liquidus temperature of FeO thus forming
(Fe2Si0s) fayalite (Eqg. 1.20), a ferrous silicate that constitutes main component of the slag.
Fe»SiO4 and silicate glasses emerge as the most identified silicate phases in non-ferrous
slags, representing volumetrically significant compounds in the materials. Besides Fe>SiOs,
olivine-group phases with compositions corresponding to kirschsteinite (CaFe»+SiO4) and
forsterite (Mg2SiO4) are also frequently observed. Liquid FeS, further reduce to Fe20s to
FeO then again, added to Fex(SiOa) (fayalite) phase as seen in (Eq. 1.21) [38].
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Following the separation of matte and slag, the matte or molten metal phase enters the
converter. In the conversion process, the melt undergoes additional desulfurization and
extra impurities are eliminated by introducing oxygen and fluxes like lime, iron ore or basic
slag. The generation of slag takes place throughout the smelting and converting processes,
potentially extending to additional refining steps. Certain portions of the slag may be

recycled to the smelter due to their high metal content. [21].
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Figure 1.8: Ternary phase diagram of Al,O3-SiO2-FeQO. Colored field represents the
common slag composition for each slag type [39].

Common phase percentages of non-ferrous slags are depicted on FeO - SiO> - Al,Os ternary
phase diagram (Figure 1.8) [39]. The chemical composition of Cu slags exhibits variations,
depending upon parameters such as ore type, flux additions and additives utilized in the
pyrometallurgical process as outlined in Table 1.6. Generally, the primary components in
copper slags are iron (Fe) and silicon dioxide (SiO2), each accounting for approximately
25-50% of the composition [36]. Almost all copper slags exhibit a significant presence of
copper (Cu), ranging from 0.5% to 3.7%, which is comparable to or even surpasses the
copper content in copper ores. Depending on their origins, certain slags may also contain
recoverable levels of Co and/or Ni [40]. They also contain minor percentages of Al>Oz and

Ca0. Other oxides as MgO, K>O and S are present in much smaller amounts [41]. Other
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metals such as Cr and Ni only present in much lower quantities, usually not exceeding
0.1%.

Table 1.6: Chemical composition of copper slags from the literature [36].

Elements*  Slag 1 Slag 2° Slag 3 Slag 4 Slag 5 Slag 6

[%)] [42] [43] [44] [45] [36] [46]
Cu 2.60 0.58 3.70 1.22 2.75-3.3 0.6-3.2
Co 0.36 0.21 0.25 - 0.5-0.7 -

Ni 0.045 0.57 - 0.9-1.2

Zn 0.425 - 0.44 - - -

Fe 52.0 38.6 49.99 32.24 45-48 32.7-37.3
SiO2 - Si: 17.40 22.45 - 24-26 32.5-37.3
Al203 - Al: 251 1.14 - 24-4.0
CaO - Ca:1.11 - - - 1.8-7.5
MgO - Mg: 1.65 - - - 1.6-4.0

S 4,90 0.93 1.56 - - 0.5-1.0

an this graph, the reported percentages were given in the table to avoid confusion.

®for Slag 2, metallic percentages of Si, Al, Ca, Mg were given in the table.

Antimony (Sb) ore also found primarily as jamesonite (4PbS-FeS-3Sh,S3). Where typical
non-ferrous metal production route is followed during its extaction. Sb slags contains Zn,

Pb, Sb and possibly other metal sulfides as seen in Table 1.7.

Table 1.7: Antimony smelting slag taken from literature [47].

. Zn Sb S Fe SiO2 CaO
Composition

[%ow/w]

124 658 131 154 2059 2225 19.09

Slag composition from Pb and Zn production are summarized in Table 1.8. It can be seen
that the slags belong to FeO(Fe.03)-CaO-SiO, system containing high amount of Pb and
Zn with basicity 0.36-0.4 (B=Ca0%/( Ca0% + SiO2%)).

Table 1.8: Pb blast furnace and Imperial smelting process (ISP) slag composition [48].

Kivcet Slag Pb Zn Sb Cu Fe?* Fed* Si0O; CaO AlOs
[Yow/w] 158 102 0.33 0.37 17.4 6.7 21.8 13 1.6
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Pb BF Slag Pb Zn Cu S Fe Si02 CaO MgO AlOs
[Yow/w] 2.2 6 03 154 24 27 15 5 3
ISP Slag PbO znO S FeO  Si0;  AlLOs
[Yow/w] 06-1 510 1-3 30-42 1621  5-10

When low-grade nickel matte is subjected to blowing in a converter for the production of
high-grade nickel matte, a substantial amount of slag is generated. From Table 1.9 Ni
converter slag contains numerous valuable elements, including Ni, Co and Cu. The FeOx—
SiO2 slag system comprises the primary component of nickel converter slag, where various
metals are present either in a dissolved state or as inclusions. Nickel primarily exists in the
sulfide form (NisS), with some of it being dissolved in fayalite in the oxide form. Cobalt
is predominantly distributed in the silicate as oxides (CoQ), while nearly all copper is

dispersed in the slag in the sulfide form (Cu>S).

Table 1.9: Chemical composition of nickel converter slag [wt.%] [49].

Element Fe Ni Co Cu S FeOs SiO2 CaO MgO AlOs3

Composition

432 35 06 09 15 306 2920 011 083 048
[%0]

Nickel ore may undergo processing concurrently with copper ores throughout
concentration, roasting and smelting. The resultant copper and nickel matte is subjected to
roasting and then either reduced with carbon or leached with acid to separate the copper
and nickel. Subsequent refining processes are applied to purify the metals. PbS concentrates
undergo roasting and are subsequently reduced in a blast furnace using carbon as a fuel
source, along with CaO and FeO as fluxes. Furthermore, additional impurities are
eliminated in a reverberatory furnace through selective oxidations. Following these steps,

silver is separated using the Parkes process [21].

1.4.Recovery of Metals from Waste Sources Using Metal/Slag Seperation

While the slag phase holds the potential for recovering various metals, it is also possible to
to retrieve such metals from secondary wastes with the very same pyrometallurgical
procedures. In some cases, the concentrations of these metals in secondary wastes can even

exceed those found in primary ores. From them, variety of recovery routes utilizing
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metal/slag seperation have been developed due to their complex structure. Despite

hydrometallurgical routes were used generally in small or lab scale.

As of 2016, global gold supply from mining amounted to approximately 4570 tons, with
gold production through mining activities reaching 3236 tons. The remaining 1334 tons of
gold were sourced from electronic waste, scrap jewelry, gold in teeth, bullion and jewelry
waste. Given the high value of precious metals like gold and silver, their particulate forms

hold significant importance for companies and workshops [50].

Low grade wastes such as floor sweepings, polishing dusts, rags and tissues are an
important source of Au and Ag where 848 ppm and 7812 ppm recovery was reported [51].

Whereas, Au concentration in common gold ores ranges varies between 1 to 15 ppm [52].

E-wastes, particularly printed circuit boards (PCBs) that are arising from all electrical
equipment is also an important secondary source since it includes, Au, Ag, Cu, PGMs, Sn,
Zn, Ni, Pb and many other critical metals [53].

E-wastes, indeed contains significant quantities of copper (Cu) and gold (Au),
approximately 13-26 times and 35-50 times higher, respectively, compared to the minerals
typically used for extracting these metals. In a report it was mention that if all mobile phones
discarded in China in 2008 had been recycled, it could have resulted in the recovery of
1,250 tons of Cu, 13 tons of Ag, 3 tons of Au and 2 tons of Pd. This recovery would have

had a market value of around $105 million [54].

Additionally, substantial environmental benefits could have been achieved, particularly in
terms of greenhouse gas emissions. The study suggests that mining one ton of gold,
platinum, or palladium typically results in the emission of approximately 17.000, 10.000,
or 14.000 tons of carbon dioxide (COz), respectively [55].

Decreasing tenors of PGM containing ores increases the importance of recovery of PGMs.
As an example, in Bushveld complex, South Africa average tenor of PGM deposits were
decreased from 2.8 g/t to 0.7 — 1.4 g/t. Thus rapid change in the PGM prices becomes and
itch for primary PGM producers [56]. Utilizing secondary sources is a preferable option
compared to primary production. This is because secondary sources offer higher

concentrations of PGMs and require much less energy - up to 70-100 times less - while
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yielding higher recovery rate. Furthermore, using secondary sources helps to minimize the
environmental impact associated with mining. All in all, exploiting secondary sources is a
more advantageous and sustainable method of obtaining PGMs than relying solely on
primary production [57]. Thus, its also crucial for reducing the environmental impact of
mining and refining precious metals and to promoting the circular economy by recovering

valuable materials from waste streams [58].

1.4.1. Waste Printed Circuit Boards (PCBSs)

Electronic waste, or e-waste, possesses distinct chemical and physical characteristics that
set it apart from conventional municipal or industrial waste. It comprises both valuable and
hazardous materials, necessitating specialized handling and recycling methods to prevent
environmental contamination and adverse impacts on human health. Through recycling, it
becomes possible to recover reusable components and essential materials, with a particular

emphasis on valuable resources such as Cu and Au, Ag and Pd [59].

Waste electric and electrical equipments consist of many items; large and small household
appliances, electronic items, accessories and even toys. During recycling, parts are
dismantled and seperated from the waste equipment. Despite most part is eliminated,
printed circuit boards (PCBs) integrated in the equipment holds the major concern due to
metal valuable and toxic metal composition and thus its complex structure which creates
diffulties during the recovery. The weight fraction of PCBs in relation to the total device
varies, ranging from 2% for large electronic devices to 11% for laptop computers and up to
22% for mobile phones.

Table 1.10: A common average PCB content [%] [60].

Composition
PCB content [%pw w]

Non-metal <70
Cu 16
Solder 4
Iron, ferrite 3
Ni 2

Ag 0.05

Au 0.03

Pd 0.01

Other (Bi-Sh-Ta) <0.01
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Typical composition of a PCB is given in Table 1.10, the composition of presently
employed PCBs is categorized as glass fiber-reinforced epoxy resin (FR-4), commonly
utilized in compact electronic devices, or paper laminated phenolic resin (FR-2) that
comprises approximately 70% of the PCB. Laminated copper sheets are etched. Recycling
poses a challenge due to the complex mixture of polymers (plastics), silicates (Si-based),
non-ferrous and ferrous metals. As related to Table 1.10, It is widely acknowledged that the
weight composition of WPCB typically includes approximately 30% metallic fraction and
70% non-metallic fraction [59], [60].

The concentrations of metals in Printed Circuit Boards (PCBs) are affected by various
factors, including the source, type of board, manufacturer and production timeframe.
Manufacturing techniques, specific board designs for devices and the use of various
soldering technologies contribute to the wide range of compositions observed in PCBs. As
seen in the Table 1.11, The metal fraction typically includes approximately 8-38% Fe, 10-
20% Cu, 2-15% Al, 0.5-3% Pb, 0.05-0.5% Ni, 200-3000 ppm Ag, 20-500 ppm Au and 10-
200 ppm Pd despite significantly deviates due based on the PCB type [61].

Table 1.11: Metal percentages of variety of E-wastes from literature. [55].

Weight [%0]

Weight [ppm]

E-waste : Refs.
Fe Cu Al Pb Ni Ag Au Pd

TV board scrap 28 10 10 1 0.3 280 20 10 [62]
PC board scrap 20 5 1.5 1 1000 250 110 [62]
Mobile Phone scrap 13 1 0.3 0.1 1380 350 210 [62]
Portable audio 23 21 1 014 0.03 150 10 4 [62]
DVD player 62 5 2 0.3 0.05 115 15 4 [62]
Calculator scrap 4 3 5 0.1 0.5 260 50 5 [62]
PC mainboard scrap 12 143 28 22 11 639 566 124 [63]
PCB scrap 45 10 7 1.2 0.85 280 110 [55]
TV scrap 34 12 02 0.038 20 <10 <10 [64]
Electronic scrap 83 85 071 315 2 29 12 [65]
PC scrap 20 7 14 6 0.85 189 16 3 [55]
Typical electronic scrap 8 20 2 2 2 2000 100 50 [55]
E-scrap sample 1 374 182 19 16 6 12 [66]
E-scrap sample 2 273 164 11 14 210 150 20 [66]
Printed circuit boards 53 268 1.9 047 3300 80 [67]
E-scrap 26.2 186 - 1800 220 30 [68]
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E-waste mixture 36 41 49 0.29 1 - - - [69]

In Figure 1.9, the PCB content (in grams per kilogram) of internet modems, computer
motherboards and mobile phones is depicted. The "MIX" content originates from unknown
sources. The copper (Cu) content is notably high, reaching almost 300 g/kg, as anticipated,
along with other previously mentioned metals. The "MIX" fraction exhibits a significantly
elevated lead (Pb) content, highlighting its potential hazard. Silver (Ag) and gold (Au) are
also present in substantial amounts, with nearly 1.7 g/kg of PCB. Figure 1.10 also illustrates
parts of desktop computer PCB content, revealing that memory modules concentrate the
majority of gold (Au), while copper (Cu) is distributed across various parts of the board
[59].
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Figure 1.9: Metal composition of PCBs taken from different appliances [70].
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Figure 1.10: From variety of PCBs taken from desktop computer PCB [71].

Pyrometallurgical processing, covers techniques such as incineration, smelting in a plasma
arc furnace or blast furnace, drossing, sintering, melting and high-temperature gas-phase
reactions, has emerged as a conventional method for recovering non-ferrous metals and
precious metals from electronic waste over the past two decades. In this process, crushed
and enriched electronic scraps are subjected to combustion in a furnace or molten bath to

eliminate plastics and the refractory oxides which creates the slag along with certain metal

oxides [55].

In the industry variety of companies embraced a pyrometallurgical approach for metal
recovery, as outlined in Table 1.12. In these processes, smelting is employed, utilizing
modern equipment such as the Noranda reactor system, Outokumpu flash smelting and
Mitsubishi continuous smelter. The treatment occurs at elevated temperatures, typically
ranging from 600 to 1200 °C, within the combustion chamber. In this chamber, melting,

various reactions and sintering processes take place [70].

Table 1.12: Conventional pyrometallurgical processes employed in the recycling of e-
wastes [70].

Technique Metal Recovered Reference
Noranda Process Au, Ag, Pd, Pt, Cu, Ni, Se, Te, Ni [55]
Boliden Ronnskar Smelter Cu, Ag, Au, Pd, Ni, Se, Zn, Pb [55]
Umicore's precious metal refining o is - cy-au-Ag, Se, In, Te, Base metals, [71]
process at Hoboken
Kaldo Process Au, Ag [72]
Outotec Au, Ag, Cu, Pb, Zn, In, Ge [70]
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Aurubis Au, Ag, PGMs Cu, Pb, Zn, Sn, In, Ge [70]

In Noranda process, The materials introduced into the reactor are submerged in a molten
metal bath at a temperature of 1250 °C, agitated by a air blowing containing up to 39%
oxygen. The cost of energy is minimized through the combustion of organic materials in
the scraps. With the oxygen blowing, impurites such as Fe, Pb and Zn, into oxides that are
then fixed in a silica-based slag. After cooling and milling, the slag is processed to retrieve
additional metals before disposal. The copper matte, housing precious metals, is extracted
and transferred to converters. Following an enhancement in the converters, the liquid blister
copper undergoes refinement in anode furnaces and is cast into anodes with a purity of
99.1%. The remaining 0.9% contains precious metals such as Au, Ag, Pt and Pd alongside
other recoverable metals like Se, Te and Ni. Subsequent electrorefining of the anodes

facilitates the recovery of these marketable metals [55].

Boliden Ltd. Ronnskar Smelter in Sweden employs a pyrometallurgical route for metal
recovery from e-waste where scraps can be introduced into the process at different stages
based on their purities. High-copper-containing scrap is directly fed into the Converting

process, while low-grade e-waste is directed to the Kaldo Furnace. [55], [72]

In the Kaldo reactor, a mixed feed containing e-wastes and Pb concentrates are introduced
using a skip hoist. Oxygen, supplied through an oil-oxygen burner using an oxygen lance,
facilitates combustion. A conventional gas handling system recovers thermal energy
through a steam network. The Kaldo Furnace creates a copper alloy that contains Cu, Ag,
Au, Pd, Ni, Se and Zn which is sent to copper convertor for recovery. Additional outputs
such as Pb, Sb, In and Cd containing dusts are directed to other operations for metal
recovery [72]. Despite the varieties in the procedures, general recovery is based on
eliminating non-metal part of the PCBs which then subsequently directed to conventional
copper production which is then seperated by either hydrometallurgy or electrowinning.

1.4.2. Au-Ag Containing Slags

Gold and silver find well-known use in jewelry production, constituting one of their main

applications. During the manufacturing of jewelleries, wastes are produced during every
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step of the process such as polishing wastes, floor sweeping wastes, handwashing waste

and sewage wastes.

Figure 1.11: A photo of low grade jewellery floor sweeping (A). Au and Ag particles
seen from an optical microscope (B) [50], [73].

Polishing waste comprises a mixture of plastic and metal bristles, abrasive paste and metal
dust, the latter primarily consisting of gold alloys. Gold particles, combined with substantial
amounts of waste dust, debris and larger-sized objects, are referred as floor sweepings waste
and seen as in Figure 1.11. Handwashing waste, produced from operator and laboratory
clothings thus, contain an organic matrix from which gold particles are separated. This
waste also includes additional components, such as soap and even spent coffee powder,
making its recovery a challenging process. Finally, small gold particles are ingested by
jewelry operators and are subsequently discharged into sewage sludge through the body's
natural processes. This waste stream also exhibits a high concentration of organic matrix
and as of now, there is a lack of comprehensive studies on the recovery of metals from this
particular source [50], [74]. In Table 1.13 variety of jewellery wastes and how much gold

is contained within them is summarized.

Table 1.13: Common jewellery wastes and scraps along with corresponding gold contents

[50].
Type of  Gold Content
Waste Waste [9%]
Old jewelry Solid 39-73
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Bench Scrap Solid 19-52

Sink trap settings Slurry 6-8
Carpets and wood floors Solid 0.1-9
Old crucibles Solid 0.8-5
Polishing dusts and sweeps Solid 0.5-5
Watchbands and gold-filled scraps Solid 0.25-5
Emery papers, floor dirt, brushes Solid 0.1-4

Scrap and wastes with a high gold content (>20%), including items like old pots, bench
sweepings, sand from sandblasting machines, sink muds, polishing machine residue,
carpets, door mats, old aprons, swabs, brooms, as well as consumed and expendable molds,
are categorized as combustible and non-combustible. These materials are smelted in a
graphite crucible using an appropriate flux material to eliminate impurities such as dirt,
oxides and refractory abrasives. It is crucial for the viscosity to be low and the melt should
be maintained at a high temperature for 30 min. Subsequently, the slag is separated from
the cast bar [50].

Meanwhile, low grade wastes (less than 20%) compose of all the other above mentioned
wastes. Schematical representation of processing low grade wastes is given in and seen as
Figure 1.12. In a controlled environment, floor sweepings, rags and tissues undergo a slow
24-hour incineration process to prevent the escape of fine particles with the flue gas. The
resulting ashes are magnetically seperated, milled, screened, sampled and combined with
fluxes. Subsequently, the mixture is fluxed and smelted for 2—-3 hours before pouring and
casting, using the same method employed for high-grade materials. During the smelting,
slag phase is produced and thus often further processed to recover remaining precious
metals [75].
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Figure 1.12: Schematical representation of Au and Ag containing low-grade jewelry
wastes (modified from [75]).

Even after the recovery process, produced slag contains a part of Au and Ag particles
trapped inside the slag phase as seen in Figure 1.13.

Figure 1.13:An microscope image of Au containing slag [75].

Composition of waste slag, produced during the recovery of Au and Ag from low grade
jewelery wastes is given in Table 1.14. The slag contains typical non-ferrous constituents

such as SiO2, Al203 and FeO thus, primarily originate from polishing processes and dusts
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from surfaces, as well as residues generated during polishing stages, abrasives and brush-

like materials. Na,O and B,O3 are added as fluxes.

Table 1.14: Composition of Au and Ag containing jewelry waste slag [75].

Element Na Si Al Ca B Fe K Cu Zn Ni Ag Au @)

[%]F 1795 878 801 563 509 48 186 032 029 002 > 33 472

ppm___ ppm

aGiven composition where retrieved from ONSA Gold Refinery, Turkey.

In both large and small-scale refineries, the cupellation process is predominantly utilized
for recovery of metals from slag phase and widely accepted. This method involves mixing
Pb with the Au containing metarial. The mixture is heated in open atmosphere in
approximately 1000-1100 °C until the material dissolves in the Pb. During this process, all
base metals and Pb undergo oxidation, forming a lead oxide slag. Consequently, two
distinct phases emerge: slag and metal. The valuable components of the material become
enriched in the molten phase, while impurities are discarded in the slag phase. The resulting
gold-silver bullion, which may also contain platinum group metals (PGMs), requires further
refining steps to obtain pure gold. One drawback of the pyrometallurgical process is the
generation of hazardous gases and effluents, leading to atmospheric pollution, along with

the loss of metallic values in the slag material [50].

1.4.3. Spent Auto Catalysts (SACs)

PGMs finds extensive use in automotive catalytic converters owing to its exceptional
physicochemical attributes. These properties include high catalytic activity, resistance to
chemical corrosion and thermal stability. The primary purpose is to reduce the emissions
of NOy, CO and CxHy from motor vehicles as shown in (Eq. 1.22 — Eq. 1.24) [76].

CO(g) + Oz(g) = COyq) (1.22)

y y 1.23

CeHly ) + (x+3) 029 = XCOg + S Ha0(q) (1.23)
N2(g) + Oz(g) = NOx(g) (1.24)
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Figure 1.14A presents the SAC, where a ceramic honeycomb structure is placed within a
stainless steel canister, constituting the entire assembly known as a catalytic converter. This
unit is then mounted in the vehicle's exhaust system, situated between the engine and the
silencer (muffler) [77].

Table 1.15: The weight percentage [%wt] of the main chemical compositions in SAC
found in literature [78].

SAC
Component SiO2 A0z MgO CaO NiO  FexOs NaO Reference
[Y wiw]
A 31.7 39.1 4.6 0.7 0.2 - - [79]
B 34.6 31 8.9 - - 3.6 - [80]
C 35.3 37.2 8.5 1.2 - - 2.4 [81]
D 40 31.7 10.5 - - 1.3 - [82]
E 62.1 10.4 0.4 0.3 - - - [83]

SACs composed of 85% carrier (substrate) and 5-15% coating as seen in Figure 1.14B-C-
D. Honeycomb ceramic substrate is commonly made of cordierite region of MgO-Al20s-
SiO> ternary which is approximately (2:2:5) despite the exact composition varies by the
company and the vehicle type. On top of the honeycomp structure, there is a (<90%) y-
Al;O3 washcoat that contains relevant PGMs to act as catalysts [78], [84] Chemical

compositions taken from different SAC sources were given in Table 1.15.

A Steel casing Honeycomb
Insulation filler

monolith

e s s
i = Washcoat™®
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£ Cordierite %
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Figure 1.14: (a) Structure of Auto-catalytic convertor, presenting the oxidizing reactions
of CxHy, CO and NOXx to less toxic species as CO2, H20, N». (b-c-d) Photos are SEM
images of WAC, where PGM containing washcoat is on the cordierite body [83], [85].
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The concentrations of platinum-group metals (PGMs) in catalysts exhibit significant
variability based on the manufacturer. Moreover, in new car catalytic converters, platinum,
typically present in larger amounts compared to palladium and rhodium, shows
concentration ranges from 100 to 3000 ppm. Palladium concentrations vary from 5 to 1700
ppm and rhodium concentrations range from 5 to 240 ppm. Consequently, the total PGM
content in the samples consistently remains below 0.1%. X-ray powder diffraction is unable

to identify phases with such low concentrations [85].

Table 1.16: Typical PGM loadings in autocatalytic converters [86].

Total PGMs present [ppm]

PGM Reference

Loading Pt Pd Rh
140 140 - - [87]
230 130 76 24 [88]
384.9 380 3.8 1.1 [88]
400 400 - - [89]
540 110 360 70 [88]
572 441 - 131 [90]
840 840 - - [87]
1160 370 630 160 [91]
1430 1280 - 150 [92]
1940 - 1698 242 [93]
2830 2300 530 - [94]
3160 1800 1200 160 [95]
12,000 3790 5820 2390 [96]

The pyrometallurgical process provides an efficient approach for the enrichment of
Platinum Group Metals (PGMs) from spent automotive catalysts [97]. Base metals such as
lead, copper, nickel sulfide and iron are commonly utilized as metal collectors for PGMs
[77]. At elevated temperatures, Pt, Pd and Rh are concentrated and enter into an alloy phase.

The PGMs alloy and molten slags are separated due to their difference in densities.
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Table 1.17: Different metal collectors used in PGM recovery from SACs and
corresponding efficiencies throughout the literature [77].

PGM recovery

Metal Collector Temperature [°C] efficiency Reference
Pt Pd Rh

Lead 1130 <98 <98 95 [98]
Copper 1300 <95 <95 <95 [71]
Copper 1550 90 82 82 [99]
Copper 1500 <84 <84 <84 [100]
Copper 1550 - <97 - [101]
Iron >1600 <98 <98 <97 [77]

Iron 1560 <90 <90 <90 [9]
Ni2S3 or CuS matte 1050 90 93 88 [102]
Fe matte 950 99 99 97 [103]

Variety of metal collectors and their PGM recovery efficiency from literature were
summarized in Table 1.17 Although the collection and cupellation of Pb offer an easy
process with a high recovery rate of PGMs, it comes with drawbacks such as a lengthy
processing period, high energy consumption and the emission of volatile lead [101].
proposed a method involving the capturing of Pd by molten copper at 1250-1400 °C,
achieving a 97% recovery under optimal conditions. Large-scale applications, like those at
Tanaka Precious Metals in Japan and Umicore in Belgium, have employed the copper
collection method [71]. Jinchuan Group Co., Ltd in China employs nickel matte for
capturing Platinum Group Metals (PGMs) from ores. This choice is driven by the close
affinity of nickel matte for PGMs and it takes advantage of the unique chemical
composition of copper and nickel ore [104]. However, environmental concerns need special

attention, especially with melting collection by copper and nickel [105], [106].

Given its non-toxic nature, cost-effectiveness and high affinity with PGMs, iron emerges
as a promising collector for concentrating PGMs from spent catalysts [9]. The plasma
furnace and electronic arc furnace (EAF) are primarily employed for the iron melting
collection process. Industrial-scale applications using plasma melting technology have
achieved recovery efficiencies of over 98% for Pt, Pd and Rh [77]. However, the operation
temperature in the range of 1600-2000 °C can result in the reduction of Si and the formation
of Fe-Si alloy, posing challenges in terms of dissolution and recovery efficiency of PGMs.
Furthermore, maintaining the properties of refractory materials at such high temperatures

proves to be challenging.
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1.5. Direct Current Electric Arc Furnace (DC-EAF)

DC-EAFs, are employed numerous pyrometallurgical recovery routes from waste materials
owing to its ability to reach high temperatures in short time with a average crucible
temperatures up to 1800 °C. Especially, DC-EAFs became advantageous for treating
complex structures such as SACs [9] PCBs [107] and non-ferrous slags [107] which are
either difficult to separate or smelt. For this reason, an EAF is designed and constructed
due to its ability achieve an adaptable metal recovery process from slag phase by sustaining
the high temperature environment to reduce viscosity of melt and provide necessary

conditions for reductive environment.

EAFs utilize electric arc to melt metals and create heat for various industrial processes. As
seen in Figure 1.15, DC-EAFs are made up from three main part; a furnace hearth with a
roof, mechanical equipment and electrical equipment. [108]. Hearth is a closed section of
the furnace where the smelting occurs. Hearth includes a steel shell covered by refractory
linings from inside, a roof with gas exit and graphite electrodes. Mechanical system is used
variety of operations; tilting the furnace hearth, electrode motion, lowering the roof and
flue gas systems. Electrical system comprises a power input, a transformer, control unit for

electrode movement and power.

Refractory roof

Wt

cooled
refractory linings

Upper electrode (Anode)

Bottom electrode (Cathode) Bottom taphole
Tilting System

Figure 1.15: Hlustration of industrial scale DC EAF [109].
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The main furnace body is installed on a tilting system to allow adjustments for proper
furnace positioning during tapping operations. Apart from the main body, there is an upper
electrode connected to a motion unit, serving to regulate the arc length and enable tilting
the main body hearth. The electrode holder is connected with a cooling unit. Electrodes are
automatically raised and lowered by the motion unit. Even though, the arc distance between
the charge material and the electrodes may change due to melting effects, this positioning
system ensures that an approximately constant current and power balance are maintained
during the process. Since the electrodes move up and down automatically, water-cooled

cables, pipes and arms are constructed adjacent to the transformer and furnace.

1.5.1. Arc Melting

The arc is generated between the upper anode and the bottom cathode. After arc created
and the solid mix is started to melt, liquid metal acts as the cathode. The molten metal is
heated by the current passing through a highly resistive area, combined with the radiant
heat generated by the arc. A plasma arc, is a path of conductive, ionized particles that forms
at high temperatures between the cathode and the molten bath. As seen in Figure 1.16,
ionization of gas molecules is the formation of both positively charged ions and negatively
charged electrons at temperatures above approximately 5000K, creating a neutral but highly
conductive plasma. During the arc formation, electrons are released from gaseous
molecules. Through collisions with neutral gas molecules, these electrons generate
additional free electrons. The newly formed electrons acquire high kinetic energy,
enhancing their mobility.
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Figure 1.16: lllustration of an arc formation in the ionized gas phase.

The arc is effective on the anode; accelerated electrons collide with it, heating and raising
it to very high temperatures (anode effect). Positive ions are accelerated in the opposite
direction and collide with the cathode; these positive ions transfer their energies to the
cathode, providing continuous thermo-electronic emission and increasing the electric field
(cathode effect). These collisions keep the cathode incandescent and lead to the vigorous

acceleration of electron deficiency [110].

This conductive medium allows the flow of electric current from the graphite electrode to
the furnace bath, completing the circuit. The electromagnetic forces exert a powerful
downward drive on the plasma flow within the arc column, creating a jet that extends from
the electrode to the molten bath. The flow of plasma in the arc column is directed downward
in a powerful jet towards the molten metal bath from the electrode due to electromagnetic
forces. Most of the energy from the arc is transmitted to a localized region directly beneath
the arc, which proves to be an efficient way of heating the material [111].

In EAF, heat which arises from the arc transferred to smelting hearth radially, as
schematically depicted on Figure 1.17. During the arc formation, temperature increases
almost instantaneously at the arc region and heat decreases radially. it can also be observed
that the gas volume along the arc axis is cylindrical in the initial isothermal layer at
10000°C. Subsequently, in the isothermal gas layers ranging from 8000°C to 3000°C, the
anode exhibits a conical shape [110], [112].
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Figure 1.17: Isothermal co-axial layers formed during arc melting (200 A current, 50 mm
arc length, carbon electrodes) [110], [112].

The power supplied by the arc can be controlled by adjusting the arc length and current
[111]. The electrodes are automatically raised and lowered by a positioning system. Despite
variations in the arc distance due to the effects of melting between the charge material and
the electrode, this positioning system ensures the maintenance of approximately constant
current and power balances throughout the process. Because the electrodes move up and
down automatically, water-cooled cables and pipes, as well as transformers, are constructed

adjacent to the furnace [113].

Arc is defined by the voltage drop and current across a pair of electrodes. It is commonly
recognized that an arc occurs when electrical discharge currents surpass values within the
range of 100 mA to 1 A between two polished electrode surfaces. The associated voltage
drop typically falls within the range of a few volts to a few tens of volts. The upper limit
for current in an arc is often unspecified but is generally substantial, reaching into the order
of thousands of amperes. Figure 1.18 shows currents below this specified threshold range,
two other discharge types are observed: glow discharge (current ~100 pA to 100 mA,
voltage ~100 to 300 V) and dark discharge (current <1 pA,; voltage ~1-2 kV). The transition
from glow discharge to arc discharge occurs abruptly with an increase in voltage alongside
increasing current, followed by a rapid drop in voltage and the passage of higher currents
through the arc (up to ~1 kA or higher) [114].
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Figure 1.18: Approximate voltage vs. current characteristic of the electrical discharge
without tips or edges [114].

The classification of an electric arc into high-pressure arc and low-pressure arc is contingent
upon the gas pressure surrounding the electrodes. While there are no clear-cut distinctions
between these categories, it is generally acknowledged that arcs formed under gas pressures
below 1 mm Hg are considered low-pressure arcs, whereas those formed at gas pressures
exceeding 100 mm Hg are classified as high-pressure arcs.. The region between 1 and 100
mm Hg is considered a transition region. In the case of low-pressure arcs, the ion
temperature (T*) and gas temperature (Tg) are comparable (~few hundred Kelvin), while
the electron temperature (T") is significantly higher (10* —10° K). Conversely, in the high-
pressure arc region, all three temperatures are reasonably close to each other (T* ~T ~ Ty
~10* —10° K) . Each temperature is defined in terms of the kinetic energy of the component
(Eq 1.25);
%kT = %mv2 (1.25)

where (K) represents Boltzmann’s constant, (m) is the mass of particles and (v) is the root

mean square velocity [114]. Arc melting furnaces operating at ambient pressure or above
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are considered high-pressure arc-type systems and the arc plasma is deemed to be in a state

of local thermodynamic equilibrium.

Cathode Positive Column Anode

Voltages [V] &

Distance [m]

Figure 1.19: lllustrations of arc regions. (a) Corresponding voltages. (b) (Figure modified
from [114].)

Both low-pressure and high-pressure arcs are conventionally divided into three regions.

Figure 1.19a provides a schematic representation for general applicability. The cathode is

positioned on the left, while the anode is on the right. The discharge seems constrained at

both ends, with a significant constraint at the cathodic end. This configuration allows for

the division of the arc into three distinct regions: the cathodic region, the positive column

(with the term "positive™ holding a historical significance) and the anodic region.

Arc voltage (Varc) is defined between the voltage drop (AV) between the cathodic region
(+) and the anodic region (-). As shown in Figure 1.19b, The cathode region is the area
adjacent to the cathode where the current is partially transferred from the plasma arc column
to the cathode through slowly bouncing positive ions. The anode region, similarly, is the
area adjacent to the anode where a voltage drop occurs due to the electric field (E) created
by the electron cloud [114], [115].

In a continuous arc, a balance is established between power input and output and when this
balance is disrupted, the arc becomes discontinuous. The arc column is the ionized gas

region where there is approximately an equal positive and negative charge density and a
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relatively low axial electric field compared to that of neutral gas molecules. The heat
generated by IR losses in the arc column facilitates ionization, radiating axially towards
the electrodes and radially outward from the arc. The energy emitted in the arc preserves

ionization in the arc column.

An electric arc is a plasma composed of ionized particles, electrons and gas molecules in
thermal equilibrium, forming a heat source for melting process [115]. The arc is emitted
from the cathodic electrodes (with negative polarity). Electrons accelerate due to the
cathodic potential drop. In this region, these electrons exert a force F (as seen Eq. 1.26)

under the influence of the predominant electric field strength E.
F=eE=-e.dV/dx (1.26)

During arc, electrons gain significant kinetic energy, enabling them to dissociate from
gaseous molecules and subsequently ionize neutral atoms through collisions. This process
generates additional free electrons. The resulting arc plasma comprises ionized particles at
exceedingly high temperatures, creating a conductive path between the electrodes [115].
The plasma column, formed by ions and electrons, constitutes the arc. lonized gases are

schematically illustrated in Figure 1.16.
Arc length

Equation 1.27, has been formulated to describe the static arc nature (specifically capturing
the decrease in arc voltage as a function of arc current) for carbon electrodes in an open-air

(atmospheric) environment where:
Varc IS Voltage
Larc is arc length

| is the arc current

120L, . 1.27)

Varc = 30 + 1205 +

The general behavior of electric arcs was described by Browne in 1955 [5]. Figure 1.20

illustrates the characteristic behavior of arcs with lengths of 1, 10 and 100 cm.
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Figure 1.20: In open air, the static property of the arc, specifically the arc length, is
expressed as Varc=f(larc) [115].

As the current (1) increases, the arc voltage decreases. The constant term of 30 V accounts
for the combined cathodic and anodic drops. The electric field's order of magnitude in the
cathodic fall zone is 10° V/cm. The second term, 12 V/cm, establishes the connection
between arc voltage and arc length. Beyond arc currents of 100 A, the static arc

characteristic is diminished to (Eq.1.28):
Vare = 30 + 12L,c (1.28)

In electric melting furnaces, operating with currents of 10—20 kA and voltages between 100
and 270 V, with open-arc lengths of 6-30 cm, the arc voltage gradients ranging from 4—6
V/cm are significantly lower than those observed in open-air arcs (11—12 V/cm). This
difference is due to the high temperature of the atmosphere where the arc is produced (1600
°C) and to the composition of the gas in the arc (CO/CO.). The presence of metallic fumes
also leads to a decrease of the arc voltage gradient. Conversely, for an arc submerged in a
foaming slag, the gradient is higher due to a cooling effect of the arc. It is equal to 13 V/cm
for an arc operating with a continuous current and 9 VV/cm with an alternating current [115]
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2. EXPERIMENTAL

The main objective of this thesis is to formulate a slag treatment process for the enrichment
of metals from non-ferrous slags, together with secondary sources such as SACs, jewelry
wastes and PCBs. The work involves the design of an electric arc furnace (EAF) and a slag
optimization methodology that could be adapted to non-ferrous slags and various secondary

Sources.

2.1.Direct Current Electrical Arc Furnace (DC-EAF) Design

To provide an efficient metal/slag seperation, high temperature environment that could
easily reach temperature as high as 1800 °C which even could be used to smelt cordierite
phase from auto-spent catalysts. For this reason, an electric DC arc furnace (DC-EAF) was
chosen for its capability to reach and maintain high temperatures rapidly. To ensure a
continuous and stable arc within the furnace, an electrode motion unit with automation was
developed. In the design of the crucible, careful consideration was given to both heat

transfer and phase solubility of the chosen refractories.
Power Source and Cables

Power Transformer and Rectifier were retrieved from SONMEZ Trafo Inc. Transformer
were connected to bridge rectifier to obtain DC current. Main parameters of transformer

system were given in Table 2.1.

Table 2.1: In and output parameters of power source and matching rectifier.

Input parameters Output parameters
Connection mode Triangle/Star Rectifier mode Triangle/Star
Input Voltages AC -380V Output voltage DC-60V
Input Current AC-T70A Output Current DC -200 A

Cables were selected by considering the maximum current that used in the EAF system, in
this regard selected cables must withstand minimum current of 200 A which the maximum

current output of the power source. For this reason, AWG 3/0 copper cable having approx.
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1 cm diameter and multiple cores were selected to add flexibility. The complete electrical

schematic was given in Figure 2.1.

. . Connection mode: Triangle/Star
Automation Unit Output voltage: DC 60 V
Output Current: 200 A

220V
Mono-phase

Sourcing output

Upper Electrode {Anode)
(+)

Fuse
Contactor

Transformer Rectifier

AC Three-phase
70A-380V

)

Stable Electrode (Cathode)

Figure 2.1: Electrical schematic of lab scale direct-current electrical arc furnace system.
Electrode Motion System and Automation

An automation system for control of electrode position and electrode current have
established in order to obtain continuous arc melting and precise results. Moreover, the
automation system provided autonomous operations for longer working periods and
minimized the safety risks. The automation system can be explained under two subsections:
“Automation System Hardware” where the infrastructure examined and the “Control

Software” where the algorithms and control methods examined.
Automation System Hardware

The hardware of automation system has chosen from industrial control devices in order to
keep track in industrial standards and obtain robust infrastructure. The Allen-Bradley
Micro820 programmable logic controller (PLC) is the main controller of the system. The
system’s automation algorithms and control software are implemented on this device. The
PLC has a built-in serial communication port that supports RS485 protocol. Additional
modules can be added to the PLC to enable analogue sensor readings. Double stepper
motors have used in order to obtain the force that moves the electrode table. The frequency
reference of the stepper motors has generated with the PWM (pulse width modulation)
module of the PLC which is the actual control signal of the position control system. An
amperemeter that measures DC current occurring on the shont resistance and a linear
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position potentiometer that measures linear vertical position of electrodes have used as
feedback sources in the system. These feedback sources have used in accordance with
control software and algorithms that ensures expected process outputs. The dynamic system
diagram is as seen in the (Eqg.2.1). where the F is the force applied from the motors and x(t)
is the position measurement obtained from the position sensor. m represents the mass of the

electrode table, g represents the gravity, B1 and Bz represent viscous friction constants.
F(t) = mk(t) + (B + B)x(t) + mg (2.1)

The differential equation represents the system dynamics between the force applied and
position obtained is as seen in the (Eq.2.1). The control software of the system has

developed according to the dynamical system model in the (Eq.2.1).
System Software

The control software of the system has developed in order to obtain the highest precision
on the electrode position and to establish process commands. The control software consists

of two parts as the closed loop control loop and automation algorithm.

Two closed-loop systems with P and PV controllers have been developed utilizing the
position feedback measured from linear vertical potentiometer and current feedback
measured from amperemeter. The inner closed-loop control system consists of PV
controller and is used for position control. The outer closed-loop control system consists of
P controller and is used for arc occurance control. Control signal is limited to prevent any
mechanical damage to the system and ensure that motors function properly. The block

diagram of the closed loop control structure is as seen in Figure 2.2.

> G1(s) V(S):@i(;) G2(s) Y(Sé) =it

R(s) = I(s)
B Kpl > > Kp2 —>
A A

f(s)

t Ky e |

Figure 2.2: The diagram of that closed loop control structure with PV controller.
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Here, R(s) is the current reference, K, is the P controller gain, V.(s) is electrode velocity
reference, K, and K, are the PV controller gains, F(s) is the control signal is in terms of
PWM signal frequency as Hz, G(s) is the transfer function that is the relation between
electrode velocity and motor frequency, V(s) is electrode velocity, X(s) is the electrode
position, G, (s) is the relation between the current and electrode position. The PV controller
calculates the frequency control signal in (Eqg.2.2).

dv(t) 2.2)

€@ = ((r® = y(O)Kp1 =v(®) Kpo =~ K,

In the equation given; r(t), y(t) and v(t) are current reference, current output and

electrode velocity in time doman, respectively. If error e(t)is defined as ((r(t) —

y(t))l(,o1 - v(t)), the Laplace transform of the control signal can be shown as:
C(s) = Kpye(s) — K, (sY(s)) (2.3)

The control signal presented in (Eq.2.2) and (Eq.2.3) has programmed into the control
software-using discrete difference equations with sampling time of 100 milliseconds in a
timer interrupt of the controller. The reference and output signal obtained from the system

in closed loop control are as seen in the Figure 2.3.

Start button is pressed Start button is pressed Set Auto button is pressed

- Stop button is pressed Stop button is pressed Stop button is pressed

Figure 2.3: The reference and output signal obtained from the system.

48




QO represents the default state where only the PLC is powered on. Moving to Q1 state
involves powering on the motor driver along with the PLC. However, in this state, the
motors and the arc relay remain inactive, preventing the motors from functioning and the
arc from firing. Advancing to Q2 state enables motor operation, allowing adjustment of the
upper electrode. Q4 state indicates an emergency situation. If something malfunctions,
pressing the Emergency Button triggers an immediate shutdown of all operations. Exiting
this state requires releasing the EmergencyButton, returning the system to its default state,
Q0. The automation software has developed using finite-state diagrams where every state
represents a command expected to occur. There are two different main algorithms in
automation software. First one is the state algorithm that determines the flow of the manual
process and second one is the state algorithm that determines the automatic mode process.
The automatic mode is a sub-algorithm in the main state diagram that activates if several
conditions occur. The manual process algorithm which is the main state algorithm is as seen

in the Figure 2.4.

Start button is pressed Start button is pressed Set Auto button is pressed

. Stop button is pressed Stop button is pressed

Stop button is pressed

Figure 2.4: The finite-state machine diagram of main process.

The automatic state algorithm actives if auto-button is pressed while the state 3 is on. The
automatic mode is consisting of two position reference commands which define the
presence of arc current and generation of arc current respectively. The finite-state machine

diagram of automatic algorithm is as seen in the Figure 2.5.
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Set Auto button is pressed

Figure 2.5: The finite-state machine diagram of automatic algorithm.
Crucible Design and Refractory Selection

Refractory phases were selected after considering possible reactions and phase solubility
between the refractory and the slag phase. FactSage™ was utilized to determine phase
diagrams and equilibrium phases under arc-smelting conditions. Refractory materials must
withstand the maximum operating temperature. Therefore, heat transfer analysis was done

using ANSYS™ to determine thickness of the selected refractory phases.
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Figure 2.6: Phase diagram of Cordierite phase (SiO2 54.46%, Al,O3 30.84% and MgO
5.57%) and Al2Os.

As seen in Figure 2.6 without any flux addition Cordierite phase have a melting point
approximately between 1450 °C to 1500 °C. Crucible must withstand higher temperature

range than operating temperatures to ensure refractory system could sustain temperature
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near 1800 °C. Figure 2.6 shows cordierite to Al.O3z phase diagram depicting, even if the
melted slag dissolve some of the Al>Os on the crucible surface, melting temperature does
not decreased, even increased with the increasing content of the Al>Oz due to having a
melting temperature of 1840 °C. Therefore in crucible design, Al;Os is selected as as
repairable inner refractory due to phase diagram does not consist any eutectic points,
relatively withstandable temperature and low cost to repair as the crucible deteriorate
overtime. REMCAST HA-95 castable alumina, composition summarized in Table 2.2

retrieved from Remsan Inc. was used.

Table 2.2: Phase percentages of used castable refractory (REMCAST HA-95) determined
of XRF for inner crucible section.

Phases Al,Os TiO, SiO; Fe0Os CaO Others
[Pow/w] 952 01 29 0.1 1.7 0.2

Magnesite bricks were used to construct the outer section, bonded together with a mixture

of ZrO,:Al>03 (1:2) and 10% Na2SiO3. The inner section was cast into a crucible using a
wooden template thus crucible prepared by heating first 120 °C for 12 hour and then 560
°Cfor 2 h. In Figure 2.7a, an illustration of furnace hearth was given. Although the electrical
arc can generate temperatures as high as 5000 K, the heat decreases radially in relation to
the diameter of the hearth, as discussed in the arc formation chapter. For this reason
insulation becomes crucial to preserve heat. Moreover, the configuration of crucible shape
also holds a particular importance, when it comes to collection of metals from the slag
phase. The design of the crucible’s shape must allow high density metals to settle and enrich
in the metal collector phase. This need led to adoption of arc-shaped bottom for the crucible

as seen in Figure 2.7c.
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Figure 2.7: Illustration of refractory part of EAF crucible. (a) A graph showing the heat
transfer produced from the arc to outer steel casing. (b) Technical drawing presenting the
morphology of the crucible. (c)

Vast amount of heat is generated from the arc during smelting where the crucible must be
able to withstand this increase in temperature over time. Equally, it is important to control
the temperature in the system to avoid any heat loss. For this reason, selection of propriate
refractory lining and thickness is important. The arc smelting will take place at the
temperatures high as 1800 °C in the hearth therefore heat transfer analysis (Figure 2.7b)
were made when at inner surface temperature taken as 1600 °C. The results showed that at
6 cm Al20Os 2 cm MgO, 1cm steel casing is selected for refractory thickness, the final
temperature could reach temperatures up to 500 °C. In this study, a cooling system was
developed to protect cables by cooling the anode, as opposed to the furnace hearth. Where
the heat is convectionally transfered to upper electrode. This choice was made because the
DC-EAF setup is specifically designed for experimental studies rather than continuous

smelting operations.
Electrode Design

In electrode selection, graphite electrodes were chosen due to their high conductivity and
heat resistance which is also the most common selection in the EAFs. Electrodes carry the
current while produces heat. The resistivity of the system varies with the electrode diameter

ultimately, heat is produced by the current flowing through the electrode. Therefore, it's
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crucial to choose the proper electrode diameter. Minimum electrode diameter determined

by the (Eq. 2.4) [116].
3 ’0.40612
delectrode = K i (2-4)

etectrode = Diameter of electrode

I = Average electrical current (A)

p = Resistivity of graphite electrode (Q mm?-m™)
K = Coefficient of heat transfer (W-m?2.K%).

To calculate the electrode diameter is calculated by taking | = 200 A as a maximum current
of the transformer. p and K of graphite electrode is 10.5 Q mm?-m™! (at 500 °C) and 2.1 x
10* W-m2 respectively [116].

310.406 * 2002 * 10.5
delectrode = J 21+ 10% (25)
delectrode = 2.00995 cm (26)

According to (Eqg. 2.4), the diameter that withstand the current flow must be longer than 2

cm thus 3 cm graphite electrodes were chosen to ensure safety and heating of the electrodes.

Photo of DC-EAF constructed during this study is shown in Figure 2.8. System consist of
a power source, automation control panel, a mechanical tilting system that holds a
refractory crucible and an electrode motion system that carries anode as seen. Insulators
were used to connect the cathode to the bottom of the crucible, preventing short circuits.
The DC-EAF system was grounded at multiple points and the electrode connections were
designed to facilitate straightforward electrode renewal.
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a) Electrode Motion ||

System d) Automation Panel

b) Electrodes
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c) Tilting System f) Crucible

Figure 2.8: A photograph of lab-scale electric arc furnace.
2.2. Thermodynamic Slag Optimization and Arc Smelting Experiments

For slag optimization and arc smelting experiments, 3 types of slag were used; SACs were
taken from Vessem Recycling Co. Cu flash furnace slag was retrieved from Eti Bakir Inc.
and jewelery waste slag from Nadir Metal Co. Phase investigations of slags were done by
a Bruker D8 Advanced Series X-ray diffraction (XRD), with Cu-K, radiation
(A =0.154 nm, 35 kV and 40 mA), 26 range of 20-90°, step size of 0.02° and rate of 2°/min.
Crystalline phases with crystal structures and lattice parameters were identified using The
International Center for Diffraction Data® (ICDD) powder diffraction files. Phase
percentages of slag phases were determined by Panalytical Axios® X-ray fluorescence
(XRF). Leica optical stereo microscope was used to present metal entrapment within the

slags.

For slag optimization experiments were done using, medium frequency induction furnace
(50 kHz, 30 kW, 40 A) in F3 scale graphite crucible. Samples were heated 1 h. at 1250 °C.
All slag experiments done in induction furnace. To assess metal recovery efficiency, 5%
copper was introduced during the smelting process. Recovery efficiency was determined

by the difference between initial and final metal concentrations in the slag.
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Binary phase diagrams of SiO>-Al,03-FeO-Na,0-B,03-Ca0, phase equilibrium diagrams,
viscosity calculations and Gibbs free energy (AG®) of reactions were made using software
FactSage™ version 8.3. In this paper, the basicity (R) was defined as the mass ratio of
Ca0+MgO+Na.0 and SiO,-Al,03-B,03 while the enrichment coefficient of PGMs was the
mass ratio of concentrations in iron alloy and spent catalysts. Slag density were determined

using an archimedes’ equipment for density measurement.

Thermal behavior of the slag samples were analyzed through dynamic scanning calorimeter
(DSC). The samples underwent heating at a rate of 10 °C/min, reaching temperatures
between 900 - 1500 °C. Additionally, the samples were held at 1400 °C for a duration of

10 min. during the analysis.

During arc smelting experiments, 5% copper was used as a metal collector phase and 5%
carbon was added to create a stable arc environment. Smelting was continued until a
homogeneous melt was achieved.All materials were charged to furnace copper, coke, mixed
slag+flux powder respectively. For fluxes, CaCOs, Na.COz, HzBO4 (analytical grade,
Merck™) and Na2B4O- (technical grade, obtained from ETI MADEN) were used.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Slags

Figure 3.1 displays the XRD pattern of SAC. Predominantly, SAC consists of cordierite
(Mg2Al4Si2018) phase however, Ce2Zrs010 and TiO2 were also detected. This results aligns
with the common convertor structure where cordierite used in the honeycomb monolith
structure whereas Al,O3 serves as a substrate for PGMs, ZrO, and CeO- particles called the

“washcoat”.
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Figure 3.1: X-ray Diffraction pattern of spent catalyst used in the slag experiments.

Table 3.1 shows the cordierite composition used in this study where high percentage of
SiO2 (54.49%), Al,O3 (30.84%) and MgO (5.57%) present it the structure which
corresponds to ~85% of the total metal oxides thus, XRF results are related with the
detected phases from XRF since, CeO; and TiO> also observed in low concentration —
approximately 2% of total weight. These substances are used in SAC as oxygen storage

promoters to enhance catalytic activity [117]. While ZrO; is utilized in the structure for the
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same purpose, the specimen contains only 0.12% of this component. 5.04% loss of ignition

(LOI) is attributed to combustion products and other impurities [118].

Table 3.1: XRF quantitative analysis of SAC.

Phases SiO; AlLO; MgO TiO, Fe0O; CeO, CaO CuO Na,O ZrO, LOI

%
[w/w]

5449 3084 557 116 095 082 021 018 013 012 5.04

XRD of Cu flash furnace slag Figure 3.2, shows the present phases in the structure. As
described earlier, in the introduction section, Cu slag mainly composed of 2FeO.SiO; type

fayalite slag that have the highest intensity relative to SiO, and other phases.

Cu Flash Furnace Slag
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Figure 3.2: X-ray diffraction pattern of Cu flash furnace slag.

XRF data Table 3.2, is correlated with XRD data where high amount of Fe>O3 (64%) and
SiO2 (4.26%) also found in the system. In XRF characterization, the oxide mode was
utilized for determining the phases. Therefore, it is essential to note that the slag also
contains FeS content rather than SOs, which is originating from the matte. Cu content in

the fayalite slag could either be attributed to Cu or Cu20
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Table 3.2: Oxide composition of Cu flash furnace slag determined by XRF.

Other
oxides

%? [wiw] 640 263 426 159 139 0.793 0372 0.279 1.67

Element FecOs SiO2 SOz AlOs CuO ZnO CaO NaO

2n the XRF analysis, oxide mode were used to accurately determine the oxide composition.

The average Cu content in the Cu flash furnace slag was determined using XRF. In Figure

3.3, optical microscope image shows the entrapment of Cu metals by the reflection of light.

Figure 3.3: Optical microscope image of fayalite slag at x15 magnification. Inset shows
image at x45 magnification.

The third slag utilized in this study is a jewelery slag derived from the smelting of low-
grade jewelry waste. XRD graph of jewelery slag Figure 3.4, presents high amount of PbO
which possibly arises from the Pb cupellation process [75]. Additionally, CuO was also
observed.
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Figure 3.4: X-ray diffraction pattern of jewelery slag from low grade jewelry waste
smelting.

XRF analysis of jewelery slag using oxide mode (Table 3.3), also further proves the
presence of PbO and CuO, despite CaO and SiO2 were not observed from phase analysis.
Figure 3.5 shows optical microscope image of the jewelery waste slag. Due to high Cu and

Ag content metallic particles are dominantly seen from the images.

Table 3.3: Oxide composition of jewelery slag determined by XRF.

Element PbO CaO CuO SiO; SeO; SnO; SO; Al:Os Ag:O 8;222
%a

556 131 112 601 244 2 186 180 145 454
[wiw]

2n the XRF analysis, oxide mode were used to accurately determine the oxide composition.
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Figure 3.5: Optical image of gold waste slag taken at 15x magnification. Inset shows
image at 40x magnification.

According to characterization of above mentioned slags, SAC composition was used in both
thermodynamical calculations and thermal behaviour investigations for slag optimization
studies due to high melting temperature of cordierite phase (SiO2-Al203-MgO) which is
1453 °C and its highly acidic content. Whereas, common non-ferrous slags are fayalite
based (SiO.-FeO) and melt in the range of 1200-1300 °C. In the second part of the study, a
generalized slag optimization approach derived from current work will be used and adapted
to Cu flash furnace slag and waste jewelry slag thus their recovery efficiency will be

determined.

3.2. Slag Optimization Studies

For optimal recovery of metal from the slag, it's essential to create a homogenous slag that
incorporates all the oxide constituent in the structure. Moreover, minimizing the viscosity
and glass transition temperature (T¢) are important objectives to prevent any loss of metal

within the slag, enhancing overall recovery efficiency.

To attain these objectives, behavior of the SAC during the melting process was investigated.
Initially, phase equilibrium diagram (Figure 3.6) shows that the composition starts to melt
at 1450 °C and incorporated to slag despite, 25% mullite (3Al203-2Si0-) and 10% SiO>
still present as solid in the structure.
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Figure 3.6: Phase equilibrium diagram of SAC at different temperatures. (Composition
determined from XRF were used in the diagram.)

Phase equilibrium diagram presents two main objective;

e Obtaining a homogenous melt by forming low-temperature phases involving
3Al,03-2Si02 and SiO2 phases (as seen in Figure 3.6)
e The other reason is to decrease viscosity and Tg/Tm of the slag phase which is

formed at 1450 °C to attain an efficient metal/slag seperation.

For above mentioned objectives Na>O, B20Os3, CaO were selected as potential flux additions.
with the addition of Na,O and CaO to disrupt silica and alumina networks alongside
lowered melting temperature. B>Os despite is a network former, it has an ability to decrease
viscosity by breaking [SiO4]*-[SiO4]* and [AlO4]>-[SiO4]* as stated in the literature [78].

3.2.1. Homogenous Slag formation

To investigate the formation of low temperature phases and eutectic point to find the
optimum flux additions binary phase diagrams of SiO2, Al,03 and MgO with potential
fluxes; CaO, Na.O and B0z were were investigated. FeO also considered due to high

percentage in fayalite based non-ferrous slags.

CaO addition on Al,O3 (Figure 3.7) have an eutectic point at 1362 °C on 0.354 mole
Al>,03/(CaO+Al>03) which forms both CasAl.Os and CaAl20s. CaO addition on SiO>
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(Figure 3.8) have an eutectic point at 1700 °C on 0.65 mole SiO2/(CaO+SiO,) thus.

Ca0.SiO2 phase with SiO2 is present in the structure.
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Figure 3.7: CaO-Al,Oz binary phase diagram.
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Figure 3.8: CaO-SiO; binary phase diagram.

As seen in Figure 3.9, Na,O addition on Al,Os have an eutectic point at 1132 °C on 0.05
mole Al>O3/(Na20O+Al>03) which forms both Na>O and NaAlO». Figure 3.10 shows Na,O
addition on SiO2, which have an eutectic point at 850 °C on 0.75 mole SiO2/( Na;O+SiO>)

thus NasSigO19is present in the structure.
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Figure 3.10: Na2O- SiO2 binary phase diagram.
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Figure 3.11: B2Os-Al>O3 binary phase diagram.

When B0z added to Al>Os system (Figure 3.11), no eutectic point is observed rather,
liquidus line constantly decreased with the addition of B>Os. Aluminum borates such as
(Al203)2(B203) and (Al,03)9(B203) are formed in the system. B.Oz addition on SiO:
(Figure 3.12) have a eutectic point at 438 °C on 0.92 mole SiO2/(B203+SiO) thus, no new

phase is observed from the diagram.
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Figure 3.13: MgO-B20s binary phase diagram.

With B.O3z addition on MgO, (Figure 3.13) M@.B20s phase forms at 0.489 mole
MgO/(MgO+B03) addition having Tiiq at 1150 °C.
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Figure 3.14

: FeO-Na2O binary phase diagram.

Addition of Na2O, CaO and B»Os were also investigated despite SAC phase does not
contain FeO. This choice stems from the fact that numerous non-ferrous slags have FeO as

fayalite (Fe2SiO4) and therefore its melting behavior should also be considered. Figure 3.14

66



shows Na»O addition to FeO phase, where the liquidus line decreased at 880 °C at 0.78

(FeO/FeO+Na20). Formation of intermetallic near liquidus temperature was not observed.
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Figure 3.15: FeO-CaO binary phase diagram.

Ca0

CaO addition to FeO phase (Figure 3.15), liquidus temperature significantly lowered
despite the lowest temperature was ~1500 °C at 0.75 (FeO/FeO+CaO).
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Addition of B2Os to FeO phase neither any eutectic point nor the formation of intermetallics
were observed from Figure 3.16. This is because dominance of covalent character over

ionic character where B2Os triangles connects to FeO network.

Based on the information mentioned using the binary phase diagrams, Table 3.4
summarized the eutectic points, melting temperatures and formed phases. Na.O-Al,O3 and
Na,O-SiO; eutectics and B203-MgO eutectic presents the lowest results as 850 “C, 1030 'C
and 1150 ‘C respectively. While CaO have some degree of lowering the liquidus
temperature in 0.4 mole for SiO2 and 0.36 for Al;Ozs. In the case of FeO, both CaO and
Na2O decreased the liquidus temperature where Na2O at 0.78 (FeO/FeO+Na20O) was formed

despite, no phase formation was observed.

Table 3.4: Summarized information of various flux additions on SAC components of
SiO2-Al;03-MgO-FeO.

Eutectic L owest
System® point? Degree [°C] Eutectic phase(s)?
[mole%] g
Na20-SiO2 0.75 850 NagSigO19 + NazSi2Os
Na2O-Al,03 0.05 1030 Na2O + NaAIlO;
Na,O-FeO 0.22 880 FeO — Na2O solid solution
B203-SiO» 0.92 438 B,Os + SiO>
B205-Al,0s Nosgiff“c 1200-1800  (A1:05)2(B20s) - (Al205)o(B203)
B20s-FeO - - -
Ca0-SiO; 0.4 1700 Ca0SiO; + SiO2
CaO -Al,03 0.656 1364 CazAl206 + CaAl04
CaO-FeO 0.25 1550 FeO-CaO solid solution
B.O3-MgO 0.5 1150 Mg2B20s

aEutectic points and formed phases were determined from binary phase diagrams. The mole additions given
in the table shows how much flux is needed to obtain designated temperature.

bFeO systems were also given in the table despite FeO is not present in the SAC structure. However, FeO is

mainly utilized in the non-ferrous slags that must be evaluated.

According to Table 3.4, Na2O-Al;03, Na,O-SiO,, B>03-MgO and Na,O-FeO Eutectic
points were selected compared to other systems to eliminate remaining phases in SAC

structure, thereby creating a homogeneous slag.

Figure 3.17 shows the phase equilibrium diagram when the eutectic ratios of Na-O and

B0z added to SAC. Compared to only SAC diagram, Al;03.SiO, and SiO> changes to

NaAlSiOs, NazSiOsz and NaAlO2 and MgsB2Oe phases where their corresponding T is
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nearly 850 °C, 1100 °C and 800 °C respectively. All phases are incorporated into slag at

1100 °C. Whereas slag formation gradually begin at 750 °C.

Weight {(g)

Na,Si0(s)

NaAISio4

SLAGA#

Mg,B,0,(s)

NaAlO2

]
500 600

L
700

L
800

9:10
Temperature (°C)

.
1000

L . L
1100 1200 1300 1400

Figure 3.17: Phase equilibrium diagram of SAC at stoichiometric Na,O and B203
addition ((0.75 SiO2/Na>0+Si0O) +(0.05 Al203/Na,O+Al,Oz) +(0.5 MgO/B,03+Mg0O)) at

different temperatures.

In the case of B.O3 addition (Figure 3.18), 3Al.03-2Si0, and SiO, remain in the melt

though, slag formed at temperatures down to 750 °C where weight of the slag gradually

increased with the temperature. However, small fractions were incorporated to slag in the

range of 760 to 1400 °C. Total slag formation completes above 1400 °C. Presence of

3Al>,03-2Si0O2 and SiO, while gradual decrease in the slag formation temperature involves

the behavior of B2O3 where average bond energy of SiO2-Al>O3 network is decreased by

the B.Os triangles, lowering the Tg point. On the other hand, since B20s has not any

possible reaction with the main constituent SiO2 phase, high temperature cordieritic phases

are remain the structure.
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Figure 3.18: Phase equilibrium diagram of SAC and 30% B,Os addition at different

temperatures.

CaO addition to SAC (Figure 3.19) show that Ca based silicate and aluminates such as
CaAl,Si>0g, Ca2MgSi>07, CaMgSi>Os and CaSiOs is formed. These phases are depleted at
1350 °C, 1200 °C, 1180 °C and 1150 °C respectively thus complete slag transformation

occurs at 1370 °C.
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Figure 3.19: Phase equilibrium diagram of SAC and stoichiometric CaO and B,O3
addition ((0.6 SiO2/Ca0+Si0z) +(0.354 Al,03/Ca0O+Al203) +(0.5 MgO/B203+MgO)) at

different temperatures.
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All of the above mentioned flux additions forms variety of sodium, calcium or borate phases
that have lower melting temperature than mullite and SiO,. From the phase equilibrium
diagrams, it is evident that the Na>O addition showed the best results since no solid oxide
phase is present above 1100 °C. However, it is undesireable that if fluxes reacts with one
another rather than the present phases in the SAC, high temperature phases remain in the
structure. For this reason, possible reactions between slag and the fluxes were calculated to
investigate formation of new phases in the slag structure. The possible reactions (Eq. 3.1 —
Eq. 3.13) in the system are as follows;

3Na,0 + 8Si0, = NagSigOq9 (3.1)
Na,0 + 2SiO, = Na,Si,05 (3.2)
3Na,0 + B,03 = 2Na3B0; (3.3)
2Na,0 + Al, 03> 2NaAlo, (3.4)

Ca0 + SiO, = CaSiO; (3.5)
3Ca0 + Al,0;5 = Ca3Al,04 (3.6)
CaO + Al,03 - CaAl,0, (3.7)
CaO + B,03 - CaB,0, (3.8)
2Fe0 + SiO, = Fe,Si0, (3.9)
FeO + Al,0; = FeAl,0, (3.10)
FeO + Na,0 - Na,FeO, (3.11)
2Na,0 + FeO > Na,FeO; (3.12)
2A1,0; + B,05; = B,Al,0q (3.13)

As shown in Figure 3.20, within the temperature range of 900-1400 °C, the Gibbs free
energy of all reactions were less than zero, indicating all reaction may occur spontaneously

under standard conditions.
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Figure 3.20: Gibbs free energy values of reactions between CaO and various metal

AG? of reactions between CaO and other oxides (Figure 3.20) shows that the AG® formation
of CaB,0g is lower than the CaSiOs and CazAl0s-CaAlO4 that shows formation of CaB204
is more likely to occur. In other words, Ca?* work as a network breaker for BOs triangles
rather than SiO; tetrahedrons thus, viscosity and heterogenity of the melt will possibly
remain. Whereas, in (Figure 3.21) affinity of Na* to SiO; tetrahedrons is higher than the
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aAl,03 added to graph to compare possible depletion of B,Os if AI203 present in the structure.

When both B,O3 and Na.O added to slag composition, the affinity of Na-O to SiO. phase
is higher compared to B2Os. Thus, NaAlO> formation is more feasible than the B>Al4Oo.

Therefore Na2O could solely forms sodium based low temperature phases.

As mentioned in the phase diagram investigations, FeO does not react with B,O3 and CaO
but form a solid solution. Therefore only Na.O was presented in Figure 3.22. as shown in
the figure, formation of NasFeOs is much higher at lower temperatures but temperature
exceeding ~1280 °C, formation of FeSiO4 and FeAl.Os became possible. However,

NazFeO is the most probable phase having AG® of -90 kJ/mole.

0
FeO + Al,0, > FeAl,0,
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o
L -40000-
E
=2
O -60000 -
=
-80000 £e0,
Fe0+Na0 7 Na,
-100000

T T T T T T T T T T T
900 1000 1100 1200 1300 1400
Temperature [°C]

Figure 3.22: Gibbs free energy values of reactions between FeO and various metal
oxides.

In the way of creating a homogenous melt, Na-O showed the highest decrease in melting
points for all the constituents (Al20s, SiO2, FeO), where slag could be made at temperatures
higher than 1100 °C. In CaO addition, phase formation was observed however, total melt
achieved at 1350 °C thus, using B>Os togather with CaO have a negative synergistic effect
since affinity of B2Os is higher to CaO than SiO; and Al>Os. Where CaO reacts for B203

rather than the slag constituents. For this reason Na.O-B,Os fluxes are investigated further

on.
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3.2.2. Thermal Behavior of Slags and Viscosity

To further investigate the formation low temperature phases, thermal behavior of the SAC

during melting was investigated using simultaneous thermal analysis (STA).
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Figure 3.23: DSC curve of SAC and SAC+0.75 SiO2/Na,0+Si0,, 0.05
Al>03/Na;O+Al>03 and 0.5MgO/MgO+B203

DSC curve of SAC (Figure 3.23), shows a small peak at 270.7 °C corresponds to the water
loss. Endothermic peak 1200 °C corresponds to melting of phase components except SiOa,
Al>,O3 and MgO which is not taken into account while calculating phase equilibriums at
(Figure 3.6). Endothermic peak at 1453 °C correspond to typical Tiiq of the SAC which is

also related to phase equilibrium diagram (Figure 3.6).

DSC curve of SAC with Na;O addition (Figure 3.23) shows the peak at 1190 °C
corresponds to melting of NaAlO. Peaks at 1290 °C and 1350 °C suggest that some silicate
and aluminate phases still remain in the structure, indicating that not all Na.O content has
been fully available. Mullite and SiO> phases started to melt by the available Na,O from
Na>,CO3 decomposition. Which could be the reason why the melting temperature is lower

than that of Tiq of SAC (which is 1453 °C).

Thermal behavior of SAC when NaO and B203 added to slag composition in the borax
(Na2B4Oy7) phase (Figure 3.24). Wide endothermic peak begins after 900 °C could be related
to the gradual softening or melting of different components within the slag by the addition
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of B203. This phenomena occur due to bonding of low energy [BOs]*" to stable structures
of [SiO4]*-[SiO4]* and [SiO4]*- [AlO4]* decreases the overall bonding energy of the slag
network. Therefore, variation of Tg value between 1000 to 1200 is clearly seen from the
DSC curve of Figure 3.24 [78]. On the other hand, decrease in the melting temperature
corresponds to formation of (Al203)2(B203), NaAlSiOs, NazSiOs, MgB4O- having lower

Tm than the present phases.
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Figure 3.24: DSC curve of SAC 30% Na»B4O7 addition.

Effect of fluxes on viscosity were calculated using the thermodynamic software FactSage.
As seen from the Figure 3.25, B2Os facilitates the highest decrease in viscosity than CaO
and NaxO respectively. This behavior arises due to bond-former ability of B2Os, where
bonds are rather than being destroyed, altered by the addition of B>Oz. Incorporation of
B203 to slag network decreases the heat need to form a slag however, this value depends
on the length of the previously broken [SiO4]*- [SiO4]* and [AlO4]*- [SiO4]* bonds by the
addition of Na>O which increased the ionic character of the slag. This behavior is seen from
the DSC curves as the Tg value varies in a range of 900 to 1200 °C. This phenomena
therefore leading to reduction in viscosity which obliges to use B2Os in the slag
composition. However, its important to mention that there are several reports suggesting

excessive introduction of boron ions (B*) in the silicate network lead to the development
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of [BO4]* tetrahedron structure instead of the [BO3]* planar triangular structure within the

silicate system, which eventually increasing viscosity of the slag [78].
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Figure 3.25: Effect of flux addition to spent catalyst composition (0.55SiOx.
0.31Al203.0.06MgO) on viscosity at 1250 °C. Inset presenting the part of the graph
between flux addition 24% to 36%.

3.2.3. Implications on Slag Optimization

From slag optimization experiments, a schematic representation (Figure 3.26) was made to
summarize the implications. When basic oxides such as Na;O and CaO added to slag
system, (Figure 3.26a) low melting temperature phases such as sodium/calcium silicates
and aluminates forms thus ionic character of the slag increases. After the Tg has exceeded
and homogenous melt is formed, these oxides behave as “network modifiers” which breaks
the [SiO4]*- [SiO4]* and [SiO4]*- [AlO4]*> bond due to their high oxygen bonding capacity.
This breakage results in shorter network lengths that decrease the melting temperature and
viscosity of the slag. On the other hand, B2O3 is a known “network former” that could join
the silica-alumina network as represented in Figure 3.26b. When probability of [BOs]* -
[SiO4]* and [BO3]* - [AlO4]*> bonds increases, due to lowered bond energy in the overall
structure, viscosity decreases even higher than the addition of basic oxides as shown in the

viscosity evaluation Figure 3.25. On the other hand, affinity of Na,O and B0z fluxes to
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slag species (Al20s, SiO2) is much higher than the CaO, where it is more likely to bond

B20Os rather than those species as stated in Figure 3.20.

Slag Optimization
A) Network-Modification B) Network-Former (B,0;) Addition

* Forms low melting temperature phases - Lowers bond energy in the slag network
(e.g. NaAlSiO,, NaAl,O,, Mg;B,0;)

g » Decreases glass transition temperature (Tg)

[s|o ]* Tetrahedron A [AIO,]* Tetrahedron ./L[Bos]”riangle o Na* lon

Figure 3.26: Illustration of slag optimization made in this work. (a) Shows the effect of
network-modifier oxides in the slag network. (b) Effect of network-former addition on
slag network.

In conclusion, the optimal ratios of NaO and B2Os, resulting in the lowest liquidus
temperature, are employed for both Al>Os and SiO. percentages in the slag, which
corresponds to 0.75 SiO2/Na;0+SiO2, 0.05 Al03/Na,0O+Al;03, 0.5 MgO/B203+MgO
respectively in order to achieve a homogenous melt. Additionally, from viscosity

calculations, %30 B20s is selected to lower the viscosity of slag.

3.2.4. Metal Recovery Experiments

To investigate efficiency of the slag optimization methodology which is proposed in this
work, Cu slag was mixed with 0.22 FeO/Na;0+SiO2, 0.75Si02/Na,0+SiO; and %30 B20s,
where Na.O is added to create a homogenous slag while B2O3 added to decrease viscosity
and to obtain glass phase. Table 3.5 shows the recovery efficiency of Cu, before and after

the treatment.
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Table 3.5: Cu and S content of fayalite slag before and after metal recovery procedure.

Number of Initial Cu concentration After Metal Recovery
samples 1 2 3 4 1 2 3 4
%t Cu 149 092 116 118 0243 0127 0118 0.131

[ww] s 122 110 1.09 1.015 0.613 0.652 0.705 0.639

AW eight percentage was determined using a XRF.

Metal concentration of SAC before and after metal recovery experiment is given on Table
3.6 when 0.75 SiO2/Na;0+SiO3, 0.05 Al203/Na20+Al203, 0.5 MgO/B,03+MgO and %30
B20s of Na2O and B»Os added to slag mixture. It is important to note that the minimum
metal concentrations determined by the XRF could not exceeded to <0.002% where the

accurate efficiency could be lower than the current results.

Table 3.6 Pt, Pd and Ce concentration of SACs before and after metal recovery treatment.

Number of Initial metal concentration After metal recovery

samples 1 2 3 1 2 3
Pt 0.026 0.027 0.032 <0.002 <0.002 <0.002

[V?///":V] Pd 0003 0004 0005 <0002 <0.002 <0.002

Ce 0.061 0.08 0.098 0.022 0.044 0.042

AWeight percentage was determined using a XRF.

Table 3.7 shows the Cu, Ag and Pt concentration of jewelery slag when 30% B-O3 is added
to slag. Ag and Cu showed a relatable decrease in the slag content while nearly no Pt were

collected on the metal phase.

Table 3.7: Cu, Ag and Pt concentration of waste jewelery slag, before and after metal
recovery experiment.

Number of  Initial metal concentration After metal recovery
samples 1 2 3 1 2 3
Cu 475 3.59 4321 0.687 0.545 0.526
[V‘:///o\:/] Ag 0307 0422 0512 0.008 0.006 0.005

Pt 0033 0.022 0.012 0.015 0.021 0.024

AWeight percentage was determined using a XRF.

Table 3.8 shows the recovery efficiency from selected slags and secondary metal sources.
From the results it can be said that over 92.94% Pt was recoverd from SAC while 83.16%

for Cu flash furnace and Ag —98.48% and Cu - 84.77% for jewelry slag were achieved.
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Table 3.8: Summarized metal recovery efficiency taken from Table 3.6-3.9.

Slag Name Recovery Efficiency [%0]
Spent Auto-catalyst Pt —92.94%
Cu flash furnace slag Cu-—83.16%
jewelery waste slag Ag —98.48% Cu - 84.77

Cu recovery became as high as %85 could be the result of sulfidic or oxidic dissolved Cu,
where could not be recovered by the metal-slag seperation. On other reason so support Cu
is not in metallic form up to 15% is the high recovery of Pt and Ag from the slag phases.
Herein this work, a simple but effective slag methodology which could be adapted to
various slags having SiO2, Al,0Os, MgO and FeO inside its composition. With the flux usage
as low as 60% (percentage equal of mole ratios) is believed to be an important parameter

for both industrial scale adaptability and recovery efficiency which lead to higher volumes.

3.3.Arc Smelting Trials

During arc smelting, the resistance of the melt environment constantly changes thus, it is
challenging to maintain a continuous arc. Continuous arc formation is crucial for efficient
smelting and electrode consumption and therefore an automation system is needed to
control the arc formation.
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Figure 3.27: Arc continuity graph of EAF system at 140 A in 1 min time intervals. (a)
Photograph taken during the arc smelting trials. (b)

Figure 3.27b shows the arc continuity at 140 A in 1 minute intervals. Initially electrode
adjust itself to gain reponse as a current thus after the adjusting stage continuous arc is

formed despite small breaks during the smelting. At that stage, resistance of the
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environment which is attributed to gas formation, charging of materials temperature and
electrode arc points. For this reason, a continuous arc is achieved through automation.
When the first arc is formed, the motion system stops upon detecting the initial current data
indicating the flow of current through the electrodes. Throughout the operation of the
electrode motion system, current and electrode distance data are recorded at intervals of 1
millisecond. When the arc ceases, the motion system raises the electrode and subsequently
lowers it until the first current begins to flow through the system again.
In Figure 3.27a, a photograph captured during arc smelting distinctly illustrates the
formation of arcs, appearing as conspicuous white waves. Figure 3.28 shows the sensitivity

of the system where arc formation can be achieved in matter of seconds.
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Figure 3.28: Arc continuity graph of EAF system at 140 A in 10 sec. time intervals.

Smelting experiments were made by three different slag specimen; a) Spent auto catalyst
(SAC) b) Cu flash furnace slag and b) jewelery waste slag. Main characteristics of SAC

were shown in Figure 3.1 and Table 3.1.
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4. CONCLUSION

In this study, a pyrometallurgical process was developed to efficiently separate metal from
slag, with a specific focus on recovering valuable metals trapped in various sources like Cu
flash furnace slag, jewelry waste slag and PGM-containing spent auto-catalytic converters.
The process involved the design and construction of a direct-current (DC) electric arc
furnace (EAF) chosen for its capability to rapidly reach high temperatures (1800 °C),
providing the necessary heat to melt the slag phase and reduce its viscosity due to the

elevated temperature.

A pyrometallurgical process for efficient metal/slag seperation was designed especially to
recover valuable metal that are trapped in various sources such as Cu flash furnace slag,
jewelery waste containing jewelery waste slag and PGM containing spent auto-catalytic
convertor. In the process, a direct-current (DC) electric arc furnace (EAF) was designed
and constructured owing to its ability to reach high temperatures (1800 °C) in short time
that could supply the heat required to melt the slag phase and decrease its viscosity due to

high temperature. During the DC-EAF construction:

e A hearth design was made through heat transfer calculations where inner crucible
could withstand high temperatures as maximum as 1800 °C. For this reason inner
hearth was made using high purity AloO3 castable while outer hearth was made
using MgO bricks and Al.O3-ZrO cement. According to heat transfer calculations,
outer steel casing could reach temperatures high as 425 °C and therefore a cooling
system was utilized for both electrodes and steel casing.

e A celectrode motion system having two step-motors which are connected in two axes
was constructed for electrode motion. During the smelting, continuous arc
formation is essential reach high temperatures as quickly as possible. However,
resistance of the smelting environment constantly changes by the temperature,
presence of solid and liquid phases. Therefore, arc formation should be controlled
using an automation system, that could utilize both voltage and electrode to
electrode distance (or arc length). Continous arc formation were investigated by
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measuring the current versus time graph, were suggest arc generally present despite
small shortcuts at which automation was activited.

e A power source with an AC to DC rectifier and electrode system was also made to
supply the energy needed for arc smelting.

e A mechanical tilting system was also constructed for simple tapping of the system.

To increase to efficency of metal recovery from slag phase, it is important to decrease the
overall liquidus temperature and obtaining a homogenous melt while achieving low
viscosity. For this reason, initially slag specimens were characterized using X-ray
diffraction (XRD), X-ray fluorescence (XRF). SACs were mainly made by cordierite, a
phase region which includes high percent of SiO2, Al.Oz and MgO, Cu flash furnace slag
is mainly composed of FeO.SiO based fayalite slag while, jewelry waste slag is high on
PbO due to cuppelation process that is used for collecting metal phase in lead. Slag
optimization was made and explained using SAC phase due to its high melting temperature
and acidic oxide composition which is believed to the difficult to smelt relative to Cu and
jewelery slag. In slag optimization investigations thermodynamical calculations were made

as follows:

e Binary phase diagrams of SiO2, Al,O3, MgO and FeO together with flux additions
(Ca0, Nax0, B203) were investigated and possible formation of low temperature
phases, eutectics and low liquidus temperatures were determined.

e Phase-equilibrium diagrams of SAC phase with flux additions Na.O, CaO, B20s
(stoichiometries determined by binary phase diagrams) were calculated. Results
have shown without any flux addition, SAC phase could melt and form slag at 1453
°C despite high temperature mullite and SiO> phases still present in the structure.
Na2O addition ((0.75 SiO2/Na20+SiOz) and (0.05 Al203/Na20+Al>03)) froms
NaAlO,, NaAlSiO4 and NaxSiOs phases thus total slag formation temperature was
achieved at 1100 °C. Addition B20s; (0.5 MgO/B,03+Mg0O) to SAC formed
MgsB20e at low temperature as ~ 500 °C. When only %30 (w/w) B203 added to
system, slag temperature drastically decreased to 900 °C despite mullite and SiO>
still present in the structure. Decrease in the slag formation temperature is linked to
the behavior of B»0O3, which reduces the average bond energy of the SiO2-Al203
network, consequently lowering the Tg point. Conversely, B2Oz does not react with

the main SiO> phase, allowing high-temperature cordieritic phases to maintain their
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structure. On the other hand addition of CaO, ((0.6 SiO2/CaO+SiO2) and (0.354
Al,03/CaO+Al;0z3) creates calcium-based silicate and aluminates, including
CaAl>Si20s, Ca2MgSio07, CaMgSi>Os and CaSiOg, are generated At temperatures
of 1350 °C, 1200 °C, 1180 °C and 1150 °C. These phases experience depletion at
their respective temperatures, culminating in the comprehensive transformation of
the slag at 1370 °C.

Reaction feasibilities between fluxes and the slag phases were investigated by
calculating Gibbs free energy (AG®) of the reactions. Results have shown that when
using CaO togather with B>O3z forms CaB.Os rather than calcium silicate and
aluminate phases which does not affect the slag properties. Whereas Na20 is
mostly reacts with SiOz, forming NasSigO19 despite formation of sodium borate
species are more feasible then NaAlO,. When both Na>O and B20s utilized as flux
in metal recovery process, its important to add NaO to form low temperature phases
where B203 added to melt after the formation of slag to decrease its viscosity. FeO
have no reaction between both B>Os and CaO however, when Na2O is added to FeO
contained system, formation energy of NaxFeO: is much higher than the Fe2SiOa
until the system temperature exceeding ~1280 °C, Fe»SiOs and FeAl,Os forms
again.

Thermal behavior of possible slag compositions were investigated using differential
scanning calorimetry (DSC). DSC of only SAC phase have an endothermic peak at
1453 °C that corresponds to slag formation temperature.

When ((0.75 SiO2/Na20+Si0O2) and (0.05 Al,Os/Na20O+Al>03)) is added to SAC,
melting temperature decreases to 1290 to 1370 °C Peaks detected at 1299 °C and
1350 °C imply the persistence of certain silicate and aluminate phases in the
structure, indicating that not all Na>O content has been completely utilized or made
available at those temperatures due to decomposition of Na,COs to Na,O

When 30% Na2B4Oy is added to the SAC, endothermic peak decreases to 1190 °C,
which may suggest the melting temperature of sodium silicate and aluminate phases
while the boardening of the endothermic peak between 850 °C to 1500 °C is due
to connection of B2Os to silicate network of the slag where its Tg varies with the

temperature.
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e Viscosity of SAC when different fluxes were added to system was also calculated.
Results have shown that the B-Os made the most drastic decrease an even in low
additions (5% - 10%) slag viscosity decrease to 125 Pa.s.

e When calculated flux ratios, (0.75 SiO2/Na20+SiO2, 0.05 Al>03/Na20+Al>03
0.5Mg0O/MgO+B;03and 30% B03) added to SAC, (0.22 FeO/FeO+Na20 and 30%
B»03) added to Cu flash furnace slag while only 30% B-Os added to jewelery slag.
Recovery efficiencies were determined as <92% Pt and Pd for SAC, <83.16% Cu
for Cu flash furnace slag and 98.47% Ag and 84.77% Cu for waste jewelery slag

was achieved.

In slag optimization studies it was concluded that the Na,O and CaO give rise to low-
temperature phases like sodium/calcium silicates and aluminates before the formation of
slag. Once the glass transition temperature (Tg) is surpassed and a homogeneous melt is
established, these oxides act as "network modifiers." They disrupt the [SiO4]*-[SiO4]* and
[SiO4]* - [AIO4]° bonds owing to their high oxygen bonding capacity, resulting in shorter
network lengths. This, in turn, decreases the melting temperature and viscosity of the slag.
On the contrary, B>Os acts as a recognized "network former" that can integrate into the
silica-alumina network. As the probability of [BO3]* - [SiO4]* and [BOs]* - [AlO4]> bonds
increases, due to reduced bond energy in the overall structure, viscosity decreases even
more than with the addition of basic oxides. This study aims to endeavor the development
of a generalized process for metal recovery from slag phases. It combines high-temperature
smelting and introduces a slag optimization methodology to decrease melting temperature
and viscosity. The goal is to use a low volume of flux, a factor crucial for both enhancing

recovery efficiency and facilitating the industrial adaptation of the process
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