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SUMMARY

Electrical and electronic waste (ewaste) is currently the fastest growing waste stream
in the world. Generation of e-waste is driven mainly by rapid technological
advancements and frequent innovations which in turn result in shorter lifespan of
electronic devices and high rate of obsolescence of digital products. Ewaste is
considered a valuable stream of secondary metal resources because it contains
valuable metals such as copper(Cu) and gold (Au). However, it is also classified as
hazardous waste as it contains toxic heavy metals such as lead(Pb) and cadmium
(Cd). If e-waste is not managed properly, the toxic metals may pose serious risks to
the environment and human health.

In 2018, South Africa produced an estimated 360,000 &-waste with reports of only
about 10% recycled. The lack of processing technology was cited as an explanation for
the low levels of recycling, especially for complex fractions such as printed circuit
boards (PCBs) and cathode ray tubes (CRTSs). Partially beneficiated PCBs are exported
to Europe for processing, and stripped CRTs are either landfilled or stockpiled.
Landfilling of CRTs has been banned effective August 2021. Exporting of partially
beneficiated PCBs deprives the South African economy the opportunity to take full
advantage of the value contained in PCBs. There is a need fora technology that will
provide capacity for local processing of CRTsand PCBsfor metal recovery.

The current study investi gated a new process flowsheet for the thermal treatment of
CRTs and PCBs in the same integrated flowsheet for metal recovery. The aim was to
recover a crude Cu alloy from the PCBs and a crude Pb alloy from the CRTs. The two
processes were integratedby flow of material from one process to the other. That is,
slag from the CRTs furnacewas recycled to the PCBs furnace to be utilised as a fluxing
agent, and fume from the PCBs furnace was recycledto the CRTs furnace to be utilised
as a source of lead oxide(PbO). The study aimed to answer this primary question:

Is it technically feasible to integrate the smelting of waste CRT funnel glass into the same
flowsheet as the smelting of waste PCB concentrate?

In order to answer the above question, the study explored the following two
guestions:

1. Can oxidative smelting of PCB concentrate and CRT slag produce a crude Cu
alloy with a grade of more than 95% Cu?



2. Can reductive smelting of CRT funnel glass and PCB fumeproduce a crude Pb
alloy with a grade of more than 95% Pb?

The investigation was undertaken in a pilot -scale top blown rotary converter (TBRC).
The furnace facility consisted of an oxy-propane burner supported by a gas supply
train; a cylindrical refractory -lined reactor with a working volume of 20 L; and off -gas
handling system featuring a two -stage filtration system, whereby primary filtration
occurs through a bank of cartridge filters and secondary filtration occurs in a
baghouse.

The PCBs smelting condition that achieved the required alloy grade was an average
oxidation temperature of 1350°C, flame stoichiometry of 100 mol% O, and an

oxidation time of 1 h. The amount of material recycled to integrate to the PCBs process
was 45% CRT slag per unit mass of PCB concentrate to the PCBs smelting furnace

The grade of the Cu alloy obtained was 95.1% Cu.

The CRTs smelting condition that achieved the required alloy grade was an average
reduction temperature of 1200°C,flame stoichiometry of 95 mol% O 2, and reduction
time of 2 h. The amount of material recycled to integrate to the CRTs process was 1%
PCB fume, per unit mass of CRT funnel glass, to the CRTs smelting furnace. The grade
of the Pb alloy obtained was 96.1% Pb.

The test work provided experimental evidence that the integrated process can
produce crude alloys of Cu and Pb at the required grade specification. Therefore, the
study has shown that it is technically feasible to integrate the smelting of waste CRT
funnel glass into the same flowsheet as the smelting of waste PCB concentrateThis
processflowsheet can be optimised and developed into a technology that can provide
technical capacity to locally process low-grade PCBsand CRTsfor metal recovery.
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1 INTRODUCTION

The purpose of this study is to investigate the feasibility of a new processflowsheet to
recover valuable metals from waste printed circuit boards ( PCB9 and cathode ray
tubes (CRTs). The processflowsheet involves integration of the smelting of waste PCBs
and CRTSs to recover alloys ofcopper (Cu) and lead (Pb), respectively. The study aims
to develop a processingtechnology that is appropriate for implementation in the South
African e-waste recycling industry.

1.1 Background

Waste electrical and electronic equipment (WEEE) or simply e-waste is a broad term
that encompasses all discarded end-of-life electrical equipment (e.g., refrigerators,
washing machines, and microwave ovens) and electronic devices (e.g.,computers,
monitors, cell phones, and printers). It is considered a valuable stream of secondary
metal resources especially because it comprise precious metals in concentrations
higher than their respective primary resources (Bizzo et al, 2014)

E-waste contains valuable metals such asCu, tin (Sn), palladium (Pd), silver (Ag) and
gold (Au) (Ogunniyi et al, 2009) It also contains toxic metals such asPb, barium (Ba),
arsenic (As), antimony (Sh) and cadmium (Cd) (Korf et al., 2019) If not managed
properly, the toxic metals may pose serious risks tothe environment and human health
(Robinson, 2009)

Balde et al (2017)estimated that about 44.7 Mt of e-waste was generated globally in
2016 and projected that this number could reach 120 Mt by 2050. Ewaste is now the
fastestgrowing waste stream in the world and only about 20 wt% is dealt with
appropriately (Balde et al, 2017) The same applies in South Africa, but recycling rates
are much lower: South Africa had an e-waste average growth rate of 4 wt% during
the period 2007 to 2013(UNEP, 2013) and currently p roduces an estimated 360,000 t
e-waste with reports of about 10wt % recycled (DEA, 2018)

A study conducted by Lydall et al (2017)reported that the absence ofprocessing
technology is often cited as explanation for the low levels of e-waste recycling in South

Africa, particularly for complex fractions such as PCBs and CRTs. The absence of
processing technology is attributed to the lack of investment and low volumes of e -

waste to make up sufficient economies of scale for conventional technologies.
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There are several streams of ewaste produced in South Africa, and these include
ferrous and non-ferrous fractions, plastics, lamp glass, and complex fractions such as
PCBs CRTs, lithium (Li) ion batteries, and mercury (Hg) and phosphor dust (Finlay
and Liechti, 2008). Whereasthere are local markets andwell -established technologies
for processing of the other fractions, there is none (or limited) for complex fractions
(ERA, 2018) The current study focussed on developing a process for PCBs and CRTs
largely because of the similar chemical nature of these two fractions and the relatively
larger annual volumes produced in contrast to the other complex fractions.

PCBs are sheets of norconductive substrate that provide mechanical support for the
electrical circuit and electronic components embedded in the board. They are found in
every piece of electrical and electronic equipment. The generation of waste PCBs is
generally driven by, among other factors, rapid technological advancements and
frequent innovations, which in turn resulted in  shorter life-span of electronic devices
and high rate of obsolescence of digital products (Nair, 2021).

In 2013 South Africa generated more than 7,500 tPCBs and in 2018 collectiors were
estimated to be as high as 10,00@ PCBs(ERA, 2018) These volumes are expected to
increaseeach yeardue to increase indemand of electronic devices (Nair, 2021).

The South African e-waste recycling industry has become more integrated, formalised
and diversified over the past decade, but there is still limited participation in the

processing stage of the value chain(Lydall et al.,2017) There are only two companies
in South Africa that can process ewaste to value-added products, namely, Rand
Refinery and SA Precious Metals. The processing capacity in these facilities is limited ,
and only specific high-grade PCBs fractions with high value are accepted (ERA, 2018)

Currently, only about 20wt % of PCBs are fully beneficiated locally (Lydall et al.,2017)
In other words, about 80wt % of PCBs are exported overseas for metal recovery The
absence of a commercial operation in South Africa with the appropriate technology
and enough capacity to process low -grade PCBs compels locale-waste recyclers to
export PCBs to integrated smelting and refining facilities in Europe and Asia (Lydall
et al.,2017) The development of local processing capacity will enable the South African
economy to benefit fully from the value contained in PCBs.

CRTs can be defined as the video display components of old generation television(TV)
screens and computer monitors making use of electron-beam technology. CRT

technology for manufacture of TVsand monitors went obsolete due to the introduction
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of plasma display panels (PDPs) andliquid crystal displays (LCDs). Since the advent
of new technologies for TVs and monitors, an increasing amount of CRTsis discarded
each year(Xu et al, 2012)

In 2007 South Africa generated an estimated 43,100 t CRTEFinlay and Liechti, 2008),
and in 2015the volum es almost doubled to about 80,000t CRTs (DEA, 2018). These
volumes are projected to increase each year with increasing investment in public
education and awareness, and establishment of sustainable collection systemsas
prescribed in the industry waste management plan (ERA, 2018)

Local recyclers generally either stockpile or landfill CRTs after dismantling the TVs
and monitors to salvage any components of value that can be recycled such as metals,
wiring, circuit boards and plastics. The inherent low value of the remaining CRT does
not allow for export to overseas markets (Lydall et al.,2017) Landfilling of e -waste is
now no longer an option since it was banned effective August 2021 (DEA, 2013)
Leaving stockpiling as the only available option. However, recyclers are also running
out of storage space to stockpilewaste CRTs(ERA, 2018) as illustrated in Figure 1.

Figurel. Stockpiling of waste CRTs at aswaste recycling centre (source:
https://blog.idrenvironmental.convisited:20/11/2021
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Pyrometallurgy is t he traditional method of recovering valuable metals from recycled
PCBs(Cui and Zhang, 2008). Currently, m ore than 70wt % of waste PCBs igtreated in
Cu smelters, Pb blast furnaces, and plasma arc furnaces (Kaya, 2016) These large
integrated smelter-refinery facilities such as the Umicore plant in Hoboken, Belgium

(Hageluken, 2006), and the Aurubis plant in Lunen, Germany (Alvear Flores et al.,
2014) require significant capital investment and large volumes of PCBs to achieve
economies of scale Establishing such facilities is not considered a viable option in
South Africa (Lydall et al.,2017) A much more viable option is to establish smaller

plants, focused on the recovery of Cu, Au and Ag, with potential for future scale up

(Lydall et al.,2017)

Over the recent past, CRTs collected for recycling were recycled into new CRTs
through g lassto-glass recycling, or co-processed insecondary Pb smelters to recover

Pb through glass-to-Pb recycling (ICER, 2004) Glassto-glass recycling has been the
most common management method but at present there are nane or few options for

glassto-glass recycling especiallysince CRTs have been replaced by new technologies
(Shaw, 2013) Glassto-Pb recycling in Pb smelters is also not ideal, as the low Pb

content in the CRT glassresults in generation of large volumes of slag that increases
treatment and disposal fees (ICER, 2004) As such, only small volumes are treated

through this recycling option.

The capacity limitations with exis ting recycling options encouraged research into
processing of CRT funnel glass as the primary feedstock.Several researchersin the last
decade investigated reductive smelting of CRT funnel glass to recover Pb using
different reducing agents, and thermal reduction methods under a vacuum (Hu and
Hui, 2017; Lu et al, 2013; Menget al, 2016; Veitet al, 2015) However, none of these
technologies has been commercially implemented (Xu et al.,2012)

The problem that this study aims to address is that there is currently no publication s
in the open literature discussing the recovery of valuable metals from smelting of
waste CRTs and PCBs inan integrated flowsheet. There is also nothing published in
relation to the use of CRT slag as a flux during smelting of waste PCBs nor is there
any literature repor ting on recycling of PCB fumes to a CRTsmelting processfor use
as a source oflead oxide (PbO).
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Therefore, the research aim of this study is to investigate the development of a
flowsheet that integrates the smelting of CRT funnel glass with that of a low-grade
PCB concentrateto evaluate the technical feasibility for metal recovery .

The novel concept was conceived through the observation that the two materials,
while significantly different in their phase compositions, largely comprise the same
major elements; which means that a by-product from one process could be compatible
with or even conducive to, the chemical thermodynamics of the other process. For
example, slag produced in the CRTsmelting process can be used to improve properties
of slag produced in the PCB smelting process. This presented an opportunity to
integrate the two processes,and to explore any potential technical benefits that would
otherwise not be realized if the processes were operated independently.

The specific waste PCBs and CRTs raterials studied for this investigation were

(1) Low-grade PCB concentrate, whichcomprises a coarse fraction ofmetallic
granules obtained after physical beneficiation of PCBs and containing less
than 100 ppm Au; and

(i) CRT funnel glass, which is the Pb-rich conical glass section at therear end of a
CRT.

The study focused on recovering high-grade Cu alloy from PCB concentrate and high-

grade Pballoy from CRT funnel glass. The two processes were integrated by recycling

of one of their by-product stream sfrom one process to the other. This can be elaborated
as follows: in the first interconnection, CRT slag from the CRT smelting process was
recycled to the PCBsmelting furnace to be utilised as a fluxing agent; in the second

interconnection, PCB fume from the PCB smelting process was recycled to the CRT
smelting furnace to be utilised as a source ofPbO (seeFigure 2).
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Figure 2. Simplified conceptual integrated flowsheet for the processing of CRTs and PCBs
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2 LITERATURE REVIEW

A review of publications in the open literature relevant to the recycling and processing
of PCBs and CRTs was undertaken. Firstly, the structure and composition of each
material is presented, followed by an overview of e -waste pre-processing techniques
as well as existing and alternative processing technologies. The last section of the
literature study discusses physicochemical principles of impurity removal from Cu
metal and reduction smelting of metal oxides.

2.1 Material structure and composition

E-waste streams such as PCBs and CRTs are considered complex fractions not only
due to their intricate structures and large number of components but also due to the
presence of numerous metallic elements that requires a very complex recovery process
(Kaya, 2016) To select an appropriate recycling technique and processing route to
recover the contained metal values, it is essential to characterise e-waste in terms of
structure, components, and chemical composition (Kaya, 2016)

2.1.1 Printed circuit boards

PCBs consist of three basic parts: (i) noaconducting substrate; (ii) conductive circuit
printed on or inside the substrate; and (iii) mounted components. There aregenerally
two types of PCB substrates, namely, flame retardant-2 (FR2) and flame retardant-4
(FR-4). Both PCB types make use of brominated flame retardants (BFRs) to reduce
flammability (Tsydenova and Bengtsson, 2011)

The FR-4 type is composed of multi layers of fiberglass reinforced epoxy resin coated
with a Cu layer. The FR2 type is a single layer of cellulose phenolic paper coated with

a Cu layer (Murugan et al., 2008; William and Williams, 2007). The FR4 epoxy resins
are generally green in colour and have high value while the FR-2 phenolic resins are
yellow/brown in colour and have low value (Ladou, 2006) The value of the PCBs is
based on the monetary value of the contained recoverable metals.Pictures of examples
of the two PCB types are shown in Figure 3.
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(b)

Figure3. Picture of (a) Type FR PCBs (high value), and (b) Type 2RPCB (low valuefsource: (a)
https://www.copperwirerecyclingmachinery.com/news/pcb_disposal_methods65aridr(ib)
https://www.aliexpress.com/item/32821985190.htm|

According to Hageluken (2006) PCBs camalso be classified by Au content as shown in

Table 1. For example, low-grade PCBs contain less than 100 ppm Au and they are
typically sourced from large household appliances such as fridges, washing machines

and microwaves ovens.

Tablel. Classification of waste PCBs and their respective sources (adapted from H€geh&en

Classification Au conte nt Source of waste PCBs

High grade >400 ppm Au Circuit boards from main -frames, some mobile
phones, integrated circuits, hard drives

Medium grade 1003400 ppm Au PC-boards, laptops, handheld computers,
mobile phones, digital cameras

Low grade <100 ppm Au Old TV-boards, monitor boards, calculators,
microwav e oven, fridges, washing machine

The heterogeneous nature of PCBs is widely acknowledged by researchers, especially
challenges associated with proper sampling, appropriate sample preparation, and
accurate analysis of PCBs(Hubau et al, 2019; Korfet al, 2019; Laubertovaet al, 2019;
Ogunniyi et al, 2009) Ogunnyi et al (2009) noted that the high heterogeneity of PCBs
can make determinations of accurate quantitative analysis difficult because any source
of error (e.g., sampling, digestion, dilution, calibration, and interference) may have a
detrimental effect on the results. Laubertova et al (2019)commented that the success
of treatment of e-waste depends mostly on the quality of sampling and assaying.
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However, sampling is difficult for e -waste composition analysis due to the highly
inhomogeneous nature of these materials.

There is no standard theory applied for e-waste sampling nor is there a standard
reference method for determining the chemical composition of PCBs (Hubau et al,
2019; Korfet al, 2019; Ogunniyi et al, 2009) Literature reviews and investigations on

PCBs have mentioned techniques such as atomic absorption spectrometry (AAS),
inductively coupled plasma -optical emission spectrometry (ICP-OES), inductively
coupled plasma-mass spectrometry (ICP-MS), fire assay (FA), and X-ray fluorescence
(XRF) as applicable(Legarth et al, 1995; Liet al, 2004; Zhang and Forssberg, 1997)

Previously published chemical compositions of PCBs cover a wide range of elements
and were produced with numerous methods for sampling, digestion, and
measurement (Korf et al, 2019) Sampling of PCBs invariably occurs after some form
of comminution for size re duction of the bulky boards. A study by Laubertova et al
(2019)revealed that the particle size distribution of the representative sample had the
most significant impact on the accuracy of the sampling procedure to determine Au
content in PCBs. Thesmaller the particle size of a representative sample, the higher
the accuracy in determining the precious metal content in the sample. The coarserthe
representative sample, the larger the mass of sample required.

Generally, PCBs constitute 30 wt% ceramics, 30 wt% plastics and 40 wt% metals
(Shuey et al, 2006) The typical composition s of PCBs reported in literature are given
in Table 62in APPENDIX A . There is a wide range in the concentration of each species
in PCBs reportedin literature. This signifies the heterogeneous nature of PCBs sourced
from different appliances and devices, geographical location, and year produced (Korf
et al, 2019)

The ceramic component comprises mainly silica (SiO2), alumina (Al 203) and alkaline
earth oxides (such as calcium oxide (CaO) and magnesium oxide (MgO)) while the
plastic component comprises polyethylene (PE), polypropylene (PP), polyvin yl-
chloride (PVC), polytetra -fluoroethane (PTFE) polyesters, epoxy, and nylon (Shuey et
al., 2006§. Ceramics are used to create bridges and slots on the board, and plasticare
used primarily asthe base structure of the substrate and can also be used as covers
and supports for other electronic components on the board (Li et al, 2004)

The concentration of metallic species can range considerably, with Cu reported

between 100 and 26.8wt %, and Au between 80 and 1000 ppm. Other major metallic
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elements include Pb, zinc (Zn), Sn, aluminium ( Al), nickel (Ni) and iron (Fe). Metallic

elements present in trace amounts include precious metals such asAg and Pd; scarce
metals such asgallium (Ga) and germanium (Ge); and hazardous metals such asCd

and Sh.

The heterogeneous mixture of metals in PCBs is attributed to the many electronic
components attachedto the board. These includecapacitors, integrated circuits, relays,
resistors and transistors (Li et al, 2004) A brief description of the components and the
metals they contain is provided in APPENDIX A .

Kamberovic et al. (2018) conducted smelting tests on a PCB sample that was
mechanically and physically beneficiated to remove the ceramic and plastic
components from the board. The chemical composition was determined by XRF and
was performed using a sample cut from the middle of a cylindrical ingot, obtained by
melting 1.0 kg of granulesin a medium -induction furnace under reducing conditions
(at 1250C for 1 h). The mass difference,prior and after melting (0.17%), represented
the content of organic materials. The concentrate sample wassignificantly upgraded
in metal content to 80.4wt% Cu, 5.58wt% Pb and 10.0 wt% S (seeTable 2), relative
to compositions presented in Table 62in APPENDIX A .

Table2. Chemicatomposition ofmechanicallypeneficiated PCBsvt% (adapted from Kamberovic et

al.(2018)
Mass, ppm
Cu Zn Fe Sn Pb Ni Ti Non -metallics Bi Ag Au Total
804 3.0 0.17 100 558 0.31 0.13 0.17 95 405 22 99.7

2.1.2 Cathode ray tubes

A CRT monitor or TV is a complete assembly involving different materials and several
components including plastic housing, metallic components, circuit board sand wiring
(Menad, 1999) The CRT is the main glass component enclosed inside the casingThere
are two types of CRT screens: monochrome (blak and white) and colour screen. Both
types of CRTs arecomposed of three glasssections, namely (Andreola et al, 2005; Lee
et al, 2000)

1. Panel glassdthe video display section of the CRT. It features a thick glass rich in
barium oxide (BaO) and strontium oxide ( SrO) and accounts for 66 wt % of the
CRT. Panel glass has been free oPb since 19%.
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2. Funnel glassd the conical glasssection attached to theback of the panel section.
It is composed of a thinner glass rich in PbO and accounts for 33wt % of the CRT.

3. Neck glassdthis glasssection encloses the electron gun at the rear end of the
CRT. It accounts for less than 1wt % of the CRT and commonly features a clear
thin glass rich in PbO.

An image of a typical CRT is shown in Figure 4 and a schematic is provided in Figure
79in APPENDIX A .

CRT funnel glass

CRT neck glass

CRT panel glass

Figure4. An image o typical CRTshowingdifferent glass sectiorfsource:
http://lwww.electronicstakeback.com/2012/11/15/recydrskpilingmillions-of-poundsof-toxic-
glassfrom-crt-tvs-and-monitors)

The inside of the panel glass is coated with a conductive material and three layers of
phosphor powder (Menad, 1999) A phosphor is a substance that emits visible light
when exposed to radiation such as an electron beam. It is used toproduce coloured
images on the display panel. The inside of the funnel glassis coated with a layer of
iron oxide (FeO) while a graphite monolayer coats the outside to prevent users from
exposure to radiation (Mear et al, 2006)

The rear end of the CRT is equipped with an electron gun assembly that produces a
beam of electrons from a heated metal cathodesurrounded by a metal anode (Meek,
1993) The beam is accelerated and focused by £u yoke and a series ofNi alloy plates
are used to deflect the beam across thanside surface of the panel glass A shadow
mask is athin metal plate (Ni-Fealloy) punched with tiny holes positioned behind the
panel glassto assist with producing clear and focused colour images (Meek, 1993) The

Pagell



panel and funnel glass are wholly composed of silicate glass and their interface,
welded with frit , is clamped with a tensioned metal band to protect against implosion
(Meek, 1993)

CRT glass is a silicate glass with a complex formulation including several oxide
components incorporated into the glassy network. The oxides can be classified into
three groups as follows (Mear et al, 2006)

1. Network formers ¢ oxides that intrins ically form a glassy network structure (e.g.,
SiOz, antimony oxide ( SkxO3) and arsenic oxide (As203));

2. Network modifiers & oxides that break glassy network structure (e.g.,sodium
oxide (Na20), potassium oxide (K20), CaO,MgO, etc.); and

3. Network intermediates & oxides that join in glassy networks but cannot
themselves form glass €.9.,Al 203, PbO, zinc oxide (ZnO), etc).

A study by Mear (2006)investigated the chemical composition of CRT glass from
discarded TVs and monitors from different manufacturers (viz., Hitashi, Matsushita,

Samsung, Soty Toshiba, and Clinton corp.). The glass compositions (SeeTable 4in
APPENDIX A) were in good agreement with values in the literature (Andreola et al,
2005; Bernardoet al, 2003; Hedemalmet al, 1995; Menad, 1999; Mussoret al, 2000;
Valache et al, 1997)

The funnel glass of colour screenscontained on average 4.8 wt% SiOp, 22.9wt % PbO,
0.36wt % BaO and0.62 wt % SrO. Other major oxide speciesincluded K 20 and Na2O,
with minor and trace presence of SkOz and As203, respectively. PbO is used in funnel
and neck glass toabsorb X-ray radiation from the electron gun (Meek, 1993) In the
panel glass of colaur screens BaO and SrO are used instead of PbO becausepanel
glass needs to be colarless, and BadSr silicate glass is transparent under X-ray
radiation (Meek, 1993) PbO is only used in the panel glass of black andwhite screens
becausePb is less expensivethan Ba, and the panel glass of black andwhite screens
need not be colourless(Meek, 1993)

2.2 Overview of pre-processing techniques

The ewaste recycling value chain generally consists of four stages (seeFigure 5):
collection, dismantling, pre -processing and processing This section discusses
techniques applied in the pre-processing stageof PCBs and CRTs
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Figure5. The fourstages of thewaste recycling value chamghlighting the preprocessing stage
2.2.1 PCBs pre-processingtechniques

Pre-processing of PCBs is accomplished through three main processes, that is,
mechanical, physical, and chemical processes But before the PCBsare pre-processed,
they are first dismantled. The PCB is dismantled for removal of reusable parts or toxic
electronic components such as batteries and mercury containing lamps and switches
(X. Chietal., 2011)

The dismantled board is then put through m echanical processesuch ascomminution
for size reduction, size classification, and sampling for chemical analysis (Zhang and
Forssberg, 1997) Physical processes such as gravity, magnetic and electrostatic
separation are commonly applied to separate the metallics from the non-metallic
fractions (Lu et al, 2008; Sarvaret al, 2015; Yamaneet al, 2011) Chemical processes
that are typically applied to decompose the polymers of the plastics include pyrolysis,
gasification, and depolymerisation (Guo et al, 2009)

A generic flowsheet depicting the steps involved in the pre-processing stage ofPCBs
is illustrated in Figure 83in APPENDIX B, and additional details of each process step
are also discussed in APPENDIX B.

2.2.2 CRTs pre-processing techniques

Pre-processing of CRTs can be divided into three groups of techniques: manual, semt

automatic, and automatic techniques. All three techniques are designed around

primarily separating the panel glass from the funnel glass because the composition,
hazardous characteristics, and therefore, downstream processing of these two glass
sections are different (Lee et al, 2004)

The CRT, however, comes assembled with several other components that must be
removed to free the CRT. Thus, waste CRT TVs and monitors go through the
dismantling stage for disassembly. Besides the release of the CRT from the assembly,
recyclable components such as plastics, metals, internal wirings and circuit boards are
recovered and sent to their respective se&ondary industries (see Figure 84 in

APPENDIX C).
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The stripped CRT can then be treated through one of the three separation techniques.
Manual techniques involve the use of tools such a hammer, chisel, and screw driver to
separate the components(Liu et al, 2006) There are three semiautomatic techniques
applied in industry and these are

1. Acid bath method (chemical separation) (Yan etal., 2008)

2. Electric wire heating and laser cutter (thermal separation) (Lee et al, 2004, Yinet
al., 2008) and

3. Diamond saw cutter (mechanical separation) (Herat, 2008)

The lastseparation technique is the fully automatic technique which normally employs
sensor guided optical sorting (Xu et al, 2012)to separate panel from funnel glass.
Further details of the above techniques areprovided in APPENDIX C.

2.3 Existing processing technologies

The last stage of the value chain in ewaste recycling is processing. This section
discusses existing processing technologies for PCBs and CRTs in respect of
pyrometallurgical methods , with a focus on smelting processes Other processing
methods basedin hydrometallurgy and bio metallurgy will be discussed in the next
section as alternative processing techmologies. It is important to note that i ndustrial
processes for recovey of metals from e-waste are based on combined
pyrometallurgical, hydrometallurgical , and electrometallurgical routes (Kaya, 2019;
Khalig et al, 2014)

2.3.1 PCBssmelting technologies

The final extraction and purification of metals from PCBs is achieved through
metallurgical processes (seeFigure 6). The fraction of non-ferrous metals generated
after the electrostatic separation step can be processedvia (i) pyrometallurgy, by
smelting; (ii) hydrometallurgy, by leaching; or (iii) bio metallurgy, by leaching through
bacterial action (Brandl et al, 2001; Cui and Zhang, 2008; Goshet al, 2015)
Technologies applied in industry, and those under development, for the
pyrometallurgical processroute are discussed in this section.
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Figure 6. Flowsheet showing throcessing stage of PCsbpted from Kay42016)
2.3.1.1 Cosmeltingin secondarysmelters

Well-established technologiesin the processing of PCBsinclude the ISASMELT™ and
Ausmelt top submerged-lance (TSL) smelters. Leading examples of the Ausmetl TSL
application include DOWA mining plant in Japan and GRM plant in Korea (Wood et
al., 2011) Leading examples of ISASMELT TSLapplication include the Aurubis plant
in Germany and the Umicore plant in Belgium (Alvear Flores et al., 2014) The PCBs
are cosmelted with Cu scrap, slimes and residues. A schematic flowsheet of the
Umicore ISASMELT plant is depicted in Figure 80in APPENDIX A . This plant features
pyrometallurgical and hydrometallurgical circuits, where Cu and Pb are used as base
metal collectors to recover the precious metals (Ag, Au & platinum group metals
(PGMs)) and other valuable metals (Cu, Pb, Sn, Sb,indium (In), selenium (Se,
tellurium ( Te) & bismuth (Bi)) (Alvear Flores et al., 2014) The disadvantages of these
plants are the significant capital cost and the requirement for larg e volumes of PCBs
feedstock (Lydall et al., 2017).

2.3.1.2 Smeltngin plasmaarc furnaces

Another developed technology is the application of plasma arc furnaces to smelt

shredded and calcined PCBs by Tetronics International (Tetronics, 2019) Unlike the

ISASMELT technology, the Tetronics technology uses PCBs as primary feedstock. A
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schematic of the process flowsheet of the Tetronics electronics waste treatment process
is given in Figure 81 in APPENDIX A . Similarly to the previous technology, i.e.
ISASMELT™, Tetronics plasma arc furnaces require significant capital investment,
which necessitates large volumes of PCBs feedstock for commecialisation.

Szalatkiewics (2013)investigated the smelting of PCBs in a plasma arc furnace without
shredding the PCBs, and without addition of any fluxing agents and reductant. The
tests were carried out at 137%1560°C under an oxidising furnace atmosphere. As
much as 76wt % of the metals in the feed PCBs were reovered with the rest of the
metals oxidized to the slag. The alloy formed was heterogeneous. On remelting, two
distinct alloy phases were obtained with Fe-rich phase floating on top of a Cu-rich
phase. This investigation did not analyse the Fe- and Cu-rich phases for precious
metals to evaluate the partitioning of the precious metals between the two phases.

Byung et al (2013) patented a method for the thermal recovery of metals from PCBs
and automotive catalysts by making use of Cu, Fe, Snand Ni contained in the PCBs as
collector metals for noble metals. The method includes the use of a nonferrous slag
fluxed with CaO. The materials are mixed and reacted in a plasma arc furnace at 130@
1450°C for periods of up to 40 min. The method claimed to achieve 98wt % recovery
of the precious metals (Ag, Au, PGMS) in a Cu alloy containing Fe, Snand Ni.

The work by K amberovic (2018)investigated smelting of a PCB concentrate obtained
after physical beneficiation to remove the ceramic and plastic components. The
concentrate comprised 80wt % Cu with 10 wt% Sn, 5.6wt% Pb and 30 wt% Zn as the
main impurities. The PCB concentrate was first oxidised at 680°C to convert some of
the Cu into Cu20 to act as a solid oxidant This process step added up to 9.4wt % O> to
the concentrate. The pre-oxidised concentrate was smelted in a 100 kW DC arc furnace
at 1350C along with charges of FeO, CaO and SiQ as flux (at 10wt % of charge with
Fe/SiO2=1 and CaO at 12.5wt % of flux). The test produced an alloy with a Cu grade
of 98 wt %. However, this process obtained a significantly low Cu recovery of 25 wt%
to the metal.

2.3.1.3 Smeltingin top down rotary converter

Bernardeset al (1997)investigated the melting of PCBs in aTBRC that involved first
an oxidising step followed by a reducing step. The process was able to achieve an
environmentally friendly slag and a Cu-Ni-Sn alloy containing the precious metals.

The slag composition approximated that of mullite (3Al.032Si0,), deficient in Fe, and
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the alloy contained up to 0.3 wt % Au. The dust captured in the flue gas was rich in the
oxides of Pb and Zn that contained Ag. Although this study failed to remove most of
the Sn(8.0 wt%), Pb(1.72wt %) and Fe (1.52vt %) from the alloy with a grade of 74wt %
Cu and 7.4% Ni, it confirmed the loss of Ag to the off-gas dust when smelting PCBs in
a gasfired rotary furnace.

Bolidends Ronnskar smelter in Swedenvastes one
employing the Ausmelt Kaldo technology (Reuter, 2014) The smel ter ds a |
capacity for electrical material is 120,000 t which includes PCBs from computers and

mobile phones (Tesfaye et al., 2017)The Kaldo furnace produces a crude copper alloy

known as black copper,andthisal | oy joins the facilityds mai
refining to extract copper and precious metals.

The SMS group (2017)announced that they will be building an UrbanGold compact
plant for a Russian company named Aurus. The Urban Gold compact plant is a new
commercial processing technology for the smelting of PCBs, as primary feedstock, in
a TBRC. The TBRCsmelting step produces a slag,Cu alloy, and Pb-Sn alloy stream.
The latter alloy is refined in a rotary furnace to produce pure Pb-Snalloy while the Cu
alloy is refined in a Polyrefine ™ furnace to produce Cu-anode alloy (seeFigure 7).

It was claimed that the UrbanGold compact plant can recover more than 98wt % of the
precious metals (SMS group, 2018) This technology is ideal for the South African e-
waste industry because the smelter furnaces are not completely dependent on
electricity, and a commercial-scale plant can be built with a capacity to process
6000t/a PCBs(SMS group, 2018) The UrbanGold compact plant is evidence that PCBs
can be economically treated in gasfired rotary furnaces, as the primary feedstock.
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2.3.2 CRTssmelting technologies

The pre-processing stage produces separate streams of panel and funnel glass as
illustrated in Figure 8. Closed-loop recycling of both glass types went obsolete due to
obsolescence of CRT TVs and monitors(Xu et al, 2012) Each glass type follows a
different processing route largely due to th e presence or absence oPb. This section
discusses the processing ofCRT funnel glass by pyrometallurgical methods to recover
Pb metal.

2.3.2.1 Cosmeltingin secondargmeltes

The traditional recycling option for CRT funnel glass has been as a fluxing agent in
secondary Pb smelters (Shaw, 2013; Xuet al, 2012) However, not all secondary Pb
smelters can process CRT glas. The primary raw material of a secondary Pb smelter
is recycled Pb-acid batteries. In an effort to minimise sulfur emissions, most secondary
Pb smelters applied a soda-based slag(Siegmund, 2001) The need to produce more
environmentally stable slags resulted in some of he smelters changing their operating
slag composition to SiO»- or fayalite (Fe2SiOs)-basedslag systems(Siegmund, 2001) It
is mostly such smelters that can accept CRT funnel glass.A typical flowsheet of a
secondary Pb smelter in North A merica given in Figure 82in APPENDIX A. Details of
smelters that accept CRT funnel glassin North America are shown in Table 3.

Co-smelting of CRT funnel glass in secondary Pb smelters has the disadvantage of
producing significant volumes of slag, which is associated with increased loss of
valuable metals and higher treatment costs (Meng et al, 2016; Xuet al, 2012) Thus,
only small amounts can be tolerated in these smelters as indicated by the annual plant
capacities presented in Table 3. This limitation encouraged studies to focus on
processing methods that can treat CRT funnel glassas the primary feedstock (Xu et al,
2012)
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Table3. Facilities in North America that can process CRT funnel glasapfad from Shaw2013)

Facility Location Technology Materials accepted | Capacity, t/a

Doe Run Co. Boss, Missouri, Secondary Pb Stripped CRTs 8,000
United States smelter

Xstrata Zn Bellendune, New Secondary Pb CRT funnel glass 3,000
Brunswick, Canada smelter cullet

Teck Resources | Trail, British Secondary Pb CRT funnel glass 15,000
Columbia, Canada smelter cullet or stripped

CRTs
Total 26,000
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2.3.2.2 Smeltingat high temperatures and under vacuum

Wang and Zhu (2012)studied the extraction of Pb from CRT funnel glass by reacting

the glass with magnesium (Mg) metal and ferric oxide (FexO3) at temperatures above
1745°C under atmospheric pressure. The method achievedPb recoveries of over
90wt %. ThePbwas recovered as superfinePbO nanoparticles in a colleding chamber.

A study by Veit et al (2015)obtained 92wt % Pb recovery from waste CRT funnel glass
at 800°C under 1.3 kPa vacuum. These studies showed thaPb recoveries in excess of
90 wt% are achievable, but the high temperatures and vacuum conditions require

expensive high-quality equipment, and such processes are typically complex to

operate and to implement on an industrial scale (Meng et al, 2016)

2.3.2.3 Smeltingwith differentreducants

Yot and Mear (2009)studied the use of silicon carbide (SiC) and titanium nitride ( TiN)

as reducing agents. Their studies showed that 5wt % (of the mass of CRT funnel glass
in a test) SIC and 5wt % TiN mixed with CRT funnel glass, and reacted at 950°C for
60 min resulted in only 20 wt% and 40wt % Pb recovery from the glass, respectively.

In each case, metallic prills of Pb were obtained on the surface of the porous sintered

residue.

Inano et al (2019)developed a process that treats CRT glass and PCBs together in the
same unit to simultaneously recover metals from eachmaterial. The process involved

reduction melting of CRT glasswith PCBsadded as a source of reductant andprecious

metals. The study claims that 100wt % Cu and Ni, 81wt% Ag, and 73wt% Au were

recovered to the Pb alloy in the process. The process suggested by Inancet al (2019)
produces an alloy of Pb and Cu. Such an alloy is not ideal for downstream processing

as it will require additional interm ediate steps to separate thePb from the Cu.

Lu et al (2013)investigated the use of Fe powder as a reducing agent. Fe powder and
CRT funnel glass powder were mixed at a massratio of 1:1 and pressed into blocks.
The pressed blocks were reacted at 700°C for 30 min to achie a Pb recovery of
58wt %. The Pb was recovered as metallic prills disseminated throughout the sintered
block of residue. Use of Fe as a reducing agent improved the Pb recovery but it was
still relatively low. The advantage of this process wasthe application of an operation
temperature as low as 700°C.
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Further work by Lu et al (2018a)culminated in a patent that provided a method for
the thermal reduction of PbO in CRT funnel glass making use of C powder as a
reductant and soda ash (N&CO3) or potassium carbonate (K-CO3) asfluxing agents.
The preferred feed mass ratio of Cétodglasswas 183:10 and thepreferred mass ratio of
Cotooflux was 1:164. High recoveries of Pbwere obtained when these mass ratios were
applied. The patent claimed that the highest Pb recovery of 87.3wt % was achieved at
a temperature of 1100°C and areaction time of 2 h under normal pressure.

2.3.3 Disadvantages of pyrometallurgical technologies

Pyrometallurgical routes are generally more economical, eco-efficient and maximize
the recovery of precious metals, however, they have certain limitations that are
summarized here (Cui and Zhang, 2008; Hageluken, 2006; Khaliget al, 2014)

1 Hazardous emissions such as dioxins are generated duringsmelting of feed
materials containing halogenated flame retardants. Therefore special installations
are required to minimize environmental pollution;

1 A large investment is required for installing integrated e -waste recycling plants
that maximize the recovery of valuable metals and also protect the environment
by controlling hazardous gas emissions;

1 Ceramic components in feed material can increase the volume of slag generated
in the blast furnaces, which thereby increases the risk of losing precious metals
from basemetals; and

1 Partial recovery and purity of precious metals are achieved by pyrometallurgical
routes. Therefore, subsequent hydrometallurgical and electrochemical techniques
are necessary to extract pure metals frombase metals

2.4 Alternative processing tech nologies

This section discusses hydrometallurgical and biometallurgical processes for
recovering metals from PCBs and CRTs. Conventional or bio-leaching of the target
metals is usually followed by purification processes such as solvent extraction,
precipit ation, and electrowinning (Silvas et al, 2015)

2.4.1 Alternative processing of PCBs

Leaching of PCBs to extract valuable metals is the most important step and the focus
of most research(Gu et al, 2019) A detailed literature review completed by Gu et al
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(2019 indicated that leaching of PCBs can be carried out with acids, thiourea
(CH4N2S), thiosulfate (S203?%), halides (e.g., chloride (Cl-)), and by bacterial action. Acid
leaching is discussed here and the other leachates are discussed in APPENDDD.

Acid leaching is feasible with acids such as Aqua Regia (HCI+HNO 3), hydrochloric

acid (HCI), nitric acid (HNO 3) and sulfuric acid (H2S04) (Gu et al, 2019) Kasper et al,
(2011) reported a leaching efficiency of 92.8 wt% Cu under optimum conditions

utilising Aqua Regia but noted that this reagent cannot dissolve all the metals found
in PCBs. Higher acid concertration and elevated temperatures generally enhance
metal leaching rate (Gu et al, 2019) However, Kim et al.(2011)achieved 97 wt% Cu
and 93wt % Au leaching efficiency utilising HCI at room temperature (25°C). Xiu et al.
(2013)reported that a wide range of metals, including Pb, Sn, Zn, manganese Mn),
chromium ( Cr), etc., can be leached out usingHCI, but leaching rates of different
metals heavily depended on acid concentration. Calgaro et al. (2015) demonstrated
improved Cu leaching (90wt % Cu) by H2SO4 and hydrogen peroxide (H202) with the

aid of supercritical carbon dioxide (COy).

Kim et al. (2011) stated that smaller particle size and lower pulp density are also
generally required for efficient metal leaching, which could require prolonged
processing time, increased energy consumption and operating costs, ultimately
compromising the practicability of the process.

2.4.2 Alternative processing of CRTs

CRT panel and funnel glass follow different processing routes due to their differences
in the composition of Pb. The absence ofPb in panel glass makes it eligible to several
secondary applications (ICER, 2004) Panel glass can be used in the following
applications (Xu et al, 2012)

1 Use in manufacture of decorative bricks and cladding tiles. This application
consumes about 300,000 t/a panel glass by factories in China.

1 Use as a flux in manufacture of clay bricks and ceramic ware. This application
consumes around 100,000 t/a panel glassin China.

1 Use in ceramic glaze This application consumes about 80,000 t/a panel glassin
China.

The presence ofPb in funnel glass considerably limits its applications in secondary
markets (ICER, 2004) The one application of funnel glass is its use in the manufacture
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of X-ray shields which consumes about 25,000 t/a funnel glass in China (Xu et al,
2012)

The low consumption of funnel glass by secondary markets does not provide sufficient
capacity for the volumes arising (Xu et al, 2012) Apart from the research in thermal
methods, researchers havebeenlooking into the possibility to recover Pbfrom funnel
glass through hydrometallurgical methods (Xu et al, 2012) Preliminary results found

that the strong bonds of the silicate glass network structure make it difficult to dissolve

Pb-ions into solution at room temperature (Xu et al, 2012) As a result, most leaching-
based processes occur at temperatures much higher than room temperature.

Okada et al (2013) studied alkaline leaching of funnel glass in sulfur -containing
medium. The highest Pb leaching rate (75wt %) was achieved after 8 h at 180°C with
an alkaline concentration of 6 mol/kg . Zhang et al (2013) reported that more than
97wt % Pb can be extracted from funnel glass with a stirring ball mill leaching process
in 5 mol/kg sodium hydroxide (NaOH) at 70°C. They further noted that the
combination of mechanical activation and a chemical leaching process in a single
operation is more effective than the mechanical activation and subsequent chemical
leaching. Additional studies are discu ssed in APPENDIX D.

The presented studies illustrate that it is feasible to remove Pb from the funnel glass
by hydrometallurgical processes. Howev er, none of these processes hasbeen
demonstrated to be commercially viable because some of them are quite prdlematic
to industrialise or less attractive from a socio-economic and environmental point of
view (Xu et al, 2012)

2.4.3 Disadvantages of hydrometallurgical technologies

Hydrometallurgical routes have been successfully used to recover precious metals
from e-waste. However, these processes are associated with certain disadvantages that
limit their application on the industrial scale. Some common limitations are (Arshadi
et al, 2016; Cui and Zhang, 2008; Hilson and Monhemius, 2006; Khaliget al, 2014; La
Brooy et al, 1994)

1 Overall, hydrometallurgical routes are slow and time consuming and negatively
impact recycling economy.
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1 Cyanide (CN-)is a dangerous leachant and should therefore be used with high
safety standards. It can cause contamination of rivers and seawater, especially
near Au mines, which poses serious health risks to the inhabitants.

1 Halid e leaching is difficult to implement due to strong corrosive acids and
oxidizing conditions. Specialized equipment made of stainless steel and rubbers
is required for leaching of Au using halide agents from e-waste.

1 The use of thiourea leachantsis limited in Au extraction due to its high cost and
consumption. Moreover, further developments are required to improve the
current technology of thiourea -basedAu leaching.

1 Bioleaching process generally have low leaching efficiencies and those that
achieve high leaching efficiencies are still associated with extended leaching
durations that make bioleaching processes challenging to industrialise.

2.5 Physicochemical principles

The application of high temperatures in p yrometallurgical processes generally results
in rapid kinetics of the chemical reactionsinvolved . Under such conditions, most steps
in the overall process tend to proceed near equilibrium conditions (Seetharamanet al,
2014) As such, important principles involved in the pyrometallurgical remova | of
impurities from re -melted metal, by evaporation or oxidation , are related to several
thermodynamic parameters, such as the Gibbsfree energy change of the oxidation
reaction, total pressure, activity coefficients of the impurity in the metal and its oxide
in slag, oxygen (O) partial pressure, and temperature (Nakajima et al, 2011)

The same principles apply for reduction smelting except in this case instead of
oxidation, the metals of interest are reduced from their metal oxides. In addition to the
above thermodynamic parameters, the ratio of the equilibrium partial pressure of
carbon monoxide (CO) to CO: gas becomes important in reduction reactions,
especially those involving the use of carbon (C) and CO as reductants (Shamsuddin,
2016) This section looks into the physicochemical principles involved in the removal
of impurities from Cu metal and reduction smelting of metal oxides, and by extension,
the reduction of PbO in CRT funnel glass.

2.5.1 Removal of impurities

Impurities can be removed from molten metal by mass transfer to other phasesin
contact with the metal as shown in Figure 9. Possible routes for the removal of
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impurities include (a) removal to the slag phase; (b) removal to the gas phase; (c)
formation of inclusions; (d) absorption of inclusions; and (e) reaction with refractory
(Seetharaman et al., 2014)impurity removal to the gas and slag phaseare considered
the most important routes in industrial pyrometallurgical processes, and are discussed
further in this section.

Refractory
Slag (a) Removal to slag phase
Gas
(b) Removal to gas phase
(c) Formation of inclusions

(d) Absorption of inclusions

e B =

)

\
\

() @
P 4

-

(c) Inclusion

(d)

PSR I
cmesemeatesads

(e) Reaction with refractory

—
i

Steel

Figure 9. An example of gssible routes for removal of impurities from steel (source: Seethagaman

al. (2014)

A measure of an el ementd&s tendenchevapoor
pressure of the pure element at any particular temperature (Seetharamanet al, 2014)
Elements with high vapour pressure are relatively easy to remove in the gas phase,
while those with lower va pour pressure are more difficult to remove by evaporation
(Seetharamanet al, 2014) It can be noted from Figure 10that elements such @ Pb and
Zn have higher vapour pressures than Cu at the selected temperature.Thus, these two
elements should be easierto remove in the gas phase.

An important indicator o f the oxidation behaviour of an element is the O partial
pressure in equilibrium with the pure element and the corresponding oxide at any
particular temperature (Seetharaman et al, 2014) Elements that are oxidized at
relatively low O partial pressure tend to be easily oxidized and are then removed by
the slag phase(Seetharamanet al, 2014) In Figure 10, an element such asAl has an
exceedingly lower O partial pressure relative to Cu, implying it will be much easier
to oxidise and remove by slag phase.
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In fire refining of Cu, asstudied by Zhukov et al (2016) the principle discussed in the
previous section, in relation to the relative ease of oxidation of elements with low O
partial pressures at equilibrium, is applied for the removal of impurities by the slag .
During fire refining the metal is oxidized by blowing air or O to the molten bath of
metal. Since Cu is present in high concentration, it is oxidized first according to
reaction [1]:

4[CU]metal + {Oz}gaSB 2 (stl&g/solid [1]

Where [i]metal IS speciesi dissolved in metal phase, {i}qas is speciesi in the gas phase,
and (i)siagsolid 1S speciesi dissolved in the slag or separate solid phase The cuprous
oxide (Cu20) formed, reacts with other impurity metals ( indicated as M) with higher
affinity for O2 compared to Cu, according to reaction [2]:
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(CUZO)sIag/soIid + [M] meta B 2 [ n@aU"‘] (MO) slag/solid [2]

The oxides of impurity metals collectively form slag and float over the metal bath
surface. Removal of the slag further enhancesrefining as this lowers the chemical
potential of speciesMO in slag. The impurity metal smay be oxidized not only by Cu 20
but also by other metal oxides present in the molten Cu as shown by reaction [3]:

[M 1] metal T (M Zo)slag/solidE [ Z]Metal + (M lo)slag/solid [3]

In reaction [3], impurity metal M1 hasa higher affinity for O than impurity metal Mo.
Any metal present in the system, having higher affinity for O, is preferentially
oxidized and removed to the slag at a higher rate than those with lower O affinity.
Thus, the sequence of removal will follow the ord er Al, Si, Mn, Fe, Zn, As, Sn, Sb,Ni,
and Pb.

According to A zakami and Yazawa (1976)the distribution of impurity metals in fire
refining can be divided into three groups using the equilibri um constant (K) of
reaction [2], as shown in equation [4]:

' —_— 4
v ) ) 4]

Where, w is the activity of speciesi. Impurity metals with K values of less than 1@,
such asAu, Hg, Ag, platinum ( Pt), Pd, Se,thallium ( Tl), and Te, will not oxidize.

Impurity m etals with K values higher than 108, like Fe, Zn, Na, Cr, Mn, Si, titanium

(Ti), Al, Ba, Mg, Be, and Ca, will oxidize easily and will not remain in the refined Cu.
Impurity metals with intermediate K values present difficulties and are not easily
removed from Cu, and they include Bi, Pb, Ga, Ni, Cd, Sbh, As,cobalt (Co), Ge, Sn, and
In.

Nakajima et al (2011)theoretically evaluated the distribution of elements to the gas,
slag, and metal phase in a simulated Cu converter (see Figure 11). The results
confirmed that precious metals (Au, Ag, Pd and Pt) completely distribute to the metal
phase while metals such as Al and Fecompletely distribute to the slag. It was further
noted that Zn partially distributed to the gas and slag phase while Sn partially
distributed to the metal and slag phase.Pb, on the other hand, partially distributed to
all three phases.
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The study by Chen et al.(2021)and Sukhomlinov et al.(2020, 2019showed that the
distribution of Ag and Sn between copper alloy and FeO-saturated slag is highly
dependent on temperature and O partial pressure (seeFigure 12). It was shown that
the removal of Ag and Sn from copper alloy was favoured at higher temperatures and
O partial pressures.
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Figure12. Concentrations of (a) Ag and (b) Sn in copper alloy as functiosGtPL.20@1300°C
(sourceChen et al(2021)
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The rate of O2 absorption into liquid Cu plays an important role in the removal of
impurities from Cu during fire refining (Marin and Utigard, 2005) . The effect of three
process parameters on therate of Oz absorption into liquid Cu by top blowing of O:is
discussed in APPENDIX E. In this section, the effect of O, partial pressure on the
oxidation rate constant (k) is presented. The studies byMarin (2006)and Wastawino
(2005) showed that the rate of oxidation of impurities from a Cu alloy during fire
refining is directly proportional to the O partial pressure (seeFigure 13).

x 10°
5 L

k (m/s)

Ry & Marin [14]
mWastawino [13)

D 1 1
0 0.2 04 06
Po2

Figure13. Plotshowing relationship of oxidation rate constéiitvs. O, partial pressurgsource:
(Marin, 2006))

2.5.2 Reduction smelting

Metals extracted from their oxides by pyrometallurgical processes are generally
reduced by means of a suitable reducing agent. Ptysical characteristics such agmelting

and boiling points, and vapour pressure of the metal as well as the relative stability of

its oxide as compared to the oxides of impurity metals and gangue mineral oxides are
major factors in the selection of reducing agents (Shamsuddin, 2016) The most
common reducing agents of commercial and industrial importance include C , CO,
and H2 (Rosenqvist, 1974) This section discusses reductionsmelting by C and CO.

The change in the standard Gibbs free energy of formation of a compound, YO, is a

measure of the thermodynamic driving force or chemical potential of a reaction

(Shamsuddin, 2016) The YO vs T relations for oxidation reactions involving one mole

of gaseous O are known as Ellingham diagrams. Ellingham diagrams are based on
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pure metals and their oxides whose activities equal one. Typical pyrometallurgical
processes involve production of solutions su ch as alloys and slags that are not
necessarily saturated in specific component. Thus, it is important to use Elligham
diagrams with caution since the activities of such components are generally less than
one. Alternatively, thermochemical software that fe atures databases with solution
phases can be used to estimate realistic activities.Nonetheless, useful qualitative
pyrometallurgical information can be extracted from the Ellingham diagrams and the
three main uses are(Seetharamanet al, 2014)

1 To determine the relative ease of reducing a given metal oxide to metal;

1 To determine the partial pressure of Oz that is in equilibrium with a metal and its
oxide at a given temperature; and

1 To determine the ratio of the partial pressure of CO to CO> that is required to
reduce the metal oxide to metal at a given temperature.

Now consider reduction reaction [5] making use of CO as a reducing agent
(Shamsuddin, 2016)

(Mo)slag/solid"' {Co}gas: [M]metal+ {Co}gas [5]

If M and MO are present as pure condersed phases that are mutually immiscible
(activity = 1), then the equilibrium constant K of reaction [5] is dependent on the ratio
of the partial pressure of CO to CO2 asshown by equation [6]:

6 & 0
o T [6]

At equilibrium , the change in Gibbsfree energy for reaction [5] can be calculated from
equation [7]:
YO Y "Yaue Y Y(X-S— & TY'Ya 86—9— [7]

Thus, to drive reaction [5] to the right, in other words, to prom ote reduction of MO to
M, the ratio of the partial pressure of CO to CO2 must be higher than the ratio at
equilibrium, which can be estimated from the Ellingham chart.

When the reduction reaction is occurring in the presence of a pure solid C (activity =
1), the Boudouard reaction, given by reaction [8], will also occur:

(Csolia + {CO2}gas= {2CO}gas [8]
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The equilibrium constant of reaction [8 ] is also highly dependent on the ratio of the
partial pressure of CO to CO; as follows:

0
0 @

CA

[9]

C4

According to the Boudouard reaction, CO is the dominant oxide of C at temperatures
above 700°C, and the higher the temperature the more effective a reductantC is
(Shamsuddin, 2016)

The effect of four process parameters on theextraction and recovery of Pb from CRT
funnel glass is discussed The studies by Lu et al (2018b) are presented for the
following parameters: (i) reductant addition, (ii) reaction temperature, (iii) flux
addition, and (iv) reaction time. Lu et al (2018b)investigated reduction smelting of
CRT funnel glass in air, with pure C used as a reductant andNa>COs3 as a flux.

The effect of increasing reductant addition on Pb recovery is presented in Figure 14.
The results show a trend of increasing Pb recovery with increasing reductant addition,
until a point above which no further increase in Pb recovery is observed (i.e., C/Pb
glass= 0.2 in Figure 14).

100
(c) | e-950°C

B (@) o]
o o o
I 1 I

Pb Extraction Ratio (%)

N

o

1 "
®

O —a _ ' T v T T T
0.0 0.1 0.2 0.3
Wi % of C/Pb-glass

Figure 14. Effect of increasing reductant addition Bhrecovery/extraction (source: (a)Lv et al.
(2016} (b) Lu et a2018b)

Figure 15 presents the effect of increasing reaction temperature.Reaction temperature
has a similar effect on Pb recovery as reductant addition. The higher the temperature
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the higher the Pbrecovery, until a point above which no further increase in Pbrecovery
is observed (i.e., 99°C).
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Figure 15. Effect of increasing temperature Bhrecovery/extraction (source: (a)Lv et(@016) (b)
Lu et al(2018b)

The effect of increasing flux addition is presented in Figure 16. Lead recovery initially

increases with increasing addition of flux until it reaches a maximum (i.e., C/Na 2CO3
= 1/3). Further increase in flux addition beyond this maximum resulted in a decrease

in the Pbrecovery.
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Figure 16. Effect of increasing flux addition dtbrecovery/extraction (source: (a)Lv et(@016) (b)
Lu et al(2018b)

Figure 17 depicts the effect of reaction time on Pb recovery. A trend of decreasing Pb
recovery with increasing reaction time was obtained. This indicates that extended

reaction time negatively impacts recovery of Pbto the metal phase.
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2.6 Thermochemical software

There is limited data for the exact system under study where all the aspects of the
processes investigated are addressed. Theoretical calculations can be undertaken to
assess the system at equilibrium under different process conditions, and the model
output obtained therefrom can be compared with the experimental results . Such
calculations require an extensive database of reliable thermodynamic data.
Thermochemical software packages such as Factsag®! (Bale et al.,, 2009)can be
applied to assess systems where limited empirical data exist.

Factsage is a fully integrated thermochemical software and database package. It
consists of a series of information, database, calculation and manipulation modules
that enable one to access and manipul&e pure substances and solution databasesWith
the various modules one can perform a wide variety of thermochemical calculations
and generate tables, graphs and figures to describe the properties of a thermodynamic
system under study (Bale et al., 200).

The solution databases contain optimised model parameters for the Gibbs free energy
of solution phases as functions of composition and temperature. The compound
databases contain properties of stoichiometric compounds (pure substances), either
obtained from published experimental data and phase diagram optimisations or
referenced from standard compilations (Bale et al., 2016)
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In the past decade, most of the databases have been revised and updated, and some
new ones have been added(Bale et al., 2016) The current study made use of version
8.0 of the software (FastsageB.0) and databases used are FactPS, FToxid, and SGTE.
FactPS contains thermodynamic data for pure substances, and now contains data for
4777 compounds. FToxid is the oxide database for slags, glasses, minerals, ceramics,
refractories, etc. It has been extensively updated and now contains data for 374
stoichiometric oxides and 87 oxide solutions. SGTE is the alloy database for a wide
range of alloys. It contains data for 78 elements, and now incorporates about 317
different solu tion phases and 1166 stoichiometric intermetallic compound phases(Bale
et al., 2016) The selected databases in Factsage 8.0 contain data for all eshents of
interest (i.e., Al, Ag, Au, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Pd, Pt, Si, Sn, and Zn)
within the temperature range (200381500°C) of systems considered in the current study.

2.7 Research guestions

The primary goal of the current study is to experimentally answer the following
question:

Is it technically feasible to integrate thimeltingof waste CRT funnel glass into the same
flowsheet as themeltingof waste PCB concentrate?

In order to answer the above question, the study explored the following two technical
guestions:

1. Can oxidative smelting of PCB concentrate andCRT slag (recycled from the CRT
process produce a crude Cu alloy with a grade of more than 95wt % Cu?

2. Can reductive smelting of CRT funnel glass and PCB fumes (recycled from the
PCB process produce a crude Pb alloy with a grade of more than 95wt % Pb?

The above questions set out a criteria against which the feasibility of the integrated
process will be measured. The experimental results of the tests that meet the alloy
grade requirement will be ranked by recovery to determine the process conditions that
provide the highest recovery of Cu (for PCBs) and Pb (for CRTSs) to the metal
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2.8 Research objectives

This section presents the main research activities which outline the technical scope of
the research work. The objectives of the research are:

1. To characterise the raw materialsand products by determining the bulk chemical
and phase-chemical composition.

2. To perform chemical thermodynamic calculations with the FactsagéM software
package (Bale et al., 2009}o estimate the highest achievable theoretical recovery
of Cu and Pb to the metal stream to produce a crude alloy with a grade of more
than 95wt % Cu and 95wt % Pb, respectively.

3. To conduct a series of tests in gilot -scale TBRC furnace to (i) smelt PCB
concentrate under oxidising conditions to confirm the highest achievable recovery
of Cu at the required alloy grade ; and (ii) smelt CRT funnel glass under reducing
conditions to confirm the highest achievable recovery of Pb at the required alloy
grade.
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3 EXPERIMENTAL PROCEDURES

The description of equipment, materials, and operating procedures adopted during
the test work is presented in this chapter. The main equipment in the pilot facility,
including gas supply train and rotary furnace, are described first, followed by
description of methods and techniques applied to sample and analyse the raw
materials. Before the experimental pro cedure of the smelting tests is described, an
overview of the experimental plan for each smelting campaign is presented. Lastly,
sampling and analytical methods applied to characterise the products are described
along with mass balance techniques.

3.1 Equipment description

This section focuses on describing the key features of equipment utilised in the pilot

smelting tests. The overview of the pilot facility is presented . This is followed by

descriptions of pertinent equipment and instruments in t he three main sections of the
facility.

3.1.1 Facility overview

The pilot facility consists of three main sections, namely: (i) gas supply train; (i) TBRC
furnace; and (iii) off -gas handling system. A schematic and an image showing the
relative arrangement of the major equipment in the facility is given in Figure 18 and
Figure 19, respectively. The facility is completely manually controlled , attesting to its
simple design. The TBRC s a versatile unit with capability to handle a wide variety of
pyrometallurgical processes including refining, reductive and oxidative smelting,
roasting, and fuming processes.
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3.1.2 Gas supply train

The facility uses an oxy-propane burner to contin uously supply O2and propane (C3Hs)
gas for combustion to heat the furnace.O2 was supplied from a 3 t bulk Oz tank located
remotely from the facility. O2 was supplied at a maximum line pressure of 650 kPa
(gauge). CzHg was supplied from a 4.5 t bulk CsHg tank also located a distance away
from the facility. CsHgwas supplied at a maximum line pressure of 160 kPa (gauge).

An infrastructure of gas pipelines from the bulk storage tanks supplies gas to the
various take-off points in the pilot facilit ies. Thepipeline delivering gasfrom the bulk
storage tank to the rotary furnace is called a gas supply train. The CsHgline has steam
piping and is fitted with a Tecfluid variable area flowmeter (no. 14, Figure 18) model
PS310400.This flowmeter makes use of a Teflon float to deliver a maximum flow of
5.6 Nm3h at 50kPa (gauge). The letter N in Nm 3/h stands for normal temperature
and pressure, which is defined as 20°C and 1 atm, respectively. The Oz line has steam
piping and is also fitted with a Tecfluid variable area flowmeter (no. 15) model PS31 -
0630. TheO: flowmeter uses a stainless steel float to give a maximum flow of 30 Nm3/h

at 200kPa (gauge).

Pressure regulators (no. 12 and 13) and needle valves (nol6 and 17) were used to
regulate the inlet line pressure and the flowrate of the gases, respectively. The pressure
through the flowmeters were kept constant at 200 kPa (gauge) for O2 and 50 kPa
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(gauge) for C3Hs. Each solid gas line was terminated with a ball valve (no. 20 and 21)
and a flashback arrestor (no. 22 and 23) installed before a stainless steel flexible hose
that is connected to the burner.

The burner is a metal pipe with several concentric pipes welded together. The burner
was designed to a flame power rating of 120 kW. It was mounted in the pivotal
extraction hood to ensure easy access to the furnace. The burner was 1.2 m long with
4 x concentric pipes that were made of stainless steel. Figure 20 shows a technical
drawing of the burner. The inner most pipe had a 10 mm diameter pipe and carried
the CsHsg gas, while the 20 mm diameter annulus surrounding it carried Oz gas. The
gas ensemble was surrounded with a 30 and 50 mm diameterpipes for cooling water .
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Figure 20. Technicadrawing ofburner

3.1.3 Furnace

The rotary furnace vesselwas made of a cylindrical mild steel shell with a diameter of
600 mm and height of 585 mm. It had a conical shape that tapered from 600 mm in
diameter to 400 mm as shown in Figure 21. The shell was lined with a monolithic
refractory with 138 mm thickness on the side walls and 150 mm thickness on the base.
The vessel was mounted on a steel frame inclined at 30° to the floor, and the frame was
tited by hydraulic pistons operated from a portable hydraulic pressure pack. A
0.37kW variable speed motor enabled the vessel to be rotatedat 2610 rpm. Images
showing the front and rear view of the furnace are presented in Figure 22.

Page40



Cooling
water

outlet |
Coaling

water
inlet

Propane
gas line

Oxygen
gas line

(k-type)

Off-gas
duct

!
|
i
Overglead
extraction
holbd

Measurements in
millimeters (mm)

Figure21. Section view of TBRC furnaosith dimensionsn mm

Page4l




Hydraulics Coupling gear and chain cr‘

Figure22: Pictures of front and rear view of the TBREnace

The monolithic refractory was a conventional castable composed of high-grade Al 20s.
The refractory lining provided a protective and insulating layer to withstand the
prevailing corrosive environment and high temperatures inside the furnace. The type
and grade of refractory applied to the furnace was specified for a maximum operating
temperature of 1650°Cwith chemical compatibility to acidic slags (seecomposition in
Table 4).

Table4: Chemical Composition bigh-gradeAl ,Os refractory

Component Mass, wt %
Al 203 93
SiOz 0.5
FeO3 0.1
TiO» 0.1

CaO+MgO 55

K20+Na,0 0.3

3.1.4 Off-gashandling system

The facility employed a two -stage filtration system. Primary filtration occurred

through a bank of cartridge filters an d secondary filtration in a baghouse downstream
of the cartridge filters. Fumes, dust and gases produced during feeding and smelting
operations were captured by the pivoting and overhead extraction hoods. The
overhead extraction hood captured fugitive gase s that escaped the pivaing extraction
hood or fumes coming off during feeding operation when the pivo ting extraction hood
was pulled away from the mouth of the furnace. The off -gas captured by the extraction
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hoods was transferred through a mild steel duct to the cartridge filters before it was
transferred to the baghouse for secondary filtration. The suction intensity for both
extraction hoods was controlled with butterfly valves located directly above each
respective hood.

Ducting is the piping section of the off-gas handling system that was responsible for
channelling the off-gasfrom the furnace, through the cartridge filters , and all the way
to the baghouse. The ducting included a trombone section that was utilised to provide
an extended surface areafor cooling the off -gas before it reachedthe cartridge filters.

The trombone was fitted with a fan to improve cooling of the off -gas. The cartridge
filters were cylindrical with a length and diameter of 406 and 282 mm, respectively.

The filtration medium of the filters was specified to retain solid particles greater than
1 um, and withstand operating temperatures up to 80°C.

The baghouse was equipped with a high capacity fan that provided suction for
extraction of off-gas from the furnace. The extraction fan had a nominal suction
capacity of 3500 n#/h with a power rating of 22 kW. Enclosed inside the baghouse was
a bank of 80 filter bags made of polyester.The filter bags could withstand temperatures
up to 135°C with a solid particle retention size of 1 um. The baghouse featured a
pulsating mechanism that facilitated releaseof dust and prevent premature clogging
of the filter bags. The filtered dust was discharged at the bottom and collected in a bulk
bag placed underneath the baghouseas shown in Figure 23.
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Figure23. Picture of(a) bank of cartridge filters utilised as primary filtration unit, and (b) baghouse

utilised as secondary filtration unit
3.2 Raw materials

The raw materials investigated can be grouped into main and other raw materials. The
main raw materials included PCB concentrate and CRTfunnel glass while the other
raw materials comprised recycled fumes and CRT slag, fluxing agents, reductant, and
industrial gases (seeTable 5).

Tableb. List ofraw materials

Main Other

PCB concentrate Recycled CRT slag
Fluxing agents
Industrial gases
CRT funnel glass Reductant

Fluxing agents
Recycled fumes
Industrial gases
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3.2.1 PCB concentrate

The PCBs were sourced from a local ewaste recycler. A total of 382kg PCB concentrate
was received in four batches with quantities shown in Table 6. The concentrate was
prepared by mechanical and physical beneficiation of waste PCBs as per pre
processing flowsheet depicted in Figure 83in APPENDIX B. That is, comminution by

shredding, gravity and magnetic separation followed by electrostatic separation to
produce a concentrate of coarse metallic granules free of the plastic and ceramic
components as shown in Figure 24.

Table6. Delivered batches of PCB concentrate

PCB concentrate Mass, kg | Delivered
Batch 1 82 04 Oct 2020
Batch 2 100 19 Jul 2021
Batch 3 100 26 Jul 2021
Batch 4 100 10 Aug 2021

Total 382

Figure24. As-received®CB concentrates

3.2.2 CRT funnel glass

The CRTs were sourced from another local e-waste recycler and were delivered
completely or partially stripped . More than 1200 units were received with a total mass
of about 10,431 kg(seeFigure 25). Each CRT urit was manually dismantled to separate
the different components. A step-wise procedure to safely dismantle the CRTs and
manually separate the metallic, plastic, and rubber components is presented in
APPENDIX F.
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Figure25. Asreceived CRTinits
The masses of the respective components recovered after the manual separation of
CRTs are presented inTable 7. Pictures of metallic, plastic, and rubber comp onents can
be seen in APPENDIX G, and those for panel and funnel glass are shown Figure 26.
The CRT glass (panel + funnel) constitute majority of the massat 87 wt % of the total
CRT mass.Only the CRT funnel glass was investigated in the current study. All other
components were either recycled or disposed of.

Table7. Masses of different components separated from CRTs

Iltem | Component Mass, kg | Mass,wt% | Item | Component Mass, kg | Mass,wt%
(@) | Shadow mask 797 7.64 (e) | Rubber insertg 16 0.15
(b) | Metal bands 392 3.76 (f) | Phosphor dust 4 0.04
(c) | Plastic casings 121 1.16 (g) | Panel glass 5329 51.1
(d) | Electron gun 27 0.26 (h) | Funnelglass 3745 35.9

Total 10431 kg

@) (h)
Figure26. CRTglassmanually separated into (g) panel glass, and (h) funnel glass
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3.2.3 Other raw materials

Anthracite was used in the CRTs smelting test work as a carbonaceousreductant, and
Na-COszand limestone (CaCOs) were added asfluxing agent s. These chemical reagents
were selected and used in the test work because they were identified in literature (Lu
et al., 2018a)as suitable reagents for reduction smelting of CRT funnel glass and they
were available at Mintek in sufficient quantities and suitable particle size to be used in
the pilot TBRC furnace.

CRT and PCB fumes were recycled to the CRTsmelting processas sources of PbO.
Recycling of CRT fumes to the CRT smelting process is standard best practice in
pyrometallurgical plants to improve recovery of the metal product. Recycling of PCB
fumes to the CRT smelting process forms part of the key aspectof the new integrated
flowsheet investigated in the current study.

The PCBssmelting test work added recycled CRT slag andFexOs as the main fluxing
agents.The recycled CRT slag was sourced from products of a previous CRTssmelting
campaign completed at Mintek in 2019. FexO3 was selected to serve a dual purpose as
a fluxing agent to modify the properties of the ensuing slag and as a solid oxidant to
oxidise some of the metallic impurities. The quantities shown in Table 8 were made
available for the test work .

Table8. Quantities of secondary raw materials available for test work

Material Mass, kg
Anthracite 150
Na.COs 300
CaCOs 100
CRT fume 23
PCB fume 29
CRT slag 130
FeOs 100

Industrial -grade bulk O and CsHg gases were utilised in the burner to provide
combustion heat to the furnace throughout the test work . These utilities were ordered
from and delivered by Afrox in bulk quantities as and when needed.

3.2.4 Sampling

All the raw materials, with the exception of PCB concentrate, were either crushed to
100wt % passing 2 mm (.e., funnel glass, CRT slag,CaCOs, FexO3, and anthracite) or
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they were available in a fine particle size (i.e., Na2COs, CRT and PCB fumes).These
materials were generally uniform throughout as such they were sampled with the five -
point grab sampling technique. For each sample, the grab samples vere combined in
a plastic bag and weighed to a final mass of 100 g. A subsample with an approximate
mass of 50 g was prepared from each 100 g sample with a rotary riffler. Before the
samples were submitted for chemical analysis, they were pulverised to 100 wt%
passing 75um in a micronizing mill using a stainless steel bowl .

Owing to the coarse particle size and heterogeneous nature of the PCB concentrate,
each bulk batch delivered was split into 10 x 10 kg subsamples with a rotary riffler.
One of the 10 ky subsamples was randomly selected and further split into smaller
subsamples to generate 100 g samples for chemical and phasehemical analysis.

3.2.5 Characterisation

Bulk chemical and phase-chemical analysis of the raw materials was undertaken by
Mi nt e kdyscal £memistry Division (ACD) and Mineralogy Division (MNL)
respectively. ACD and MNL are ISO 9001 (quality management) certified laboratories,
and ACD is also ISO 17025 (tesng and calibration) certified and SANAS accredited
for specific analytical techniques.

While the analysis of all other raw materials was amenable to conventional analytical
methods, the characterisation of PCB concentrate proved challenging. To increase
confidence in the chemical composition of PCB concentrate, a mineralogical technique
wasadopted to validate the composition . In addition , triplicate sampleswere sent out
to external SANAS accredited laboratories for verification . For this purpose, several
local laboratories were contacted including SGS South Africa (Pty) Ltd and UIS
Analytical Services (Pty) Ltd . Most of these laboratories declined to analyse the PCBs
samples.Only Scr ooby ds L ab oacafferedrthe seBr/ee and ntapaged to
successfully analyse the samples

3.2.5.1 Bulk chemical analysis

The techniques selected for analysis of theraw materials are listed in Table 9. Brief
description s of the main analytical techniques are provided thereafter.
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Table9. List of analytical techniquespplied to raw materialsy Mi nt ek 8 s
Lower
Analytical technique Analytes Detection limit Sample Analysed
1 | ICP-OES Al, Ca, Co, Cr, Cu, | 0.05wt% PCB conc, CRT glass, CRT
Fe, Mg, Mn, Ni, Pb, slag, anthracite, Fe;Os,
Si, Ti, V, Zn CaCQOs, Na.CO3
2 | ICP-OES (ICP1 CONC) | Ca, Cuy, Fe Above 20 wt % PCBconc, CaCOs, Fe:0O3
3 | ICP-OES (ICP10) Sn 0.05wt % PCB conc
4 | ICP-OES (ICP12) Ag, Au, Pd, Pt 5 ppm PCBconc
5 | ICP-OES (ICP52) Ba, Sr 100 ppm CRT glass, CRTslag
6 | Atomic Ab sorption K, Na 2 ppm CRT glass, CRTslag
7 | Carrier-gas hot Total C 0.01wt% Na.COs
extraction
8 | Proximate analysis Fixed C, ash, 0.05wt % Anthracite
moisture, volatiles

Base metals wee analysed with ICP-OES In this method, a powdered sample of 0.2g
is mixed with 3 g sodium peroxide (Na 203), as a flux. The mixture is fused, cooled, and
digested in a beaker with 40 ml of HCI (1 mol/kg ) acid solution. The digestion liquor
is transferred into a volumetric flask containing 10 ml internal standard solution and

filled to the 200 ml mark with distilled water. The resultant solution isthen measured
with ICP-OES

Other elements such as B, Sr, Sn, and precious metals wee analysed by variants of
the ICP-OES method. The main difference among the variants lie with the use of a
different fluxing agent and/or digestion acid. For example, the ICP1_CONC variant,
for analysing Ca, Cu, and Fe present in concentrations above @ wt%, made use of
Aqua Regia for complete dissolution of the fused sample.

Alkali metals such as K and Na were analysed by AAS. A sample of 0.2 g was fused
with a strong alkali flux followed by acid digestion to convert mixture into a solution .
The solution was measured by AA S.

Total C was analysed by arrier-gas hot extraction technique. In this method, a sample
of 0.501 g isheated in air in a combustion furnace. C is oxidized and detected as CO
with an infrared detector. Anthracite was characterised with the proximate analysis
technique. This method involves heating a sample of anthracite under various
conditions of temperature and atmosphere for variable amounts of time to determine
moisture, volatiles, ash, and fixed C.
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For the analysis of PCB concentratea different approach was adopted. The PCBs were
first hand sorted into four fractions comprising Cu-rich, brass-rich (Cu-Zn), solder-rich
(Sn-Pb), and mixed fraction (seeFigure 27). Two subsamples were prepared for each
fraction. One was submitted for chemical analysis and the other for phase-chemical
examination. The masses of samples available for chemical analysis were 24.9 §u-
rich fraction, 38.1 g Cu-Zn-rich fraction, 14.9 g Sn-Pb-rich fraction, and 44.9 g mixed-
fines fraction. Each fraction was dissolved whole in a solution of Aqua Regia. Once the
reaction was complete, the solution was filtered, and the insoluble fraction was
washed, dried, and milled. The filtr ate solution, wash solution, and insoluble fraction

were analysed by ICP-OES.

Cu-rich Sn-Pb
fraction fraction

Cu-Zn - - Mixed
fraction fraction

Figure27. PCB concentrate hand sorted into Qa}-rich fraction, (b) Cu-Zn fraction, (c) Sn-Pb
fraction, and (d) mixedractions

For the verification exercise by S c r o o lmlofawry, the following method was
adopted. Triplicate subsamplesof the mixed or normal batch of PCB concentrate were

digested in Aqua Regia. Once the readion was complete, the solution was filtered ,
filled to a known volume with deionised water , and analysed with ICP-OES. The acid
insoluble fraction wasdried at 110°C and weighed. The insoluble fraction wasfurther

fused in sodium peroxide and digested in HCI acid. The resultant solution was filtered,
filled to a known volume with deionised water, and analysed with ICP-OES The
residues captured on the filter paper were dried and weighed.
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3.2.5.2 Phasechemical analysis

The phases present in PCB concentrate and CRTfunnel glass were examined with a
scanning electron microscope (SEM). Prior to the examination, PCBs sibsamples were
extracted from each hand sorted fraction (shown in Figure 27) and mounted in resin
to create slabs of & x 80 x 20 mm. For the CRTs, several funnel glass pieces were
randomly selected and also mounted in resin to create slabs.The slabs were ground,
polished, and coated with C under a vacuum.

The examination was undertaken with a Carl Zeiss Evo MA15 SEM coupled with a
Bruker energy dispersive spectroscopy (EDS) system.The SEM was used to optically
scanand map areas of interestby capturing back-scattered electron (BSE) images. The
EDS system was applied todetermine the elemental composition of phasesmapped.

In order to validate the bulk chemical composition of the PCB concentrate, and thus
increase the confidence in the chemical analysis the PCBs were analysed with
guantitative evaluation of materials by scanning electron microscopy (QEMSCAN)
through auto -SEM. A representative sample of PCBs was screened into four size
classes, viz.,16.75+3.35 mm; 1 3.35+2.36 mm;12.36+1.7 mm; andT1.7 mm. A
subsample was collected from each size classprepared, and run on a field emission
gun (FEG) QEMSCAN using a species identification protocol (SIP). A SIP isa table of
entries each with a set of user criteria that are used to match scanned elemental
compositional data and BSE brightness to different phases in a material. The SIPwas
used with other phase composition database software (e.g., Esprit) to quantitatively
evaluate the composition of the different size classes and consolidate the composition
into a bulk chemical composition.
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3.2.6 PCBs raw materials

The chemical composition of the raw materials processed in the PCBssmelting tests
are presented in this section The phasechemical composition of the PCB concentrate
are also presented

3.2.6.1 Chemical composition

Thecompositions of PCB concentrate as anal yse
as Scroobyo6s aablel0.dle ogtaded andlyticalresults of the PCBs from
each laboratory can be viewed in APPENDI X H. The results of the three different
methods were reasonably comparable, given the heterogeneous nature of the PCBs.
This increased the confidence in the base metal composition of the PCB concentrate.
All laboratories reported Cu as the predominant element (61.2064.3wt % Cu) with Sn
(13.5914.3 wt%), Zn (8.10010.6 wt%) and Pb (6.687.0 wt%) reported as the major
elements. ACD reported Pb at 2.4% which was much lower than values reported by
MNL and Scr oob yrépancy isshotsurprising fdrisscle a heterogeneous
material. Minor elements detected include Al, Fe, Ni and Si. Elements such as Cr, Mg,
Mn and Ca were present in concentrations less than 0.1wt %.

A significant discrepancy with the analytical results was a pparent with the reported
content of precious metals. Mintek®mPACD r es
and 10 ppm Pt but Au was not det mpnAgand Scr oc
12 ppm Au while Pd and Pt were nouldohlgt ected
detect Ag at 2000 ppm.
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Tableld. Comparison of chemical composition of PCB
MNL, and Scroobyds
MINTEK EXTERNAL

Element ACD MNL Scrooby's Average Units
Al 1.90 2.0 2.84 2.25 wt%
Ca 0.02 - 0.07 0.03 wt%
Cu 64.3 62.2 61.2 62.6 wt%
Fe 1.96 1.1 0.93 1.33 wt%
Mg 0.04 0.01 0.10 0.05 wt%
Mn 0.05 0.1 0.06 0.07 wt%
Ni 0.46 0.3 0.26 0.34 wt%
Pb 2.440 6.8 6.68 6.74 wt%
Si 0.38 0.3 0.52 0.4 wt%
Sn 13.8 13.5 14.3 13.9 wt%
Zn 8.82 10.6 8.10 9.17 wt%
Ag 1239 2000 648 1296 ppm
Au <0.1 - 12 12 ppm
Pd 260 - <0.1 260 ppm
Pt 10 - <0.1 10 ppm

Total 94.4 97.1 95.0 96.4

N - ACD Pb value not included in calculation of average

This significant discrepancy warranted further investigation into the analysis of the

precious

met al s .

Addi t

i onal

PCB

concentrate

ACD to investigate different preparation methods. The e -waste recycler, from which
the PCBswere sourced, was also contacted to provide the precious metals content of
the batch of PCBs sold to Mintek. The results of the additional analysis and the analysis

provided by the e -waste recycler are presented inTable 11.

Three different preparation methods were investigated. The results obtained were still

of poor quality with significant variations among the replicate samples. The averaged

results were also significantly different to the results provided by the supplier.
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Tablell Addi ti onal

anal ysi s

of

preci ous

mass in ppm
Sample Au Pd Pt Ag
Prep A1l 23.1 1.74 0.13 -
Prep A2 30.0 2.02 0.37 -
Prep A3 111 1.13 0.06 -
PrepB 1 9.51 0.45 0.16 -
Prep B 2 69.0 | 0.51 <0.1 -
PrepB 3 26.8 | 0.27 0.11 -
PrepC1 49.8 4.01 0.06 -
Prep C 2 25.7 0.42 <0.1 -
PrepC 3 46.2 0.55 <0.1 -
PrepC4 11.0 1.22 <0.1 -
Average 30.2 1.23 0.1 -
;:‘(’:Vﬁjteer 431 | 9.40 | <0.1 | 1760

met al s

There is no confidence in the precious metals content of the PCB concentrate. The

technical difficulty with analysing for precious metals present in trace amounts in the

PCB concentrate is associated with thecoarse particle size distribution , as described

by Laubertova et al (2019) and the difficulty of grind ing the sample into a fine powder

due to the malleability of the metallics component of the PCBs.

The lack of confidence with the current results of precious metals in PCB concentrate

will present challengeswith the mass balance calculations. In this instance, only a mass

balance formulation (i.e., elemental distribution ) that is independent of the

concentration of the element in the feed stream will be considered.

The chemical composition of the other raw materials is presented in Table 12 The CRT
slag was rich in SiO2 (51.2wt %) and contained up to 14.9wt % Na20. The FexO3z had a
grade of 74wt % FeO3 and a SiO. content of 13.9wt %. The Na>CO3z and CaCOs had a
grade of 99.1wt % Na,COsz and 91.3wt % CaCGQ;s, respectively.
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Tablel2. Chemical composition of other raw materials

CRT slag Ferric oxide Soda ash Limestone
Species Mass, Species Mass, Species Mass, Species Mass,
wt % wt % wt % wt %
Al 03 4.81 Al 203 4.7 Al 03 <0.05 Al 03 0.75
BaO 1.97 CaO 0.10 CaO <0.05 CaCOs 91.3
CaO 7.37 FeO3 74.0 Fe:Os <0.05 FeOs 0.46
FeO 0.40 MgO 0.20 MgO <0.05 MgCO3 0.91
K20 2.38 MnO 2.98 Na.COs 99.1 SiO; 6.46
MgO 1.85 PbO 0.46 SiOz 0.14
Na O 14.9 SiO; 13.9
PbO 4.14
SiO; 51.2
SrO 1.67
Total 91 Total 96 Total 99 Total 100

3.2.6.2 Phasechemical composition

The results of the phasechemical composition of the Sn-Pb-rich fraction is presented
here. Results for other fractions are presented in APPENDIX H. In the Sn-Pb-rich
fraction, Cu metal occurs as inclusions ard as rims in or around the predominant Sn -
Pb alloy particles as shown in Figure 28. The EDS point analysis of the SrPb fraction
is given in Table 13.

200 pm 4
=

Figure 28. (a) SEM BSEmicrographof SnPbrich fractionof PCB concentratevith scalebar
indicating 200>m
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Tablel3. EDS point analysis of SnPtich fraction of PCB concentrate shownHigure 28, mass in

wt%
No. Cu Zn Sn Pb Phase
1 729 271 T T Cuzn alloy
2 T T 575 425 SnPballoy
3 T ) 100 T Sn metal
4 100 T T T Cu metal
5 T T 46.7 53.3 SnPb alloy
6 67.4 326 T T Cuzn alloy
7 T T 55.0 45.0 SnPb alloy

3.2.7 CRTs raw materials

The solid raw materials investigated were characterised for bulk chemical composition
and only the CRT funnel glass was further characterised for phase-chemical
composition.

3.2.7.1 Chemical composition

The chemical composition of CRT funnel glass and PCB fume is presented inTable 14.
The composition of anthracite and fluxing agents is given in Table 15.

Tablel4. Chemical compositioof CRT funnel glasand recycled fumes

CRT funnel glass CRT fume PCB fume
Species Mass, wt % Species Mass, wt % Species Mass, wt %
Al 203 3.27 C 1.07 CuO 1.65
BaO 2.04 CaO 0.42 K20 0.72
CaO 3.20 CuO 0.12 Na-O 0.78
FeO 0.71 FeO 0.24 PbO 27.5
K20 4.06 K20 1.69 SnO 14.9
MgO 2.16 MgO 0.09 ZnO 47.9
Na0 4.87 Na2O 1.47 Ag 0.34
PbO 18.7 NiO 0.09
SiO; 54.1 PbO 82.4
SrO 1.88 SiO2 0.62
ZnO 0.24 SnO 0.92
ZnO 10.9
Total 95.2 Total 100.0 Total 93.8
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Tablel5. Chemical composition of anthracied fluxing agents

Anthracite Soda ash Limestone
Species Mass, wt % Species Mass, wt % Species Mass, wt %
Al 03 2.16 Al 03 <0.05 Al 03 0.75
CaO 0.35 CaO <0.05 CaCOs 91.3
Fe0s 1.47 FeO3 <0.05 FeOs3 0.46
MgO 0.10 MgO <0.05 MgCOs 0.91
SiO, 4.05 Na.CO3 99.1 SiO» 6.46
C 81.8 SiO; 0.14
P 0.04
S 0.58
Moisture 3.16
Volatile 4.42
Total 98.1 Total 99.2 Total 99.8

3.2.7.2 Phasechemical composition

The BSE images of the CRT funnel glass captured with the SEM and point analysis
measured with EDS are presented in Figure 29 and Table 16, respectively. The CRT
funnel glass is amorphous and the Pb is uniformly distributed through out the silicate
glass matrix.

Figure29. SEM BSEmicrographof CRT funnel glassvith scalebar indicating 10>m

Tablel6. EDS point analysis of CRT funnel glass samples shoviigare 29, mass in wt%

No. | O Si Pb K Na Ca Al Mg Ti Ba | Total
1 37 26 19 8 4 3 2 1 - - 100
2 48 35 - 8 - - - - 9 - 100
3 36 25 23 6 4 3 2 1 - 1 100




3.3 Chemical thermodynamic calculations

Before the smelting tests were conducted, chemical thermodynamic calculations were
carried out to evaluate the process variables that provided the necessaryconditions to
produce a crude alloy at the required grade with the highest recovery of Cu or Pb to
the metal stream. The results from the theoretical calculations were used as input to
the design of the experimental plan. The calculations were carried out with the
software package Factsage'™ (Bale et al., 2009)

3.3.1 Calculations in Facts age

All chemical equilibria calculations were carried out with the Equilib module. The
PCBs and CRTssmelting systems comprise the same elements as such both systems
were simulated with the same databases. The database FactPS was selected for pure
gas and solid compounds. All possible gas and solid species were selected for the
calculations. The FToxid and SGTE databases were selected for oxide and alloy
solutions, respectively. The solution phases FToxid-SLAGA and SGTE-LIQUID were
respectively selected for the possible liquid slag and alloy streams.

The viscosity module was used to calculate slag viscosities making use of the melts
database.The calculations were based on the composition of the major components of
the slag (i.e., AbO3s, CaO, FeO, FeOs, K20, MgO, Na20 and SiOy). Oxide species such
asBaO, SrO,Sn0O and CwO were not included in the viscosity estima tes.

The stoichiometric amount of O 2was based on combustion reaction [10] with 3.36 kg
or 0.076 kmol GHs, for PCBs, and 2.94 kg or 0.067 kmol GHg, for CRTS.
{CsHs}gas+ {502}gasb {4H20}gas* {3COz}gas [10]

The process variables that were evaluated theoretically for eachsmelting process are
presented in Table 17. The calculations sought to determine the process conditionsthat

result in the highest theoretical recovery of Cu and Pb to the metal at the required alloy

grade.

Page58



Tablel7. Process variables that were evaluated in the theoretical calculations

PCBssmelting process CRTs smelting process

Process variable Fixed | Changing Process variable Fixed | Changing

Reaction temperature X Reaction temperature X

Flame stoichiometry X Flame stoichiometry X

Flux addition X Flux addition X

Amount of burner gas X Reductant addition X
Recycled fume addition X

3.3.2 PCBssmelting system

The PCBssmelting process is an oxidative refining process involving three stages,
namely: (i) melting and volatilisation; (ii) oxidation; and (iii) slag formation. The
thermodynamic system illustrated schematically in Figure 30was used as the basis of
the calculations.

Gas Sas Flux Sas

FPCE | Melting and ) ) Slag
concentrate | volatilization Oxidation formation Slag
| Stgrl ¢ Sage2f Saged] |

Figure 30. Schematic representation of the thermodynamic system of thesR@Bimgprocess
The normalised chemical compositions of the three components of the PCB concentrate
are presented in Table 18. The compositions were adapted from the analytical results
reported by $netalicsoabcpuditdor 95T% ef the PCB concentrate mass,
and the ceramics and plastics account for 4.0 and 0.9%, respectively. The normalised
chemical compositions of the fluxing agents are presented in Table 19.
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Tablel8. Normalised chemical compositions of the three components of PCB concentrate used in the
chemical thermodynamic calculations

PCB metallics PCB ceramics PCB plastics
Element Mass, wt % Species Mass, wt % Species Mass, wt %

Al 1.66 Al 03 2.38 Plastics 0.90
Cu 62.6 BaO 0.04
Fe 0.93 CaO 0.10
Mn 0.05 CuO 0.01
Ni 0.25 Fex0s 0.03
Pb 6.79 K20 0.03
Sn 14.6 MgO 0.18
Zn 8.28 MnO 0.01
NiO 0.02
PbO 0.05
SiO; 1.15
SrO 0.0@

Total 95.1 Total 4.0 Total 0.9

Tablel9. Normalised chemical compositions of fluxing agents used in the chemical thermodynamic
calculations of PCBsmeltingprocess

Ferric oxide CRT slag
Species | Mass, wt % Species | Mass, wt %

Al 03 4.8 Al 03 5.30
CaO 0.10 BaO 2.17
Fe0s 76.8 CaO 8.13
MgO 0.21 FeO 0.44
MnO 3.09 K20 2.62
PbO 0.48 MgO 2.04
SiO, 14.4 Na.O 16.4
PbO 4.57

SiO; 56.5

SrO 1.84

Total 100 Total 100

The first stage of the process removes volatile species such as Zn, some of theb, and
the plastics fraction by volatilisation. The calculations were undertaken to determine
the process conditions that promoted the highest recovery of Zn to the gas streamand
minimised recovery of Pb and Sn to the slag stream. Recovery of Pb and Sn to the slag
is unfavourable as it will prevent recycling of these elements to the CRT smelting
furnace for recovery to the metal stream.

A flame stoichiometry of 90 mol% O » and an operating temperature of 1500°C resulted
in the highest theoretical recovery of Zn and Pb to the gas stream and minimised
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recovery of Zn, Pb and Sn to the slag stream, as illustrated inFigure 31 and Figure 32,
respectively.

—7n(gas) =——Zn(slag) —Pb(slag) —Sn(slag)
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Figure31. Plot showing relationship eécovery to gas and slag vs. flast@ichiometry at 1350°C,
with a flame stoichiometry of 90 mol% O
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Figure32. Plot showing relationship of recovery to gas vs. operating temperature, with a flame
stoichiometry of 90 mol% O
The theoretical compositions of the product streams from the volatilisation stage are
presented in Table 20. Although an operating temperature of 1500°C resulted in the
highest recovery of Zn to the gas stream, a temperature of 1350°C was selected to

generate products from Stage 1 because this temperature can be practically obtained
in the pilot TBRC furnace.
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Table20. Theoretical chemical compositions of product streams after vataiiti$?CB concentrate at
1350°C with a flame stoichiometry of 90 mol% O

Stage 1Gas Stage 1Metal Stage 1Slag Stage 1Slag
Species Mass, Species Mass, Species Mass, Species Mass,
wt % wt % wt % wt %
H20 32.0 Cu 79.1 Al 203 25.0 MnO 1.73
CO; 48.9 Fe 0.08 SiOz 275 SnoO 0.89
CO 10.2 Ni 0.33 CaO 2.43 Cu20 1.26
H> 0.38 Pb 2.12 FeO 26.0 BaO 0.02
Zn 5.09 Sn 18.1 Fe:0Os 0.99 SrO 0.04
Pb 3.14 Zn 0.26 MgO 3.72 KAIO ; 1.36
SnO 0.19 PbO 2.83 BaAlxO4 0.33
ZnO 5.90 SrAl>04 0.02
Total 100 Total 100 Total 100
Mass, kg 15.5 Mass, kg 7.90 Mass, kg 0.42

Note: This system has a precipitateaypure solid A}Os of 0.43 kg

In the next process stage (oxidation stage), freeD> is required to remove the remaining
metallic impurities from Stage 1 metal. The stoichiometric amount of O required to
completely oxidise Fe, Pb, Sn and Zn was calculated from reaction [11] to [14].

[2F€] metal T {Oz}gas b (2 FerIag/soIid [11]
[qu metal T {Oz}gaSE (ZPbQSIag/soIid [12]
[2SNmetait {O2}gasb (2SNO)siagisolid [13]
[2ZN]metai + {O2}gasb (2ZNO)siagisolia [14]

For a mass of 7.9 kg Stage 1 metal, an amount of 0.212 kg:Jor 0.159Nm?3) is required
to react completely with the impurities as shown in Table 21. Calculations were
undertaken to determine the process conditions that result in complete removal of
impurities from Sta ge 1 metal and promote the highest recovery of Cu to Stage 2 metal.

Table21. Calculation of stoichiometric amount©# required to oxidise remaining impurities from
Stage 1 metal

Parameter Cu Fe Ni Pb Sn Zn Total
Mass of element kg 6.25 0.01 0.03 0.17 1.43 0.02 7.900
Moles of element, kmol | 0.098 | 0.0001 | 0.0004 | 0.0008 | 0.0120 | 0.0003 | 0.112

Stoich. ratio to O, - 0.5 - 0.5 0.5 0.5 -
Stoich. amount O, kmol - 0.0001 - 0.0004 | 0.0060 | 0.0002 | 0.007
Stoich. amount O, kg - 0.002 - 0.013 0.192 0.005 0.212
Reaction no. - [13] - [14] [15] [16] -

In these calculations, reactions occurring in Stage 2 and 3 were evaluated in one step
under the same equilibria. The lowest impurity level was obtained with a flame
stoichiometry of 110 mol% O at 1350°C but this condition was associated with the
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lowest recovery of Cu to the metal stream (seeFigure 33 and Figure 34). None of the
conditions evaluated provided a Cu recovery greater than 90 wt%. The best achievable
theoretical Cu recovery was 87 wt% with a Cu grade of 90 wt% and was obtained with

a flame stoichiometry of 100 mol% O: at 1350°C after oxidising for a period of 1 h. At
this grade, the composition of residual impurities in the metal was 9.4 wt% Sn and

0.5wt% Pb.

—Cuq =—Pb —5n
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Figure33. Plot showing relationship of (a) Cu, Pb and Sn in metal vs. fitoiehiometry at 1350°C
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Figure 34. Plot showing relationship of Cu grade and recovery to metal vs. flame stoichiometry at
1350°C
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The amount of burner gas was evaluated to determine how much of it is required to
completely oxid ise the Sn and Pb from the metal. The calculations estimated that more
than 1000 kg is required to oxidise Sn and Pb to below 1 wt% with a flame
stoichiometry of 100 mol% O2 (seeFigure 35).

—Cy =—Pb =——S5n
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w 2
w D
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Pb, Sn in metal, wit%0
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Amount of burner gas, kg

Figure 35. Plot showing relationship of Cu, Pb and Sn in metalavsount of burner gaat 1350°C
with a flame stoichiometry of 100 mol% O

The calculations further showed that such an enormous amount of gas was also
associated with excessive loss of Cu to the slag (more than 5@vt%), as depicted in
Figure 36. However, the requirement is to obtain an alloy grade of 95 wt% Cu and this
was achieved after 200 kg of burner gas was delivered. An alloy grade of 97 wt% Cu
was obtained at 69 wt% Cu recovery to the metal.
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Figure 36. Pla showing relationship of recovery of Cu to metal and slag vs. amount of burner gas at
1350°C with a flame stoichiometry of 100 mol% O

An oxidation temperature of 1000°C provided the highest theoretical recovery of
98%Cu to the metal with a flame stoichi ometry of 100 mol% O (see Figure 37).
However, this temperature resulted in poor slag properties such as viscosities in excess
of 600 Pa.s and occurrence of precipitats of pure solid compounds (see Figure 38).
Slag viscosities below 1 Pa.s were obtained at temperatures above 1300°C and there
were no solid precipitates above this temperature.
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Figure37. Plot showing relationship of recovery of Cu to metal and slag vs. oxidation temperature,
with a flame stoichiometry of 100 mol% O
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Figure 38. Plot showing relationship of slagscosity and mass of solids vs. oxidation temperature,
with a flame stoichiometry of 100 mol% O

Slag viscosity can also be lowered by increased flux addition. In the PCBssmelting
process, CRT slag and FgO3 are added as fluxing agents. A ratio of 0.6:1Fe03:CRT
slag was selected for the calculations to ensure sufficient FeO is introduced to the slag
to dilute the high SiO 2 content of the CRT slag. A flux addition (CRT slag + Fe-O3) of
120 wt% (per kg PCB concentrate) resulted in the lowest theoretical $ag viscosity of
0.57 Pa.sas shown in Figure 39. This amount of flux was associated with more than
20 wt% Cu recovery to the slag (seeFigure 40) due to the increased oxidising potential

of the slag resulting from a higher Fe-Oz content.
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Figure 39. Plot showing relationship of slag viscosity vs. flux addition, at 1330t a flame
stoichiometry of 100 mol% O
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Figure40. Plot showing relationship of recovery of Cu to metal and slag vs. flux addition, at 1350°C
with a fame stoichiometry of 100 mol% O

The ideal process condition that provided the highest achievable theoretical recovery
of Cu to the metal at the required alloy grade is summarised in Table 22.

Table22. Theoretically determined ideal process conditions for the B@&tingprocess

Ideal process conditions Values

Highest Cu recovery 69 wt% Cu to metal

Alloy grade 97 wt% Cu, 3.3 wt% Sn, 005 wt% Pb
Flame stoichiometry 100 mol% O,

Oxidation temperature 1350°C

Amount of burner gas 200 kg

Flux addition 45 wt% CRT slag + 27 wt% FeOs

3.3.3 CRTssmelting system

The CRTs smelting process is a reductive process involving two stages, namely:
(i) melting , and (ii) reduction. The thermodynamic system illustrated schematically in
Figure 41was used as the basis of the calculations.
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Figure41. Schematic representation of the two stages of the &Rdlingsystem
The normalised compositions of the raw materials evaluated in the theoretical
calculations are presented in Table 23. The normalised compositions of Na-CO3z and
CaCO:s flux added in the CRT smelting system are given in Table 24.

Table23. Normalised chemical compositions of raw materials of GRiE#tingsystem used in the
chemical thermodynamic calculations

CRT funnel glass CRT fume PCB fume Anthracite
Species Mass, Species Mass, Species Mass, Species Mass,
wt % wt % wt % wt %
Al 203 3.43 C 1.07 CuO 1.77 Al 203 2.21
BaO 2.14 CaO 0.42 K20 0.77 CaO 0.36
CaO 3.36 CuO 0.12 Na.O 0.83 FeOs 1.49
FeO 0.75 FeO 0.24 PbO 29.4 MgO 0.11
K20 4.26 K20 1.69 SnO 15.9 SiO; 4.13
MgO 2.27 MgO 0.09 ZnO 51.3 C 83.4
Na O 5.11 Na.O 1.47 P 0.04
PbO 19.6 NiO 0.09 S 0.59
SiO; 56.8 PbO 82.4 Moisture 3.22
SrO 1.97 SiO, 0.62 Volatile 451
ZnO 0.25 SnG, 0.92
Zn0O 10.9
Total 100 Total 100 Total 100.0 Total 100

Page68



Table24. Normalised chemical compositions of fluxing agents used in the chemical thermodynamic
calculations of CRTsmeltingprocess

Soda ash Limestone

Species | Mass, wt % Species | Mass, wt %

Al 03 <0.05 Al O3 0.75

CaO <0.05 CaCOs 91.3

FeOs3 <0.05 FeO3 0.46

MgO <0.05 MgCO3 0.91
Na.COs 99.9 SiO; 6.46

SiO; 0.14

Total 100 Total 100

In the calculations of the CRTssmelting system, the flame stoichiometry was fixed at
95 mol% O to provide for a mildly reducing burner gas. Flame stoichiometry values

much lower than 95 mol% O will introduce higher concentrations of CO gas into the

system, which will influence the reduction reactions.

The reduction temperature that resulted in the highest theoretical recovery of Pb and
Sn to the metal is 900°C (sedrigure 42). At this temperature, however, the system
forms precipitates of pure solid species as shown in Figure 43. These solids disappear
at temperatures above 1100°C. The calculations also indicate that the recovery of Pb
and Sn to the metal decreases with increasing temperature with a reduction
temperature of 1300°C resuting in the lowest recovery.

—FPb —5n
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Figure42. Plot showing relationship of recovery to metal vs. reduction temperatitheflame
stoichiometry of 95 mol% O
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Figure43. Plot showing relationship of mass produced and reduction temperaithidlame
stoichiometry of 95 mol% O

High er reduction temperatures promote recovery of Pb and Sn to the gas stream
(seeFigure 44). Unlike with PCBs smelting, recovery of Pb and Sn to the gas stream is
unfavourable with CRTs smelting. In this process, ideal conditions are those that
promote recovery of Pb and Sn to the metal. The best theoretical recovery of Pb
(78wt%) and Sn (85 wt%) to the metal was obtained at 1100°C with a C addition of

12.5 wt% (per kg CRT funnel glass) as depicted in Figure 42.
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Figure44. Plot showing relationship of recoydo gas vs. reduction temperatyreith flame
stoichiometry of 95 mol% O
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Increasing reductant addition promote the recovery of Sn to the metal. The highest
theoretical recovery of 97 wt% Sn to the metal was obtained with a C addition of
25wt% at 1150C, as illustrated in Figure 45. In contrast, increasing C additions result
in a decrease in the recovery of Pb to the metal in favour of Pb recovery to the gas
stream (seeFigure 46). The highest theoretical recovery of 80 wt% Pb to the metal was
obtained with a C addition of 4 wt% at 1150°C.

—Pb —Sn

100
;-:-‘E 90 /
% 80
3 70 /
T 60
2 50
> 40
% 30
¢ 20
& 10

0

0 5 10 15 20 25 30

C addition, wt%

Figure45. Plot showing relationship of recovery to metal vs. C addiabd150°Cwith flame
stoichiometry of 95 mol% O
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Figure46. Plot showing relationship of recovery to gas vs. C addition, at 1150°C with flame
stoichiometry of 95 mé& O-
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Figure 47further demonstrates that no Pb is recovered to the slag at C additions as low
as 5 wt% however much higher C additions are necessary to decrease the receery of
Sn to the slag to less than 3 wt%. The theoretical recovery of Pb to the metal, at the C
addition where the highest recovery of Sn to the metal is obtained, is 72 wt% giving a
metal with a grade slightly above 95 wt% Pb, as shown in Figure 48.
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Figure47. Plot showing relationship of recovery to slag vs. C addition, at 11&ibGlame
stoichiometry of 95 mol% O
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Figure48. Plot showing relationship of mass in metal vs. C addition, at 1180ftCflame
stoichiometry of 95 mol% O
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The viscosity of slags produced during CRTs smelting was evaluated at different
temperatures and at increasing flux additions. Two fluxing agents are added during

CRTssmelting (i.e., Na2COs and CaCOg). In these calculations, the addition of CaCOs
was fixed at 10 wt% (per kg CRT funnel glass) and only Na-CO3 addition was varied.
The lowest theoretical viscosity of 3 Pa.swas obtained with a NaCOs addition of
50wt% at a temperature of 1200°C (sed~igure 49).
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Figure49. Plot showing relationship of sladscosity vs. NaCOs addition under different
temperatures

The ideal process condition that provided the highest achievable theoretical recovery
of Pb and Sn to the metal issummarised in Table 25.

Table25. Theoretically detrmined ideal process conditifim CRTssmeltingprocess

Ideal process conditions Values

Highest Pb recovery 78 wt% Pb, 85 wt% Sn to metal
Alloy grade 96 wt% Pb, 3.44 wt% Sn

Flame stoichiometry 95 mol% O,

Reduction temperature 1100°C

Reductant addition 12.5wt% C

Flux addition 40 wt% Na,COs + 10 wt% CaCQOs
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3.4 Experimental plan

The experimental plan for PCBs and CRTssmelting tests is presented inTable 26 and
Table 27, respectively. A total of 36 tests was completed for each material. The tests
were designed around the theoretically determined ideal process conditions
summarised in Table 22 (for PCBssmelting) and Table 25 (for CRTs smelting).

3.4.1 PCBssmelting tests

The process variables that were changed during these testsvere oxidation time, flame
stoichiometry, and additions of CRT slag, FeOs, Na-CO3, and CaCOs. The reaction
temperature was kept constant throughout the test work at 1350°C, as well as a
constant batch feed mass of 10 kg PCB concentrate. The test work evaluated oxidation
time of 30, 60, and 70 min, and flame stoichiometry of 100, 102, 106, and 110 mol% 0
CRT slag additions of 5, 25, and 45wt %, and FexO3z additions of 3, 14, 15, 27, and
45wt % were tested. ForNa>-COz and CaCOs, only 42 and 43wt % additions were tested
respectively.

3.4.2 CRTssmelting tests

The process variables that were changed during these testswere reaction time and
temperature, CRT and PCB fume additions, and additions of anthracite, Na-COs, and
CaCO:a. A batch feed mass of 20 kg CRT funnel glass was kept constant throughout the
test work. The test work evaluated reaction temperature of 1100, 1150and 1200°C, and
reaction time of 2, 2.5, and 3 h. CRT fume additions of 2.5, 5, and 65%, and PCB fume
additions of 2.5, 5, 10, and 60wt% were tested. Anthracite additions of 5, 10, and
15wt % were evaluated along with Na>COgz additions of 20, 30, and 40wt %, and CaCOs
additions of 5, 10, and 15wt %.

Page74



Table26. Experimental plan of PCBsneltingtests

Tneos.t Tecrgp, Oxidation Time, min Flame Stoichiometry, mol% CRT Slag, wt% Fe,0s, Wt% Nzx&)os’ C@g/?&
1350 30 60 90 100% | 102% | 106% | 110% | 5% | 25% | 45% | 3% | 14% | 15% | 27% | 45% 42% 43%
1 X X X X X
2 X X X X X
3 X X X X X
4 X X X X X
5 X X X X X
6 X X X X X
7 X X X X X
8 X X X X X
9 X X X X X
10 X X X X X
11 X X X X X
12 X X X X X
13 X X X X
14 X X X X X
15 X X X X X
16 X X X X X
17 X X X X X
18 X X X X X
19 X X X X X
20 X X X X X
21 X X X X X
22 X X X X X
23 X X X X X
24 X X X X X
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Tnczs't Teorgp, Oxidation Time, min Flame Stoichiometry, mol% CRT Slag, wt% Fe,0s, Wt% Nzx&os’ C@g/?&
1350 30 60 90 100% | 102% | 106% | 110% | 5% | 25% | 45% | 3% | 14% | 15% | 27% | 45% 42% 43%
25 X X X X
26 X X X X X
27 X X X X X
28 X X X X X
29 X X X X X
30 X X X X X
31 X X X X X
32 X X X X X
33 X X X X X
34 X X X X X
35 X X X X X
36 X X X X

Note: This table is a continuation of Table 26
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Table27. Experimental plan of CRT@neltingtests

;I:irgrs Reduction t emp, °C Reduchrc])n time, CRTWIIZ(;)mes, PCB Fumes, W% Antcvrtaoi/(;lte, Nz\;/\\ftCoZ/OOg, ijg/(o)g,
Test | 95mol% | 1106 | 1150 1200

no. 0, 1150 | 1200 1250 2 25 25| 5| 65| 25| 5 10 | 60 | 5| 10 | 15 | 20| 30| 40 10| 15
1 X X X X X X

2 X X X X X X

3 X X X X X X

4 X X X X | X X

5 X X X X X X

6 X X X X X

7 X X X X X X
8 X X X X X X X

9 X X X X X X X X

10 X X X X X X X X

11 X X X X X X X

12 X X X X X X X X

13 X X X X X X X X

14 X X X X X X X X

15 X X X X X X X X

16 X X X X X X X X

17 X X X X X X X X

18 X X X X X X X X

19 X X X X X X X X

20 X X X X X X X X

21 X X X X X X X X

22 X X X X X X X X
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;I;r:ﬁ Reduction t emp, °C Reducuﬁn time, CRTWIt:(;)mes, PCB Fumes, Wi% Ant\rllvrtzz/?te, N?AZCO:/OOg, C\;a\t/g/(o)g,

Test | 95mol% | 1106 | 115G 1206

no. 0, 1150 | 1200 1250 2 2.5 25| 5| 65 | 25 10 | 60 | 5| 10 | 15 | 20| 30| 40 10| 15
23 X X X X X X X

24 X X X X X X

25 X X X X X X

26 X X X X X X

27 X X X X X X

28 X X X X | X X

29 X X X X X X

30 X X X X X

31 X X X X X X
32 X X X X X X X X

33 X X X X X X X X

34 X X X X X X X X

35 X X X X X X X X

36 X X X X X X X X

Note: This table is a continuation of Table 27
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3.5 Experimental procedures

The procedures adopted to undertake the pilot smelting tests are described Firstly, the
steps undertaken to operate the furnace are discussed Secondly, the process stages
and furnace operating data of PCBs and CRTssmelting tests ispresented.

3.5.1 Furnace operation

The main activities involved in executing the pilot smelting tests include gas flow
control, furnace warm -up, smelting process furnace tapping, and product handling.

3.5.1.1 Gas control and flamstoichiometry

The gas control systemwas an integral component of the furnace facility as it was used
to control the power output of the flame from the burner. During operation, the flame
power was controlled by incre asing or decreasing theCzHg and O> gasflow rates. The
gasflow rate s were adjusted by gently throttling the needle valve s.

The rotameter setpoints for the required gas flow rates were calculated with a
Microsoft Excel spreadsheet. The spreadsheet required input ofCsHg gas flow rate set-
point and the flame stoichiometry required. The spreadsheet then calculaéd an
appropriate rotameter set-point for the required O: flow rate. A flame stoichiometry

of less than 100 mol%02 was selected when reducing conditions were required in the
furnace; more than 100 mol% O, for oxidising and 100 mol% for neutral furnace
conditions. Figure 50 illustrates an example of the calculated corresponding O gas
flow rate set-point for 3 2 vol% CzHsg at a flame stoichiometry of 100 mol% O..

Flowmeter make Tecfluid Tecfluid
Flowmeter model P531-0400 P531-0630
Flowmeter capacity, Nm®/h 56 30
Gasname Propane Oxygen g 1-Enterrequired
Chemical formmla  CoHg 0. / flame stoich.
Gas density (20°C, 1 atm), ke/m’ 1§82 1331 / x
Required flame stoichiometry, mol % 100"
Rotameter set-point, vol % 32 3
Volume flow rafte, Nmﬂl.-"h 15 ;?__ Bmmm g 2 Enter the
propane flow
C;Hg(g) +504(g) = 3CO4(g) + 4H,0(g) rate you want

Figure50. Example of spesisheet showing calculated rotameter set points.
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3.5.1.2 Furnace warrup

During furnace warm -up, the gas lines were initially purged with nitrogen gas for
approximately 30 seconds. Purging of the pipelines ensured displacement of any
flammable mixture of gas in th e lines. The gas lines were then pressurised with
nitrogen gas and checked for leaks. Gas leaks were checked by spraying soapy water
at all fitting connections, valves, and gauges as well as welded connections. Before the
flame was ignited, cooling water f low was opened to allow cooling water to circulate
through the burner. The fan from the baghouse was also switched on for extraction.

To ignite the flame, the CsHg gas needle valve was slightly opened to allow a low flow

of CaHgthrough the burner. A paper, attached to the tip of a broom, was set alight with

a lighter and used to ignite the C3Hg from the burner. Once the burner was ignited,

both the Oz and CzH g flow were slowly increased until a compact flame was obtained.

The burner was pivoted into the furnace and the furnace rotation was started to initiate
warm up of the furnace refractory. The warm-up programme involved 1 vol%
increments of gasesevery 15 min over a period of 120 min. This duration ensured that
the inside walls of the vessel were pre-heated to about 90051000°C before charging of
feed material could commence. The temperature of the walls of the refractory was
measured with an optical pyrometer.

3.5.1.3 Furnace charging angmelting

In the CRT smelting tests, the recipe amounts of the feed materials were individually
weighed and then blended together into a homogenous batch. The total batch was then
divided into 4 equal sub-batchesto facilitate charging to the furnace. For the first
charging operation, two sub -batcheswere charged to the furnace and allowed to melt
with a flame stoichiometry of 95 mol% O». Subsequent subbatches were charged one
at a time. For the PCBssmelting, the whole 10 kg batch was charged to the furnace and
melted with a flame stoichiometry of 90 mol% Oo.

Charging and melting of the CRTsfeed materials took about 15520 min per charge and
a total of 1.552 h for the whole batch. The PCBs batch was melted and allowed to fume
off volatile metallic species such as Zn for a period of 1 h. Once the whole batch was
fed to the furnace, the flame power was adjusted to increasethe furnace contents to
the reaction temperature. The furnace bath temperature was measured with an optical
pyrometer. The pyrometer wa s a Minolta/Land Cyclops 52 infrared thermometer and

can measure temperatures between 3063000°C with a range of emissivity melting .
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The emissivity setting of each slag type was established byvalidating the pyrometer
readings with a K -type thermocouple. The thermocouple was dipped into the slag bath
and the pyrom eter emissivity was adjusted until the pyrometer reading was similar to
the temperature reading of the thermocouple.

The residence time commenced after the furnace bath temperature reachedhe target
reaction temperature. The bath temperature was measured every 30 min. Thegas flow
rate were adjusted up or down in order to maintain the temperature within 50°C of
the target operating temperature. For example, for a target operating temperature of
1200°C, the slag bath temperature was maintainedat 12001250 C. However, during
smelting of PCBs temperatures ranged at 135081450°C especially in tests were
oxidising conditions were applied for an extended period .

Once thereaction time elapsed, the flame was exting uished and the furnace rotation
was stopped. The bath temperature was measured before the products were tapped
into a refractory -lined ladle by til ting the furnace vessel At the end of the tap, the
vessel wastilted back to its original position. The vessel rotation was started again and
the feed batch for the next test was introduced into the furnace.

3.5.2 PCBssmelting tests

This section describes the different process stages involved in thesmelting of PCB
concentrate, along with furnace operating data, verified operating temperatures, and
the masses of rav materials fed in each test.

3.5.2.1 Process stages

PCBssmelting was undertaken in three stages. The activities of Stage 1, 2, and 3 are
shown in Table 28, Table 29, and Table 30, respectively. Stage 1, melting and
volatilisation, was carried out with ar educing flame stoichiometry of 90 mol% O». The
PCBs charge was heated to temperatures above 1300°C to ensure the metallics
component of the PCBs was completely molten and to promote rapid volatilisation of
metallic impurities such as Zn. The melting and volatilisation period was constant at
60 min. This stage achieved the first refining action of the Cu alloy.
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Table28. Activities of Stage 1 of PCBsneltingtest

TEST NO.

PROCESS STAGE ACTIVITIES 4 | 5 | s
Stage 1:Melting & volatilisation

Add PCBs only and melt, kg 10 10 10
Flame stoich., mol% 90 90 90
CsHg/ O, vol% 36/31 | 36/31 | 36/31
Time at gas flow set points, min 30 30 30
Take temperature, °C 1247 1258 1271
CsHg/ Oz, vol% 32/28 | 32/28 | 32/28
Time at gasflow set points, min 30 30 30
Take temperature, °C 1294 1308 1335
Total melting period, min 60 60 60

Oxidation of the rest of the metallic impurities such as Al, Fe, Si, Pb and Sn was
undertaken in Stage 2 of the process. During this stage and for thespecific tests used
as an example, an oxidising flame stoichiometry of 102 mol% O, was applied. The
operating temperature was maintained between 130091350°C. The oxidation period
was 30, 60, or 90 min.

Table29. Activities of Stag® of PCBsmeltingtest

TEST NO.

PROCESS STAGE ACTIVITIES 4 | 5 | s
Stage 2: Oxidation

Flame stoich., mol% 102 102 102
CsHg/ Og, vol% 36/35 | 36/35 | 36/35
Oxidising period, min 30 30 30
Take temperature, °C 1328 1310 1342
Oxidising period, min - 30 30
Take temperature, °C - 1336 1354
Oxidising period, min - - 30
Take temperature, °C - - 1361
Total oxidation period, min 30 60 90

The last stage of thesmelting process was Stage 3, slag formation. In this stage, metal
oxides formed during the oxidation stage were fluxed to form a molten and fluid slag
phase. The flame stoichiometry was maintained at 100 mol% O, to induce neutral
conditions during the slag format ion stage. The operating temperature of this stage
was also maintained between 13M3d1350°C, for a period of 60 min.
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Table30. Activities of Stage 3 of PCBsneltingtest

TEST NO.
PROCESS STAGE ACTIVITIES 4 | 5 | &
Stage 3: Slagformation
Add CRT slag, kg 15 15 15
Add Fe»0s3, kg 1.0 1.0 1.0
Flame stoich., mol% 100 100 100
CsHg/ O, vol% 34/32 | 34/32 | 34/32
Time at gas flow set points, min 30 30 30
Take temperature, °C 1352 | 1321 | 1333
Add CRT slag, kg 1 1 1
Add Fe203, kg 0.5 0.5 0.5
CsHg/ Oy, vol% 32/30 | 32/30 | 32/30
Time at gas flow set points, min 30 30 30
Take temperature, °C 1379 1339 1349
Total slag forming period, min 60 60 60
Total test duration, h 2.5 3 3.5

3.5.2.2 Furnaceoperatingdata

The typical furnace operating data showing rotameter melting, and gas volumes
delivered during smelting of PCBs are given inTable 31 and Table 32, respectively. It
can be noted that for this particular test a flame stoichiometry of 110 mol% O was
applied for a period of 30 min in the oxidation stage (Stage 2).

Table31. Typical tirnaceoperatingdata of PCBsmeltingtest

Time Rotameter setting, vol% | Flame | Operating
Process | Start | Finish | Duration CsHs O stoich. temp
step time | time min 50 kPa(g) | 200 kPag) | mol% °C Comment
1 | 21:40| 21:45 5 26 24 95 - Keep fumace
warm
2 21:45| 22:15 30 34 29 90 1325 Stage 1
3 22:15| 22:45 30 32 28 90 1331
4 22:45| 23:16 30 32 34 110 1435 Stage 2
5 23:16| 23:45 30 30 28 100 1312 Stage 3
6 23:45| 00:16 31 30 28 100 1362
7 |oo16| oo | 2 i i : i Tapping
furnace

To achieve theoperating temperatures, gas flow rates of 1.81.9Nm3/h CsHgand 8.40
10.2 Nm3/h Oz were applied. For this particular test, a total of 8.6 and 30.3 kg of CsHg
and Oz gas was delivered, respectively. The densities of the gases used to calculate the

masses delivered are given inTable 33.
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Table32. Typical gadlow rate, volume and mass delivered

Time Flow rates Volume delivered Mass delivered

Process| Start | Finish | Duration CsHs (O] CsHs (O] CsHsg (oD
Step Time time min Nm3/h | Nm3h Nm?3 Nm?3 kg kg
1 21:40 | 21:45 5 1.4 7.2 0.12 0.60 0.23 0.80

2 21:45 | 22:15 30 1.9 8.7 0.95 4.35 1.78 5.79

3 22:15 | 22:45 30 1.8 8.4 0.89 4.20 1.68 5.59

4 22:45 | 23:15 30 1.8 10.2 0.89 5.10 1.68 6.79

5 23:15 | 23:45 30 1.7 8.4 0.84 4.20 1.57 5.59

6 23:45 | 00:16 31 1.7 8.4 0.86 4.34 1.63 5.78
Total 156 455 22.8 8.6 30.3

Table33. Gas densities under normal temperature and pressure

Temp, Pressure, Density,

Gas K kPa kg/m3
CsHs 293 101.325 1.882
02 293 101.325 1.331

The typical operating temperature profiles of PCBs smelting tests are illustrated in
Figure 51. Temperature verification of slag bath performed during Stage 3 of Test 24,
and that of off-gas and flame performed during Stage 3 of Test 25 are depicted in
Figure 52 and Figure 53, respectively. Temperature verification profiles of several
other tests are provided in APPENDIX 1. For the slag bath temperature verification, a
K-type thermocouple was dipped briefly into the slag (see Figure 54) and withdrawn.
This was repeated twice to obtain curves observed in Figure 52.

—o—TJest 22 —a—Test23 -m--Test24

Temperature, °C

0 30 60 90 120 150 180
Time, min

Figure51 Typical temperature profile of PCBweltingtests
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Figure53. Temperature verification of affis inside and outside furnace, and flame from PCBs
smeltingTest 25 during Stage 3

For verification of off -gas temperature at point A (see Figure 54), a K-type
thermocouple was used. For verification of off -gas temperature at point B and flame
temperature at point C (see Figure 54), a Btype thermocouple was employed.
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Figure54. Schematic of TBRC vessel hightigh points where offjas and flame temperature
verification measurements were taken

Figure 55 provides the operating temperatures measured during the different stages
of each smelting test. The operating temperatures predominantly ranged between
130®1400°C. Temperatures measured in excess of 1400°C were observed mainly in
Stage 2 (oxidation stage), and temperatures below 1300°C were observed mainly in
Stage 1 (nelting stage).
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Figure55. Operatingtemperatures as measured during the different stages of $taBsngtests
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3.5.2.3 Raw material masses

The masses of raw materials fed in the PCBssmelting tests are presented inTable 34.

Table 34 also presents the mass of exces®: delivered during the oxidation stage.

Table34. Masses of raw materials fed during PC8&seltingtests

Total Flame CRT Total

Test | CsHs, Total stoich., Excess | pCBs, | slag, | Fe;Os, | Na,COs, | CaCOs, | solids
No. kg O2 kg | mol% O, O2, kg kg kg kg kg kg fed, kg
1 12.8 44.6 102 0.137 10 0.5 0.3 - - 10.8
2 9.8 34.4 102 0.269 10 0.5 0.3 - - 10.8
3 11.3 39.9 102 0.367 10 0.5 0.3 - - 10.8
4 8.7 29.9 102 0.121 10 2.5 15 - - 14.0
5 10.4 37.5 102 0.246 10 2.5 1.5 - - 14.0
6 10.8 38.3 102 0.485 10 2.5 1.5 - - 14.0
7 9.8 34.0 102 0.121 10 4.5 2.7 - - 17.2
8 11.3 39.8 102 0.243 10 4.5 2.7 - - 17.2
9 12.2 43.1 102 0.360 10 4.5 2.7 - - 17.2
10 10.7 35.8 102 0.110 10 4.5 2.7 - - 17.2
11 8.3 28.9 106 0.362 10 4.5 2.7 - - 17.2
12 8.6 30.3 110 0.617 10 4.5 2.7 - - 17.2
13 10.2 36.3 102 0.243 10 4.5 - - - 14.5
14 10.5 36.8 102 0.243 10 4.5 - - 4.3 18.8
15 10.2 35.9 102 0.247 10 4.5 - 4.2 - 18.7
16 8.9 30.8 102 0.121 10 0.5 0.3 - - 10.8
17 9.9 34.7 102 0.243 10 0.5 0.3 - - 10.8
18 11.8 41.5 102 0.364 10 0.5 0.3 - - 10.8
19 8.3 28.7 102 0.121 10 2.5 15 - - 14.0
20 10.1 35.3 102 0.243 10 2.5 15 - - 14.0
21 12.0 42.5 102 0.364 10 2.5 1.5 - - 14.0
22 8.5 29.5 102 0.121 10 4.5 2.7 - - 17.2
23 8.5 29.7 106 0.362 10 4.5 2.7 - - 17.2
24 8.9 32.1 110 0.617 10 4.5 2.7 - - 17.2
25 10.7 37.6 102 0.243 10 4.5 - - - 14.5
26 10.0 34.9 102 0.243 10 4.5 - - 4.3 18.8
27 10.0 34.9 102 0.243 10 4.5 - 4.2 - 18.7
28 8.6 29.1 102 0.110 10 4.5 2.7 - - 17.2
29 10.1 35.3 102 0.243 10 4.5 2.7 - - 17.2
30 11.8 41.7 102 0.364 10 4.5 2.7 - - 17.2
31 8.5 29.3 100 - 10 4.5 2.7 - - 17.2
32 10.4 36.1 100 - 10 4.5 2.7 - - 17.2
33 11.6 40.3 100 - 10 4.5 2.7 - - 17.2
34 10.1 35.1 102 0.243 10 4.5 1.35 - - 15.9
35 10.0 34.9 102 0.243 10 4.5 4.5 - - 19.0
36 10.4 36.8 102 0.243 10 - 4.5 - - 14.5
Total 365 1277 - 8.90 360 122 61.7 8.4 8.6 560
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3.5.3 CRTssmelting tests

This section describes the process stages involved in the reductivesmelting of CRT
funnel glass. The furnaceoperating data, verified operating temperatures, and the raw
material masses fed in each test are presergd.

3.5.3.1 Process stages

The smelting of CRTs was carried out over two stages.Melting of the raw materials

was undertaking in Stage 1 over a period of 60 min. Reductive smelting of the CRTs
was undertaken in Stage 2 over a period of 2, 2.5, or 3 h. The activites of the process
stages from Test 7, 8 and 9 are shown irTable 35. The flame stoichiometry for the CRTs

smelting tests was kept constant at 95 mol% Q in all stages. This was to ensure that
mildly reducing conditions are maintained inside the furnace throughout the test.

Table35. Activities of Stage 1 and 2 of CR3imeltingtests

TEST NO
PROCESS STAGE ACTIVITIES 7 8 9
STAGE 1:Melting
Flame stoich., mol% 95 95 95
CsHg/ Oy, vol% 34/31 34/31 34/31
Add batch 1 (after 15 min add batch 2) Batch1 | Batch1 | Batchl
Add batch 2 (after 15 min add batch 3) Batch 2 | Batch 2 | Batch 2
Add batch 3 (after 15 min add batch 4) Batch 3 | Batch 3 | Batch3
Add batch 4 (after 15 min move to Stage 7 Batch 4 | Batch 4 | Batch 4
Time at gas flow set points, min 60 60 60
Take temperature, °C 1161 1116 1126
Total meltingperiod, min 60 60 60
STAGE 2: Reduction
Flame stoich., mol% 95 95 95
CsHgl O2, vol% 34/31 34/31 34/31
Reduction period, min 30 30 30
Take temperature, °C (1st 30min) 1236 1219 1243
Flame stoich., mol% 95 95 95
CsHg/ O, vol% 34/31 34/31 34/31
Reduction period, min 30 30 30
Take temperature, °C (2nd 30min) 1282 1263 1258
Flamestoich., mol% 95 95 95
CsHg/ O, vol% 32/29 30/27 30/27
Reduction period, min 30 30 30
Take temperature, °C (3rd 30min) 1299 1283 1238
Flame stoich., mol% 95 95 95
CsHg/ Oy, vol% 30/27 28/25 30/27
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Reduction period, min 30 30 30
Take temperature, °@th 30min) 1271 1250 1263
Total reduction period, min 120 120 120
Total test duration, h 3 3 3

3.5.3.2 Furnaceoperatingdata

The typical furnace operating data showing rotameter
masses of gases delivered duringsmelting of CRTs are given in Table 36 and Table 37,
respectively. For this particular test, a total amount of 9.3 kg CsHg and 32.1 kgO> gas

was delivered to the furnace over a period of 3 h.

setting, and volumes and

Table36. Typical furnacexperatingdata of CRTsmeltingtest

Time Rotameter setting, vol% | Flame
Process| Start | Finish | Duration CsHsg 02 Stoich
Step | Time | time min 50 kPa(g) | 200 kP&a(g) | mol% Comment
1 07:30| 07:45 15 34 31 95 Stage 1
2 07:45| 08:00 15 34 31 95
3 08:00| 08:15 15 34 31 95
4 08:15| 08:30 15 34 31 95
5 08:30| 08:45 15 32 29 95 Stage 2
6 08:45| 09:00 15 32 29 95
7 09:00| 09:15 15 28 25 95
8 09:15| 09:30 15 28 25 95
9 09:30| 09:45 15 26 24 95
10 09:45| 10:00 15 24 22 95
11 10:00| 10:15 15 24 22 95
12 10:15| 10:30 15 24 22 95
13 10:30 Furnace tapping
Total 3.00
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Table37. Typical gas flow rate, volume and mass delivered

Time Flowrates Volume delivered Mass delivered

Process| Start | Finish | Duration CsHsg 0O CsHsg 02 CsHg (o]}
Step Time time min Nm3h | Nm3h Nm3 Nm3 kg kg
1 07:30 | 07:45 15 1.9 9.3 0.47 2.33 0.89 3.09
2 07:45 | 08:00 15 1.9 9.3 0.47 2.32 0.89 3.09
3 08:00 | 08:15 15 1.9 9.3 0.47 2.33 0.89 3.09
4 08:15 | 08:30 15 1.9 9.3 0.47 2.33 0.89 3.09
5 08:30 | 08:45 15 1.8 8.7 0.45 2.17 0.84 2.89
6 08:45 | 09:00 15 1.8 8.7 0.45 2.18 0.84 2.89
7 09:00 | 09:15 15 1.6 7.5 0.39 1.88 0.73 2.50
8 09:15 | 09:30 15 1.6 7.5 0.39 1.87 0.73 2.50
9 09:30 | 09:45 15 1.4 7.2 0.36 1.80 0.68 2.40
10 09:45 | 10:00 15 1.3 6.6 0.33 1.65 0.63 2.20
11 10:00 | 10:15 15 1.3 6.6 0.33 1.65 0.63 2.20
12 10:15 | 10:30 15 1.3 6.6 0.33 1.65 0.63 2.20

13 10:30

Total 3.00 4.93 24.2 9.3 32.1

The typical operating temperatures applied during CRTs smelting tests are depicted
in Figure 56. Temperature verification of slag bath from Test 8 is given in Figure 57
and that of off -gas temperature inside and outside of furnace is given in Figure 58. The
points at which the slag bath and off -gas temperature measurements were verified are
shown in Figure 59. Profiles of temperature verifications obtained for other tests are
provided in APPENDIX | . The operating temperatures measured during the different
stages of the CRTssmelting tests are plotted in Figure 60.
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Figure56. Typicaloperatingtemperature profile of CRBsneltingtests
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Figure59. Schematic of TBRC vessel hightigh points where offjas temperature verification
measurements were taken
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Figure 60. Operatingtemperatures as measured during the different stages of SSRalngtests
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3.5.3.3 Rawmaterial masss
The masses of raw materialsfed in the CRTssmelting tests are givenTable 38.

Table38. Masses of raw materials fed during CRSTiseltingtests

CRTs | CRT PCB Total

Test CsHs, glass, | fume, fume, Anthracite, | NaCOs, CaCos, solids
No. kg O, kg kg kg kg kg kg kg fed, kg
1 16.6 57.9 20 - - 1 6 2 29.0
2 10.6 36.8 20 - - 2 6 2 30.0
3 10.5 36.2 20 - - 3 6 2 31.0
4 9.9 33.9 20 - - 3 4 2 29.0
5 10.6 36.5 20 - - 3 8 2 33.0
6 8.8 30.4 20 - - 3 6 1 30.0
7 12.1 42.0 20 - - 3 6 3 32.0
8 11.0 37.1 20 1.0 - 3 6 3 33.0
9 8.9 30.7 20 0.5 1.0 3 6 2 32.5
10 12.9 44.4 20 0.5 1.0 3 6 2 32.5
11 13.4 46.4 20 0.5 1.0 3 6 2 32.5
12 8.9 30.8 20 0.5 1.0 3 6 2 325
13 8.6 29.9 20 0.5 1.0 3 6 2 32.5
14 8.3 28.7 20 0.5 1.0 3 8 2 34.5
15 9.3 32.1 20 0.5 1.0 3 8 2 345
16 9.9 34.2 20 0.5 1.0 3 8 2 34.5
17 10.5 36.1 20 0.5 1.0 3 8 2 34.5
18 9.2 31.9 20 0.5 1.0 3 8 2 34.5
19 9.0 31.1 20 0.5 1.0 3 6 2 32.5
20 8.5 29.5 20 0.5 1.0 3 8 2 34.5
21 8.0 27.6 20 0.5 1.0 3 6 2 325
22 10.2 35.4 20 0.5 1.0 3 6 2 32.5
23 11.8 40.9 20 0.5 1.0 3 6 2 32.5
24 13.8 47.7 20 0.5 1.0 3 6 2 325
25 10.0 34.4 20 - - 1 6 2 29.0
26 10.0 34.6 20 - - 2 6 2 30.0
27 10.1 34.7 20 - - 3 6 2 31.0
28 10.2 35.3 20 - - 3 4 2 29.0
29 10.3 35.5 20 - - 3 8 2 33.0
30 9.9 34.3 20 - - 6 6 1 33.0
31 10.1 34.7 20 - - 3 6 3 32.0
32 104 35.7 20 1.0 2.0 3 8 2 36.0
33 10.1 34.7 20 1.0 0.5 3 8 2 345
34 10.2 35.3 20 1.0 2.0 3 8 2 36.0
35 10.2 35.2 20 1.0 0.5 3 8 2 34.5
36 10.1 34.7 10 6.5 6.0 3 8 2 35.5
Total 372 1288 710 19.5 27 105 238 73 1172
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3.6 Products

There were four types of product generated in the test work, viz., metal, slag, fume,
and gas. All the products, except for gas, were collected, sampled, and analysed.

3.6.1 Product handling

The fumes generated from the furnace were primarily captured in a bank of cartridge
filters. These fumes were collected and recycled to the furnace during the CRTs
smelting tests. This was done on a testto-test basis. It involved switching from one set
of cartridge filter sto the other. The valves for the new set of cartridges were opened
10 min before the furnace was tapped. The valves for the set of cartridge filters used in
the previous test were then closed and the filters were removed for collection of fumes.
Compressed air was blown through the sides of the filter to release the fume from the
filter. After cleaning, the cartrid ge filters were reinstalled in the filter drums.

The molten products (metal and slag) were tapped into refractory -lined ladle and the
remaining material was scraped out using a metallic spoon. The products were
allowed to cool and solidify in the ladle. After the products were tipped out of the
ladle, the ladle refractory was re-coated with mould wash to ensure that products fro m
the next test do not stick to the refractory. The metal was separated from the slag (see
Figure 61) and cleaned beforebeing weighed.

Figure61. Productmetalandslagfrom (a) PCBsmeltingtest, and (b) CRTsmeltingtest
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3.6.2 Sampling

The fume product occurred in a uniform fine particle size. This material was blended
and sampled with the grab sampling technique to prepare a 50 g subsample The metal
and slag products were allowed to solidify and cool before being sampled. The slag
was firstly separated from the metal before being broken into smaller pieces (<50 mm).
Clean slag pieces free of metal entrainment, were carefully selected for analysis. In
some cases it was neessary to break the slag pieces even smaller (<5 mm) to ensure
the samples were completely free of any metal prills. A mass of 100 g slag was collected
for each test. Before the samples were submitted for chemical analysis, they were
pulveris ed to 100wt % passing 75um in a micronizing mill using a stainless steel bowl.

The metal slabs were sampled by drilling holes into the slab on clean surfaces as shown
in Figure 62. Multiple holes were drilled into the metal to generate metal chips
weighing 50 g. The slabs were not drilled all the way through (see Figure 62(c)) to
avoid contamination with slag adhering to the bottom side of the metal slab. The metal
chips were submitted for analysis as is.

(b)

Metal slab Dirill hole
Slag

(©

Figure62. Image of (a) PCB metal slag with drill holes, (b) metal chips generated from drilling of
metal sl&, and (¢) schematic showing how deep the metal slabs were drilled

3.6.3 Characterisation

Thebul Kk chemical analysis of the prod@ets was:s
Table 39), and S tabaratobyyvérified the analysis of selected samples. The
phasec hemi cal analysis of selected samples was
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Table39. List of analytical techniques appliedgda oduct s

by Mintekds

Lower
Analytical technique Analytes . Sample Analysed
Detection limit
Al, Ca, Co, Cr, Cu, Fe, Mg, PCB slag & fume,
1 | ICP-OES i L 0.05wt %
Mn, Ni, Pb, Si, Ti, V, Zn CRT slag & fume
Al, Ca, Co, Cr, Cu, Fe, Mg,
2 | ICP-OES (ICP1) i L 0.05wt % PCB & CRT metal
Mn, Ni, Pb, Si, Ti, V, Zn
3 | ICP-OES (ICP8) Au, Pd, Pt 0.02 ppm PCB Metal
4 | ICP-OES (ICP8) Ag 0.2wt% PCB Metal & fume
5 | ICP-OES (ICP10) Sn 0.01wt% All
6 | ICP-OES (ICP52) Ba, Sr <100 ppm CRT slag
PCB Slag, CRT
7 | ICP-MS Ag 0.02 ppm
metal & CRT fume
) ) PCB & CRT slag,
8 | Atomic Ab sorption (AA) K, Na <2 ppm
PCB & CRT fume
) PCB & CRT slag,
9 | Fire Assay (FA) Au, Pd, Pt 0.02 ppm
PCB & CRT fume
Carrier-gas hot
10 ) Total C 0.01wt% CRT fume
extraction

The same ICROES atomic absorption, and carrier-gas hot extraction method
described in section 3.2.5.1was applied for the analysis of product samples.

The fire assaymethod, with Pb collection , was used to determine low levels of Au, Pd,
and Pt in slag and fume samples. The samples were mixed with a flux consigting of
fused borax (Na2BsO7), Na2CO3, SiO2, PbO and reducing agent. Silver nitrate solution
was added to the mixtures before placing the samples in the furnace. Borax and
Na-COs fused with the sample and released the noble metals from the matrix which
was collected by metallic Pb and settled to the bottom of the crucible. The Pbwas then
separated from the slag and placed in a cupel in a muffle furnace where the Pb was
oxidized and absorbed by the cupel material. A remaining prill containing the noble
metals was then subjected to a pressure dissolution technique before beingmeasured
by ICP-OES.

The same analytical verification method and phasechemical analysis technique
described for raw materials in section 3.2.5.2 was applied for the analysis of selected
product samples. In addition, two different analytical techniques were applied to

evaluate compositional variation across the surface and depth of the PCB metal slab.
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The two techniques applied were micro-XRF spectrometry and spark emission
spectrometry.

Spark emission spectrometry was used to analyse the sample using a Cu/Sn/Pb -
alloys program. This technique is a surface analysisand can only penetrate up to
400um per spark. As such, the PCB metalslab was sectioned into 14piecesand each
piece was ground to remove any scale and to reveal themetallic surface to achieve a
better representaion of the alloy. A Cu/Sn/Pb standard reference alloy was used to
verify the accuracy of the instrument.

Analysis with the micro -XRF used a Bruker M4 Tornado instrument. This instrument
was fitted with a rhod ium tube as a source of X-rays and two Si drift detectors for
maximum count throughput. The PCB metal slab was sectioned into 14pieces and
each piecewasanalysed on the surface and along the crosssection. The samples were
analysed at 100 um pixel spacirg and counting time of 5 ms. Imaging was conducted
via the M4 micro-XRF software and EDS was used to determine elemental
composition. The images provide an overall element map of the surface analysed and
the difference in intensities provide an indication of the difference in composition .

3.7 Mass Balance Techniques
This section describes the principle and techniques used to calculate the elemental
mass balance of each test and the ograll elemental mass balance ofeach campaign.

3.7.1 Principle

The mass balancecalculation used to evaluate the test work data was based on the law
of conservation of elemental mass,which statesthat the sum of masses of an element
entering a system is equal to the sum of mas®sof the element leaving the system and
the accumulation of the element in the system as defined in equation 15.

a a a [15]
Where,
mi,in = mass of element i in stream entering system

Mi,out = Mass of element i in stredeaving system
Mi,acc= Mass of element accumulated in system
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For illustrative purposes , the equations governing the Fe mass balance are described
in equations 16 to 18. Note that the accumulation term falls out because the tests were
batch process

W a w h a
a O h 5 C h 5 [16]
W j [of
0
® a ® a
a 0 h 5 n 5 W f a [17]
G 5 a5 W [18]

Where,

Mi = molar mass of i

Xij = mass fraction of element i in stream |
m; = mass of stream |

The mass balance can be closed ideally if thedifference between the mass in and out
for each element converges perfectly to zeo. This is however an improbable goal.
Inaccuracies in weighing of materials, sampling , and analytical errors all contribute to

the inability to perfectly close a mass balance. A variety of techniques can beused to
characterisethe elemental mass balance.

3.7.2 Techniques and definitions

Several formulations of the mass balancecan be used to describe theprocess The mass
balance techniquesused in this report are briefly summarized and defined in this
section asreferences are madeto these formulations throughout the report.

Overall elemental accountability: The overall accountability is based on elements
present in the feed, slag, metal and fume, and denotes the percentage of the elements
in the feed material that are recovered as products. It is a useful tool for assessing the
guality of the test work and the resul ting elemental mass balance. The overall
accountability is generally affected by uncertainties in the analyses or masses of both
the raw materials and the products.

o TR Ja 1 By e -B-(:x e, \ v
ommsosoweg—&e—ﬁopwnn [19]

q

= x
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Where,
mi,out= Mass of element i from all materials coming out of the process
mi,in = mass of elemenfriom all materials coming in to the process

Elemental recovery: Elemental recovery differs from accountability in that it
quantifies the percentage of elements in the feed material that reports to, or is
recovered to, a particular product (i.e. slag, metal or fume). References in this the
report to recovery of an individual element (unless stated otherwise) will be defined
asin equation 20.

A

YQoé 5Q1 -
a i

p T TT [20]

Where,

Recovenyiag= recovery of element i to slag stream
Mi,slag= Mass of element i in slag stream

M feei= Mass of element i in feed stream

Elemental distribution : This establishes the partitioning of an element to a particular

product stream in respect of the total mass of that element reporting to all the solid

product streams (metal, slag and dust). The expression for distribution is given in

equation 21 This mass balance formulation is especially useful when the
accountabilities are generally poor as it only considers and accounts for masses of
elements recoveredto the solid product streams.

onicin@éo%%@—— o T [21]
h

Where,

Distribution; metai= partitioning of element i tonetalstream
Mi meta= Mass otlement i in metastream
Mi,products= T0tal mass of element i in prodstteans= (metal+slagfume

Page99



4 EXPERIMENTAL RESULTS

The results from the PCBs smelting tests are presented first and those from CRTs
smelting tests are presented thereafter

4.1 PCBssmelting tests

The material masses, elemental mass balance, and chemical compositions of products
from the PCBs smelting tests are presented in this section.The results presented are
only from tests that achieved Cu recoveries above 90 wt%. The complete st of results
can be found in APPENDIX J.

4.1.1 Product masses

The feed and product massesfrom the selected tests are presented in Table 40. Of the
tests preented, Test 4 had a lowest flux addition which corresponds with the lowest
slag generated. Test 32 applied a flame stoichiometry of 100 mol% @, thus
theoretically it had no excess O,. Test 11 applied the highest flame stoichiometry of 106
mol% O2 which corresponds with the highest excess O introduced to the metal, and
consequently, highest slag generated. The total masses fed for the tests are consistent
and correspond well with the total masses recovered after the tests.

Table40. Feed andpduct masses of PCBmeltingteststhat obtained Cu recoveries above 90 wt%

FEED MASSES

Test Flame stoich., | Excess Q, Mass Mass CRT | Mass FeOs, | Total mass
No. mol% O kg PCBs, kg slag, kg kg fed, kg
4 102 0.121 10 2.5 1.5 14.1
8 102 0.243 10 45 2.7 17.4
11 106 0.362 10 4.5 2.7 17.6
32 100 - 10 45 2.7 17.2

PRODUCT MASSES

Changing Mass Total mass
Test process Oxidation Mass PCB | Mass PCB Cartridge recovered,
No. variable Time, min Metal, kg Slag, kg Fumes, kg kg
4 Oxid . time 30 6.11 7.34 0.39 13.8
8 Oxid . time 60 6.50 8.50 0.67 15.7
11 Flame stoich. 30 6.05 9.12 0.68 15.9
32 Oxid . time 60 6.21 8.77 0.57 15.6

Table 41 presents the overall material mass balance of the PCBsmelting campaign. A

total of 360 kg PCB concentratewas processed during the test work along with flux
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additions of 122 kg recycled CRT slag, 62 kgFe-O3, 8 kg Na>COs, and 9 kg CaCOs. The
campaign produced a total of 243 kgCu alloy and 231 kg PCB slag, and a total of 79%g
fumes was collected. An overall material mass accountability of 97% was obtained in
this campaign. An estimated total of 365 kg CsHg and 1277kg O2 gas was consumed
during the campaign.

Table41. Overall material mass balance of the PE@Begltingcampaign

Feed Mass, kg Products Mass, kg
PCB concentrate 360 Metal 243
CRT slag 122 Slag 231
FeOs 62 Cartridge fumes 24
Na.CO3 8.4 Extractionhood fumes 7
CaCOs 8.6 Baghouse fumes 48
Exces; 8.9

Total IN 569 Total OUT 552
Overall material mass accountability, mass % | 97%

Only 30 wt % of the fume collected was captured in the cartridge filters. This amount
is low given that the fume is a valuable source of PbO. Only fume collected in the
cartridge filters was recycled to the CRT smelting tests as it was not contaminated, in
contrast to fume collected in the baghouse. This meant that a snall amount of fume

was available to recycle to each CRT smelting test.

4.1.2 Elemental mass balance

The overall elemental accountability of PCBs smelting tests is presented inTable 42.
Elemental accountabilities are a good measure of the quality of the test work and they
are generally considered good and satisfactory when they are within £10% of 100%.
This is especially the case for elements that are not present in high concentrations in
the refractory material and do not predominantly report to the off -gas stream(e.g., Cu,
Fe, Si and Na) With that measure, good accountabilities were obtained for many of
the elements in the systemsuch asCa, Cu, Fe, Mg, Mn, Si, Na, and Sr.This signifies
that the quality of the test work, in respect of mass measurements, sampling procedure
and analytical measurements, was adequate and satisfactory to assess the results with

high confidence.

Table42. Overall demental accountability of PCBsneltingtests
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Element Mass IN, Mass OUT, | Accountability,

kg kg W%

Al 12.7 16.5 130
Ca 9.75 9.45 97
cu 225 225 100
Fe 37.1 34.4 93
Mg 1.43 1.56 109
Mn 1.67 1.61 96
Ni 1.22 1.05 85
Pb 28.7 23.3 81
Si 33.1 32.8 99
Zn 33.1 27.2 82
Sn 50.0 39.1 78
K 2.41 5.13 213
Na 17.0 16.1 95
Ba 2.13 2.76 130
Sr 1.72 1.82 106
Total 458 440 96

The furnace refractory comprised 93 wt% Al 20s. It is reasonable to expect a certain
degree of dissolution of Al 20z into the slag especially at high operating temperatures
applied in the PCBs smelting tests (>1300°C). As such, the over accountability of Al
(130 wt %) can be attributed to the Al from the furnace refractory wall. The under
accountability of Ni is not surprising since it is present in the raw materials in low
concentrations, thus it is susceptible to minor errors in sampling and chemical analysis.
The over accountability of K and Ba was not expected as both eements were present
in the raw materials in concentrations above 1 wt%.

The under accountability of Pb (80 wt%), Zn (82 wt%), and Sn (78wt%) can be
attributed to the material mass that is lost through or in the off -gas handling system
since these elemens predominantly reported to the off -gas stream during the test
work. Mass can be lost through the off-gas handling system due to inefficient

extraction leading to off -gas or smoke escaping the system. The ofigas handling
system consists of ducting of extensive length which provides surface area for some of
the fumes to deposit on the internal walls as accretions. Theseaccretions accumulate
in the ducting and are generally not recovered after a campaign resulting in poor

accountabilities of the elements cancerned.

Take note that the accountabilities of the precious metals Ag, Au, Pd and Pt were not
calculated owing to the lack of confidence in the accuracy and consistency of the results
obtained from the analysis of precious metals in PCB concentrate. The results of the
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analysis of precious metals from the product samples were of a better quality than

those obtained with the PCB concentrate. The mass balance of the precious metals will

be described with the distribution formulation.

The elemental recoveriesof selectedelementsto the product streamsare given in Table

43. A reference to the colour scale applied is given in Table 44. There is a consistent

pattern in the recovery of elements to the respective product streams in all the tests.

Cu was predominantly recovered to the metal with Test 8 and 32 recording the highest

recovery of 94 wt%. Fe predominantly reported to the slag stream, and Pb and Zn

predominantly reported to the fume. There is no clear preferential product stream to

which Sn and Ni were recovered.

Table43. Elemental recovery of selected elements to the product streams from PCBs smelting tests
that achieved a Cu recovesfmore than 90 wt%massn wt %

Test4 Test 11 Test 8 Test 32

Metal Slag Fume | Metal Slag Fume | Metal Slag Fume | Metal Slag Fume
Cu 91 10 0 92 12 0 94 5 0 94 7 0
Fe 0 107 7 0 95 4 0 86 4 0 97 4
Ni 70 47 0 37 43 3 63 16 0 49 34 5
Pb 8 8 53 6 20 59 9 4 59 5 10 55
Sn 21 34 14 14 51 17 38 25 14 17 31 14
Zn 0 11 64 0 10 75 0 5 79 0 6 75

Table44. Reference to the colour scale
1-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

The distribution formulation allows for a better analysis of the preferential partitioning

of elementsto the respective product streams. The distributions of elements (including

precious metals) to the product streams are presented in Table 45. The distribution

patterns of all the elements are the same in all tests. Aluminium, Ca, Fe, Si, K and Na

preferentially distributed to the slag stream. Elements such asCu, Ni and the precious

metals (Au, Pd, Pt and Ag) preferentially distributed to the metal stream.

The low melting point metals , Pb and Zn, preferentially distributed to the fume

however Sn, also a low melting point metal, distri buted to all three product streams

with no clear pattern in the stream of preference.
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Tabled5. Elemental distribution tahe product streams from PCBs smelting tests that achieved a Cu
recoveryof more than 90 wt%imassn wt %

Test 4 Test 11 Test 8 Test 32
Metal Slag Fume | Metal Slag Fume | Metal Slag Fume | Metal Slag Fume

Al 0 100 0 0 99 1 0 100 0 0 100 0
Ca 0 99 1 0 100 0 0 100 0 0 100 0
Cu 90 10 0 88 11 1 95 5 0 93 7 0
Fe 0 94 6 0 96 4 0 95 5 0 96 4
Ni 59 40 1 46 53 1 80 20 0 59 40 1
Pb 12 11 77 6 24 70 12 6 82 7 15 78
Si 0 100 0 0 100 0 0 100 0 0 100 0
Zn 0 15 85 0 12 88 0 6 94 0 7 93
Sn 31 49 20 18 62 20 49 32 19 28 49 23
K 0 99 1 0 99 1 0 98 2 0 98 2
Na 0 97 3 0 98 2 0 98 2 0 98 2
Au 97 2 1 98 1 1 98 2 1 98 1 1
Pd 100 0 0 100 0 0 100 0 0 100 0 0
Pt 93 3 4 95 2 3 100 0 0 99 1 0
Ag 80 9 11 74 4 22 80 3 17 62 4 34

4.1.3 Chemical composition

The chemical composition of metals is presentedin Table 46. From the four tests, only
Test 4 and 32 produced alloys with a Cu grade that was above 95 wt%. Between the
two tests, Test 32 had a higher Cu recovery to the metal. Therefore, Test 32 achievke
the best resultsin terms of Cu grade and recovery to the metal. The metal from Test 32
had a composition of 95.1 wt% Cu, 0.27 wt% Ni and residual impurities of 3.9 wt% Sn
and 0.65 wt% Pb. The metal had a precious metal content of 53.9pm Au, 178 ppm
Pd, 38.5ppm Pt and 1100ppm Ag.

Table46. Chemical composition of metals from PCBs smelting tiestachieved a Cu recovery of
more than 90 wt%massin wt %

Mass, ppm

Test | Cu Fe Mn Ni Pb Si Zn Sn | Au Pd Pt Ag | Total

4 93.6| <0.05 <0.05 0.39 1.02 <0.05 <0.05 4.83(47.1 187 <2 1500 100

11 | 955 <0.05 <0.05 0.21 0.77 <0.05 <0.05 331|726 197 <2 1700 100

8 90.3 <0.05 <0.05 0.33 1.16 <0.05 <0.05 8.08| 54.8 54.8 54.8 1400 100

32 | 95.1| <0.05 <0.05 0.27 0.65 <0.05 <0.05 3.89(539 178 38,5 1100( 100
Note: Al, Ca, Cr, Mg, Ti, V <0.05 wt%

Compositional variation across the surface of the metals produced from the PCBs tests
was assessed with spark spectrometry. The results showed that the composition of the
metals does not vary across the surface of themetal (seeTable 79in APPENDIX J).
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The chemical composition of slags and fumes is presented inTable 47 and Table 48,
respectively. The slags from the four tests had similar compositions except Test 4 and
11 had higher CuO content, and Test 8 ard 32 had higher SiO, content. The precious
metals content of the slags was generally low (<1.5 ppm Au+Pd+Pt and <150 ppm AQ).
The slag from Test 32 had 31.9 wt% SiQ, 21.9 wt% FeO and 11.2 wt% A{Os3 as the
major slag components, and 0.86 ppm Au+Pd+Pt and 46.3 ppm Ag as precious metal
losses to the slag The fumes were also quite similar in composition, and as expected,
they were rich in ZnO, PbO, SnOG; and Ag. The fumes from Test 32 had a composition
of 52.3 wt% ZnO, 29.1wt% PbO, 18.2 wt% SnG and 5000ppm Ag.

The elemental map of Cu and EDS spectrumof Test32 metal is shown in Figure 63
and Figure 64, respectively. The elemental map shows that Cu is present in high
concentration and is uniformly distributed throughout the metal. The EDS spectrum
detected peaks of Cu, Ni and Sn in the metal, corroborating the analytical results that
most of the impurities have been removed from the metal.

A BSE image and EDS point analysis of slag from Test32 is shown in Figure 65 and
Table 49, respectively. The results indicate that the primary slag phase comprised a
mixture of Fe and Al silicates. This correlates well with the chemical composition of
Test 32 slag.There is evidence of entrainment of microscopic pure Cu metal prills and
formation of a pure solid Al 203 phase. Some of the Sn is present in the slag asntrained
metal prills of pure Sn and CuSn alloy and the rest asinclusion s of FeSn oxide.
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Table47. Chemical coposition of slags from PCBs smelting tebist achieved a Cu recovery of more than 90 witfgssin wt %

Mass, ppm
Test | AI,O3 CaO CuO FeO MgO MnO NiO PbO SiO; zZnO SnO, KO NaO BaO SrO | Au Pd Pt Ag | Total
4 18.2 343 10.6 17.2 0.95 0.83 0.28 086 220 175 824 281 559 121 069|105 0.29 0.06 147 | 94.7
11 9.07 3.85 10.1 20.7 0.99 0.76 020 199 242 123 9.79 320 6.17 129 090|055 0.12 0.02 56.4| 945
8 142 408 4.16 201 1.12 099 008 044 329 063 522 283 737 160 098 0.66 0.16 0.03 44.8| 96.7
32 11.2 388 596 219 0.98 1.11 0.17 108 | 319 075 622 203 701 129 093|056 0.12 0.18 46.3| 96.4

Table48. Chemical composition of fume from PCBs smelting teatsachieved a Cu recovery of more than 90 wtfgssin wt %

Mass, ppm
Test | AI.O; CaO CuO FeO MgO MnO NiO PbO SiO, ZnO SnO; KO NaxO BaO SrO | Au Pd Pt Ag | Total
4 015 036 146 040 0.22 <0.05 0.07 250 <0.05/46.8 244 043 0.22 <0.05 <0.05]1.16 0.19 0.15 750 | 99.6
11 0.20 <0.05 1.48 0.09 <0.05 <0.05 <0.05 30.1 <0.05/ 447 215 0.38 0.16 <0.05 <0.05|153 0.12 0.03 3050| 98.8
8 <0.05 0.11 170 0.15 0.10 <0.05 <0.05' 29.7 <0.05}524 | 159 040 0.20 <0.05 <0.05|1.20 0.19 0.03 1400| 101
32 | <0.05 <0.05 1.34 <0.05 <0.05 <0.05 <0.05 29.1 <0.05| 523 182 056 043 <0.05 <0.05|1.16 0.17 <0.02 5000| 103
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Figure63. Elemental map of Cu generated by miRF analysis of metal from PCBs smelting Té&twith scale baindicating 140 mm
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Figure64. EDS spectrum indicating the peaks of Cu, Ni and Sn detectaddrg-XRF fromPCBs smelting Tes32 metal
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Figure65. SEM BSEmicrographof slag from PCB smelting Te32, with scale bar indicating 100 um (left image) and 20 um (right image)

b i

Table49. SEM EDS point analysis of slag from PCB smelting T&tmass in wt%

Point @] Na Al Si K Ca Fe Cu Sn Ba Total Phase
21 52,5 - 46.4 1.1 - - - - - - 100 Al 03
56 18.1 - 1.9 - - - 65.3 - 9.7 - 95 FeSnO
63 - - - - - - - 100 - - 100 Cu Metal
80 45.6 9.2 14.2 19.9 6.9 - 4.4 - - - 100 Al >SiOs
81 41.5 6.6 1.2 19.2 4.2 9.5 134 - - 3.1 98 FeSiOs
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4.2 CRTssmelting tests

Material masses, elemental mass balance, and chemical compositions of products from
the CRTs smelting tests are presented in this section. The results presented are only
from tests that achieved Pb recovelies above 60 wt%to the metal. The complete set of
results can be found in APPENDIX K.

4.2.1 Product masses

The feed and product massesfrom the selected tests are presented in Table 50. The
recipe additions of the tests presented were similar except that Test 34 evaluated the
highest addition of recycled PCB fume and highest total mass of fume addition. Since
fume is a source of PbO, it not surprising that Test 34 produced the most metal at
3.46kg and the most total mass recovered.

Table50. Feed and product masses of CRTs smelting tests that obtained Pb recoveries above 60 wt%

FEED MASSES
PCB
Test | CRTsglass, | CRT fume, fume, Anthracite, Na,COs, CaCOgs, | Total mass
No. kg kg kg kg kg kg fed, kg
14 20 0.5 1.0 3 8 2 34.5
17 20 0.5 1.0 3 8 2 34.5
34 20 1.0 2.0 3 8 2 36.0
35 20 1.0 0.5 3 8 2 34.5
PRODUCT MASSES
CRT Total mass
Test Changing Reduction Metal, CRT Slag, Cartridge recovered,
No. Variable Time, h kg kg Fumes, kg - kg
14 Temperature 1.0 2.74 22.0 0.54 - 26.3
17 Temperature 1.0 2.88 21.0 0.74 - 25.6
34 Fume ratio 1.0 3.46 25.0 0.95 - 30.4
35 Fume ratio 1.0 2.99 22.0 0.80 - 26.8

The overall material mass balance of the CRTssmelting campaign is presented Table
51. A total of 710 kg CRTs along with a reductant addition of 105 kg anthracite, and

flux additions of 238 kg Na-COsz and 73 kg CaCOs were processed. About 81kg Pb
alloy (metal) and 755 kg CRT slag was produced, and a total of 73 kg fumes was
collected. The product mass accounts for B% of the total feed mass. The unaccounted
22% can be largely attributed to unmeasured gaseous product species ofC (such asCO
and COy) and devolatilisation of volatile components from the Na>CO3, CaCOs and

anthracite streams. The CO and CO: gases accountfor the mass of C and O atoms
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reduced from the metal oxides in the feed materials (such as PO, ZnO, SnO», Fe0s3,
CuO and NiO).

Tabk 51 Overall material mass balance of the CRfgltingcampaign

Feed Mass, kg Products Mass, kg
CRT funnel glass 710 Metal 81
CRT fumes 19.5 Slag 755
PCB fumes 27 Cartridge fumes 28
Anthracite 105 Extraction hood fumes 9
Na»COs3 238 Baghouse fumes 36
CaCOs 73

Total IN 1172 Total OUT 909
Overall material mass accountability, mass % | 78%

Similarly in this campaign, only 38 wt% of the fume was captured in the cartridge

filters. This amount is still too low, meaning a small amount of fume was available for
recycle since only fume collected in the cartridge filters was investigated during the
test work (except in Test 36 were extraction hood fumes were smelted).

4.2.2 Elemental mass balance

The overall elemental accountability of CRTs smelting tests is presented inTable 52.
Similar to the PCBs campaign, good accountabilities were obtained in this campaign
for many of the elements in the system including Ca, Mg, Si, Sn, K, Na, Ba and SrThis
implies that the quality of the test work, in respect of mass measurements, sampling
procedure and analytical measurements, was adequate and satisfactory to assess the
results with high confidence.

The refractory material installed in the furnace of this test work also comprised 93 wt%
Al 20s. Thus, the over accountability of Al (117 wt%) can be attributed to dissolution of
Al 203 from the furnace refractory into the slag. An over accountability of 130 wt% Al
was calculated from the PCBs smelting tests. A lower over accountability of Al from
the CRTs smelting tests makes sense because lower operating temperatures (1160
1250°C) were applied during the smelting tests.

The elements Cu, Fe and Ni were preset in the system in low concentrations. The
under accountability of these elementscan be attributed primarily to sampling and
analytical errors.
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Table52. Overall elemental accountability of CR3seltingtests

Mass IN, Mass OUT, | Accountability,
Element

kg kg wt %

Al 13.9 16.2 117
Ca 43.4 42.5 98
Cu 1.06 0.78 73
Fe 5.4 4.4 82
Mg 9.72 9.81 101
Ni 0.04 0.04 81
Pb 144 127 88
Si 184 187 101
Zn 13.0 11.4 88
Sn 3.06 291 95
K 24.5 23.7 97
Na 128 122 95
Ba 12.9 13.2 102
Sr 11.3 10.6 94
Total 683 572 84

The under accountability of Pb (88 wt%) and Zn (88 wt%) can be attributed to the
material mass that is lost through or in the off -gas handling system sincea fair amount
of Pb distributed to the off -gas stream and Zn predominantly reported to the off -gas
stream during the test work. A similar explanation to that provided for the PCBs
smelting tests, with regards to mass loss through the off-gas handling system, applies
for the CRTs smelting tests.

Take note that the accountabilities of the precious metals Ag, Au, Pd and Pt were not

calculated owing to the extremely low concentrations (except for Ag) in the feed

material containing the precious metals (i.e, PCB fume) Elements present in trace
amounts are highly sensitive to sampling and analytical errors leading to inconsistent

accountabilities. As a result, the mass balance of the precious metals will be described
with the d istribution formulation.

The elemental recoveries ofselected elements to the product streansare given in Table
53. It is apparent that none of these tests achieved a Pb recovery above 90 wt% to the
metal. The highest Pbrecovery to the metal was obtained in Test 34 at70 wt%. Tin was
recovered to all three product streams at different recoveries in each test. In Test 35,
the highest recovery of Sn (64 wt%) was to the fume stream, but in Test 34, the highest
recovery of Sn (45 wt%) was to the metal stream. The ecovery of Zn seem to indicate
that Zn was mainly recovered to the slag stream. This impression is skewed by the
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inherent loss of fume in the off-gashandling system. Since a lower mass of fume was

recovered, the recovery calculation will indicate a lower massof Zn in the fume than

in the slag. Even if the concentration of Zn in the slag is low, the mass of Zn in the slag

will appear more because slag was produced in large quantities in these tests.

Table53. Elemental recovery oékected elements to the product streams from CRTs smelting tests
that achieved a Pb recovery of more than 60 wit#ssin wt %

Test 14 Test 17 Test 35 Test 34
Metal Slag Fume | Metal Slag Fume | Metal Slag Fume | Metal Slag Fume
Pb 64 3 26 68 2 29 68 0 28 70 0 26
Sn 35 33 50 32 26 55 35 23 64 45 24 39
Zn - 34 19 - 40 21 - 46 29 - 29 12

The distribution formulation allows for a better analysis of the preferential partitioning

of elements to the respective product streams. The distributions of elements to the

product streams are presented in Table 54. The distribution patterns of all the elements

are generally the same in all tests. Aluminium, Ca, Fe, S, K and Na preferentially

distributed to the slag stream. Elements such asPb, Cu and the precious metals (Au,

Pd, Pt and Ag) preferentially distributed to the metal stream. The element Zn

preferentially distributed to the fume while Sndistributed to all three product streams

with no clear pattern in the stream of preference.

Table54. Elementalistribution to the product streams from CRTs smelting tests that achieved a Pb
recovery of more than 60 wt%hassin wt %

Test 14 Test 17 Test 35 Test 34
Metal Slag Fume | Metal Slag Fume | Metal Slag Fume | Metal Slag Fume

Al 0 96 4 0 96 4 0 96 4 0 97 3
Ca 0 98 2 0 98 2 0 98 2 0 99 1
Cu 68 0 32 71 0 29 64 0 36 80 0 20
Fe 0 77 23 0 85 15 0 90 10 0 89 11
Pb 69 3 28 69 1 30 71 0 29 72 0 28
Si 99 1 99 1 99 1 99 1
Zn 40 60 32 68 27 73 38 62
Sn 40 38 22 34 43 23 31 42 27 52 34 14
K 0 95 5 0 95 5 0 92 8 0 93 7
Na 0 100 0 0 100 0 0 100 0 0 100
Au 89 0 11 93 0 7 12 0 88 12 0 88
Pd 95 0 5 95 0 5 95 0 5 95 0 5
Pt 99 0 1 98 0 2 99 0 1 99 0 1
Ag 56 6 38 56 9 35 53 4 43 80 2 18
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4.2.3 Chemical composition

The chemical composition of metals is presentedin Table 55. All four tests obtained
metals with Pb grade higher than 95 wt%. In the CRTSs test work, the recovery of Sn to
the metal was important. Test 34 achieved the highest recovery of Sn (45 wt%) to the
metal and consequently giving th e metal the highest Sn grade of 3.17 wt%. The metal
from Test 34 also featured the highest content of Ag at 370 ppm and Pt at 20.9 wt%. In
addition to the highest Pb recovery to the metal of 70 wt%, Test 34 achieved the best
results in terms of recovery and grade of Pb, Sn, Pt and Ag in the metal.

Table55. Chemical composition of metflsm CRTs smelting tests that achieved a Pb recovery of
more than 60 wt%massn wt %

Mass, ppm
Test | Cu Fe Ni Pb Si Zn Sn Au Pd Pt Ag | Total
14 | 0.48 <0.05 <0.05 | 98.0 <0.05 <005 149| 163 2.69 122 164 | 100
17 | 050 <0.05 <0.05 982 <005 <0.05 1.33| 237 252 7.08 181 | 100
35 | 0.32 <0.05 <0.05}98.8 <0.05 <0.05 084 <0.02 198 19.8 114| 100
34 | 0.69 <0.05 <0.05}96.1 <0.05 <0.05 3.17( <0.02 2.00 20.9 370| 100

The chemical composition of slags and fumes is presented Table 56 and Table 57,
respectively. The slag compositions of all four tests were very similar. The major slag
components of Test 34 was48.6 wt% SiQ, 24.8 wt% NaO and 9.93 wt% CaQ The test
obtained minor losses of precious metal to the slag at<0.02 ppm (Au+Pd+Pt) and 1.32
ppm Ag . The fumes from the CRT tests predominantly contained PbO (62579.8 wt%).
ZnO was present as a major component with SnG, C, K20 and Na2O present as minor
constituents. The fume collected from Test 34 had a composition of 62wt% PbO,
29.9wt% ZnO, 1.87% SnQ and 21.6ppm Ag.

The elemental map of Pb and EDS spectrum showing peaks of Pb for metal from
Test34 is shown in Figure 66 and Figure 67, respectively. The elemental map shows
that Pb is present in high concentration and is uniformly distributed throughout the
metal. The EDS spectrum detected peaks of Pb and Cu in the metgl confirming the
absence of other impurities. The peaks for Sn were detected but there was an issue
with how they were displayed on the EDS spectrum (seeFigure 102in APPENDIX K) .

A BSE image and EDS point analysis of slag from Test 34 is shown inFigure 68 and
Table 58, respectively. The slag was generally homogenous in composition and
predominantly comprised a Na silicate glass matrix (confirming the analytical results)
with little to no metal entrainment observed.
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Table56.

Chemical composition of slaigsm CRTs smelting tests that achieved a Pb recovery of more than 60nat®in wt %

Mass, ppm
Test | AlI,O3 CaO CuO FeO MgO NiO PbO SiO, ZnO SnO: C KO Na0O BaO SrO | Au Pd Pt Ag | Total
14 369 7.02 <0.05 036 206 <0.05 057 | 482 082 0.23 <0.05 274 213 197 165|<0.02 <0.02 <0.02 1.83| 90.5
17 401 753 <0.05 0.64 217 <0.05 0.38 [ 685 | 0.70 0.29 <0.05 3.80 232 184 1.64|<0.02 <0.02 <0.02 3.93| 100
35 404 691 <0.05 096 214 <0.05 <0.05}49.2| 050 0.19 <0.05 265 244 193 1.63|<0.02 <0.02 <0.02 1.29| 94.6
34 3.84 993 <0.05 0.78 2.06 <0.05 <0.05 486 1.12 037 <005 265 248 180 1.53]|<0.02 <0.02 <0.02 1.32| 97.5
Table57. Chemical composition of fumfesm CRTs smelting tests that achieved a Pb recovery of more than 60nat#in wt %
Mass, ppm
Test | AI,O3 CaO CuO FeO MgO NiO PbO SiO, 2ZnO SnO, C KO NaO BaO SrO | Au Pd Pt Ag | Total
14 025 116 0.22 0.15 0.18 <0.05 794 196 166 180 164 137 0.86 <0.05 <0.05|0.37 0.11 0.07 61.1| 106
17 014 098 0.11 0.15 014 <005 798 122 172 165 142 182 107 <0.05 <0.05|0.23 0.09 <0.02 66.0| 106
35 | <0.05 0.32 <0.05 0.10 <0.05 <0.05| 709 | <0.05 148 094 098 283 140 <0.05 <0.05|0.09 0.05 0.12 5.09| 923
34 | <0.05 043 0.07 0.17 <0.05 <0.05| 62.0 <0.05 299 187 089 232 090 <0.05 <0.05|0.13 0.03 <0.02 21.6| 98.6
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Figure66. Elemental map of Pb generated by mKRF analysis ofnetal from CRTs smelting Test 3dith scale bar indicating 20 mm
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Figure67. EDS spectrum indicating the peaks of Pb and Cu detected by-XRéfr@nalysis of metal from CRTs smelting Test 34
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Figure68. SEM BSEmicrographofslag from CRTs smelting Test 34ith scale bar indicating 200 um (left image) and 30 pm (right image)

Table58. SEM EDS point analysis foslag from CRTsmelting Test 3dmass in wt%

Point (0] Na Mg Al Si K Ca Fe As Zr Ru Sb Te Total Phase
46 21.1 3.9 - - - - - 6.8 10.7 2.6 11.0 20.2 23.7 100 SbTeAs Alloy
47 46.4 131 0.7 1.7 24.2 8.0 6.0 - - - - - - 100 Na,SiOszglass
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5 DISCUSSION

This chapter addresses the research questioa within the context of the literature . The
research question for the PCBs smelting process is discussed first, followed by the
guestion for the CRTs smelting process The chapter is concluded by addressing the
primary question of this study.

5.1 PCBssmelting tests

Can oxidative smelting of PCB concentrate &®T slag produce a crude Cu alloy with a
grade of more tma95wt% Cu?

Yes, the test work demonstrated that a Cu alloy with a grade higher than 95 wt% Cu
can be achieved by oxidative smelting of PCB concentrate with recycled CRT slag. The
best experimental results obtained a Qu recovery of 94 wt% in comparison to 69 wt%
Cu recovery predicted by the theoretical calculations (see Table 59).

Table59. Comparison of theoretical argperimental results of PCBs smelting tests

Theoretical Experimental
Recovery/grade
results results
Recovery to metal
Cu, wt% 69 94
Alloy grade
Cu, wt% 97 95.1
Sn, wt% 3.3 3.9
Pb, wt% 0.05 0.65
. Theoretical Experimental
Process conditions
results results
Flame stoich. mol% O, 100 100
Oxidation temp, °C 1350 1350
Amount of burner gas , kg 200 16.1
Flux addition(per kg PCBs)
CRT slag, wt% 45 45
Fe03, wt% 27 27

The theoretical result predicted a lower Cu recovery owing to requirement of
significant amount of burner gas (200 kg) to oxidise the impurity metals sufficiently
enough to obtain an alloy with the required Cu grade. This is because with a flame
stoichiometry of 100 mol% O, the theoretical calculation assumes amost complete
reaction of CsHgwith O > thus leaving only a very small amount of free O » available for
oxidation of the impurity metals. As a result, a significant amount of burner gaswas
required to deliver enough free O »>to oxidise the impurity metals . According to the
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theoretical result, such a large quantity of burner gas resulted in excessive oxidation
of Cu. Hence, a lower Cu recover to the metal was predicted.

In reality, a flame stoichiometry of 100 mol% O > did not achieve complete reaction of
CsHg with O, which implied that the amount of free O » that was available for
oxidation of the impu rity metals was much higher than the amount estimated by the
theoretical calculation. This provides areason why the experimental work was able to
obtain an alloy at the required Cu grade with a much smaller amount o f burner gas
(i.e., 16.1 kg)at a flame stoichiometry of 100 mol% O.

The main metallic impurities in the PCB concentrate were Sn (13.9 wt%), Zn (9.17
wt%), Pb (6.74 wt%), Al (2.25 wt%) and Fe (1.33 wt%. According to Seetharaman
(2014) these impurities can be removed either to the gas or slag phase. At anygiven

temperature, elements with high vapour pressure are easy to remove in the gas phase.
The volatilisation of the PCB concentrate was carried out at 13061350°C. At these
temperatures, almost all the Zn (and some of the Ph was removed to the gas phase
because Zn and Pb have higher vapour pressures than Cu and the other impurities in

the alloy (see Figure 10). The removal of Zn and Pb to the gas phase is supported by
the trend of high distribution to the gas stream shown in Table 45, and the high

concentration of ZnO and PbO in the fumes reported in Table 48.

The other impurities can be removed to the slag phase. The relative ease at which an
element can be removed to the slag depends on the Q partial pressure in equilibrium
with the pure element and the corresponding oxide at any temperature (Seetharaman
et al, 2014) Elements that are oxidized at relatively low O > partial pressures tend to be
easily oxidized and removed to the slag (Seetharamanet al, 2014) Impurity metals
such as Al and Fe, as well as trace amounts of Si and Mn, were readily oxidisedfrom
the alloy to below 0.05 wt% as shown in Table 46. This implies that these elements had
much lower O, partial pressures than Cu at 1350°C.

Pb and Sn proved challenging to remove from the Cu alloy. The alloys that did not
meet the required Cu grade, e.g., Test 8 metal (seelable 46), still had significant
amount of Sn (8.1wt%). According to Zhukov et al (2016) in the fire-refining process
Cu is oxidised first to Cu 20 and in turn Cu 20 oxidises metals with higher O » affinity
than Cu. Azakami and Yazawa (1976)found that there is a group of impurity metals
that is difficult to remove from Cu during fire refining. These elements all had Kvalues
between 102 and 1. The K values of Pb and Sn based on reaction [22] and [23],
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respectively, lie between 102and 108 as shown in Table 60. This explains the difficulties
in removing Pb and Sn from Cu. The K values of reaction [22] and [23] are not
considerably large, meaning the equilibrium does not predominantly favour the
forw ard reaction. Thus, making it difficult to completely remove Pb and Sn from the
Cu alloy to the slag.

Table60. Equilibrium constant values of oxidation reactions of Pb and Sn wit®Gadopted from

Kamberovi¢2018)
. Equilibrium constant, Reaction
Reaction
K no.
Pb + Cu0O = PbO + 2Cu 1.06x 101 [22]
Sn + CwO = SnO + 2Cu 3.69%x 1(® [23]

The studies by Marin (2006) and Wastawino (2005) showed that there is a linear
relationship in the rate of oxidation of impurity metals and O » partial pressure. This is
true at low Oz partial pressures as illustrated in Figure 13. Figure 69 shows that at high
O2 partial pressures, Cu is also excessively oxidised resulting in low recoveries of Cu
to the metal.

Recovery to metal, witlo
=3 0 W
= 3 = =

W
=

He
=

98 100 102 104 106 108 110 112
Flame stoich., mol% O,

Figure 69. Plot showing experimentally determined relationship of Cu recovery vs. flame
stoichiometry at 1350°C

A higher flame stoichiometry increases the partial pressure of Q in the furnace. Marin
and Utigard (2005)reported that the higher the O > partial pressure, the higher the rate
of O absorption as Cu. Since Cu is present in high concentration, not all the Cu that
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was oxidised to Cu20 gets to collide and react with impurity metals , for a particular
oxidation time. Those Cu atoms will remain oxidised as Cu20 and lost to the slag.

The test work also confirmed the relationship between elemental recovery and
oxidation time (seeFigure 70). The longer the oxidation time, the lower the residual
impurities in the Cu metal. An extended oxidation time allows for more O > to be
introduced to the surface of the liquid Cu bath for absorption (Marin and Utigard,

2005)and diffusion of Cu 20 molecules to collide and react with residual impurities

resulting in lower concentration of impurities in the Cu metal

-3~ Cu (Exp) ~©-Pb(Exp) -A-Sn (Exp)
100 o 40

Cu in metal, wt %
o) o
(=] [~}
. 2 2
= =]
Pb, Sn in metal, wit%o

=

60 ........... @. ...... -.-... '.'.'.'.'...,@ 0
0.0 0.5 1.0 1.5 2.0
Oxidation time, h

Figure70. Plot showing experimentally determined relationship of Cu in metal vs. oxidation time,
with a flame stoichiometry of 100 mol% énd burner gas flow rate of 15.5 kgt1350°C

The extended oxidation time was also associated with higher Cu losses to the slag (see
in Figure 71). As more O is absorbed into the Cu metal more Cu atoms are oxidised
to Cu20. Given the excessive loss of Cu to slagunder extended oxidation time, it
implies that the rate of Cu oxidation to Cu 20 is higher than the rate of Cu20 reduction
to Cu by impurity metals. This is because the concentration of impurity metals
decreases with time.
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Figure71. Plot showing experimentally determined relationship Cu recovery vs. oxidation time, with
a flame stoichiometry of 100 mol% énd burner gas flow rate of 15.5 kg/h at 1350°C

Higher temperatures are necessary for volatilisation of some impurities (e.g. Zn and
Pb) and to lower the effective viscosity of the prevailing slag. The slag from the ideal
test condition had a chemical composition with a low viscosity at the oxidation
temperature . Flux additions of 45 wt% CRT slag and 27 wt% FeOs were sufficient to
effect a slag viscosity of 1.78 Pa.sas shown in Figure 62

—Slag 0O Slag (Exp)
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Figure72. Plot showing relationship of slag viscosity vs. oxidation temperature viigimes
stoichiometry of 100 mol% OViscosity of experimentally produced slag from the best test is
supeimposed on the graph

Pagel2l



5.2 CRTssmelting tests

Can reductive smelting of CRT funnel glass and PCB fume produce a crude Pb alloy with a
grade of more than 956t% Pb?

Yes, the test work demonstrated that a Pb alloy with a grade higher than 95 wt% Pb
can be achieved by reductive smelting of CRT funnel glass with recycled PCB fume.
Although the test with the best experimental results obtained a lower Pb recovery of
70 wt% than that predicted by the theoretical calculation, it was able to deliver an alloy
with a similar grade (96.1 wt% Pb and 3.17 wt% Sn) to that predicted by the
calculations (seeTable 61). However, to achieve this grade, the test work had to be
carried out under

different process conditions from those predicted by the

calculations.

The test with the best results was carried out at 1200°C with addition of 5 wt% CRT
fume and 10 wt% PCB fume as compared to half those additions in the theoretical
calculations. Theoretical estimates typically predict higher recoveries as they do not
take into account process inefficiencies associated with actual test work.

Table61. Comparison of theoretical and experimental results of CRTs smelting tests

Theoretical Experimental

Recovery/grade

results results
Recovery to metal
Pb, wt% 78 70
Sn, wt% 85 45
Alloy grade
Pb, wt% 96 96.1
Sn, wt% 3.44 3.17

. Theoretical Experimental

Process conditions

results results
Flame stoich. mol% O, 95 95
Reduction temp, °C 1100 1200
Reduction time, h 1 2
C addition (per kg CRTs)
C, wt% 12.5 12.5
Fume addition (per kg CRTSs)
CRT fume, wt% 2.5 5
PCB fume, wt% 5 10
Flux addition (per kg CRTS)
Na>COs3, wt% 40 40
CaCOs, wit% 10 10
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The test work also confirmed the relationship s between Pb recovery and process
parameters such as reduction temperature and time (seeFigure 73 and Figure 74,
respectively). Thetrends indicate that the higher the reduction temperature, the lower
the Pb recovery to the metal, and the longer the reduction time, the lower the Pb
recovery to the metal. These results correspond wellwith trends published in literature
by Lu et al (2018b)

Lu et al (2018b)argued that the recovery of Pb to metal decreases with increasing
temperature owing to oxidation of Pb to PbO and its re-introduction into the slag. This
was the case because their tests were carried out in air. The current tests were carried
out under a mildly reducing furnace atmosphere ; as such oxidation of Pb to PbO is not
expected. The PbO concentration in the slag from Test 34 was <0.05 wt% signifying
that the Pb did not partition to the slag phase at higher temperatures. Pb is a low
melting point metal (~328°C) and it has a characteristic high vapour pressure at high
temperatures (Seetharaman et al, 2014) Higher reduction temperatures promote
higher recovery of Pbto the gas stream, resulting in lower Pb recovery to the metal.

-3~ Pb(Exp)
100

80

bU Cho (..

Hes
=]
o

Recovery to metal, wt %
)
=

1050 1100 1150 1200 1250
Reduction temperature, °C

Figure 73. Plotshowing experimentally determined relationshiPbfrecovery to metal vs reduction
temperaturewith flame stoichiometry of 95 mol%,@nd burner gas flow rate of 13.1 kg/h

A similar effect was observed with extended reduction time. The longer the reducti on
time (seeFigure 74) the lower the recovery of Pb to the metal. Test 11 and 24 had a
reduction time of 3 h and the PbO concentration of their slags was 0.34 and 049 wt%,
respectively. This implies that the Pb was not recovered to the slag phase but instead
it was recovered to the gas phase. The longer the system is maintained at a high

temperature, an increasing amount of Pb atoms in the liquid metal absorb suffici ent
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energy to escape to the gas phase. This finding implies that having a liquid slag phase
floating on top of the liquid Pb metal during the smelting process does not stop the
volatilisation of Pb to the gas phase, under the conditions evaluated. This aspect
should be investigated further to validate this finding.
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Figure 74. Plot showing experimentally determined relationship of Pb recovery vs. reduction time

with flame stoichiometry of 95 mol%_.@nd burner gas flow rate of 13kg/h at 1200°C

Another trend that was established with the results from Lu et al (2018b)is that Pb
recovery initially increases with increasing C addition to a particular point beyond
which the recovery of Pb to the metal decreases. For the work reported by Lu et al
(2018b)this turning point was established at a C addition of 20 wt%. This C addition
is significantly higher than that predicted by the theoretical calculations, which was
estimated around 405 wt% (see Figure 45) for the current system. The test results
indicate that C additions higher than 5 wt% result in lo wer recovery of Pb to the metal
(seeFigure 75), for a given temperature and fume addition .

The reason why increasing C additions result in lower Pb recovery to the metal (after
the turning point) was not adequately addressed in the work by Lu et al (2018b) It is
also not clear from the current work why this phenomenon occurred, and thus,
warrants further investigation. It is suspected, however, that the turning point was
reached ata lower C addition in the current study because of the mildly reducing
furnace atmosphere and the presence of B2 wit% C in recycled CRT fume. The
reducing furnace atmosphere minimises C burn off and the C recycled with the CRT
fume lowers the C requirement of the process.
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Figure 75. Plot showing experimentally determined relationship of Pb recovery to metal vs. C
addition,with flame stoichiometry of 95 mol%.@nd burner gas flow rate of 13.1 kg/h at 1200°C

According to Shamsuddin (2016) reduction of a metal oxide by C is actually effected
via reduction by CO gas, as per reaction [24].

(Pbo)slag/solid"' {Co}gas: [Pd metal T {COZ}gas [24]
The equilibrium constant of reaction [24] is dependent on the ratio of the partial
pressure of CO to COz as shown by equation [25]:
0 @ 0

' = - = 25
v 0 0 [25]

At equilibrium, the change in Gibbs free energy for equation [25] can be calculated
from equation [26]:

o 0
YO Y TYaE YYa -&li) T Y'Y é—Q—G" [26]

In order to favour the forward reaction of reaction [24], in other words, to promote
reduction of PbO to Pb, the ratio of the partial pressures of CO to CO2 must be higher
than the ratio at equilibrium. Most of the reduction tests readily achieved the reduction
of PbO to Pb, as evidenced by the low residual PbO in the slags (se€lable 56). This
signifies that the applied flame stoichiometry of 95 mol% O » and the C additions were
adequate to provide a ratio of the partial pressure of CO to CO2 that was higher than
the ratio at equilibrium.
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The test work has shown that increasing additions of recycled CRT and PCB fume has
an effect of increasing the recovery of Pb to the metal (sed-igure 76). This is because
CRT and PCB fume arerich sourcesof PbO. CRT fume also contains up to 2 wt% C
which contributes to the supply of the reductant required in the system. Increased
addition of recycled fume make more PbO available in the system to be reduced to Pb
metal. The more metallic Pb particles there are in the slag, the easier it is for the

particles to collide and coalescence, and collect at the bottom of the reactofOkada and
Yonezawa, 2013)
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Figure76. Plot showing experimentally determined relationship of Pb recovery vs. CRT and PCB
fumeaddition, with flame stoichiometry of 95 mol% énd burner gas flow rate of 13.1 kg/h at
1200°C

The slag from the best experimental results had achemical composition with a low
viscosity at the reduction temperature . Flux additions of 40 wt% Na >COs and 10 wt%
CaCOswere sufficient to effect a slag viscosity of 6.4 Pas at a reduction temperature
of 1200°C, as shown inFigure 77. This low slag viscosity commensurate with the low
degree of metal entrainment observed in the slag depicted in Figure 68. The viscosity
of the slag decreases with increasing temperature, resulting in increased percolation

of metallic Pb particles through the slag and collection into the metal phase (Okada
and Yonezawa, 2013)
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Figure77. Plot showing relationship of slag viscosity M&.COs addition Viscosity of
experimentally produced slag from the best test is super imposed on the graph

5.3 Integrated flowsheet

Is it technically feasible to integfe the smelting of waste CRT funnel glass into the same
flowsheet as the smelting of waste PCB concentrate?

Yes, it is technically feasible to integrate the smelting of waste CRT funnel glass into
the same flowsheet as the smelting of waste PCB concentree. A simplified integrated
flowsheet is illustrated in Figure 78. The flowsheet showsthe operating conditions for
each process and summarised compositions of the feed and product streams. The
integration of the two processes isachieved by flow of material from one process to
other. That is, CRT slag is recycled to the PCB smelting furnace and PCB fume is
recycled to the CRT smelting furnace, as depictedin Figure 78.

CRT slag is recycled to the PCB furnace to act as a fluxing agent. The estimated
viscosity of the PCB slag from the best teg was 1.78 Pa.sThis signifies that the CRT
slag contributed positively to improving the properties of the PCB slag. PCB fume was
recycled to the CRT furnace as a source of PbO. The best test achieved the required
alloy grade specification at the highest Pb recovery to the metal with higher additions
of recycled PCB fume (10 wt%). The benefit of increased additions of recycled PCB
fume to the CRT smelting process was illustrated in Figure 76.
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CRT fume |Mass, wile
- PbO 62.0
“l zno 299
Sna 1.59
Raw material Mass, kg
CET funnel glass 100 :
c 125 CRTs smelting furnace CRT Metal|Mass, wilo
L_3{CRT fume 5.0 —_— TE“_‘F" © 1 1‘_}” 3 Fb ?E"i
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Na,CO, 40 Time, h 2 Cn 0.69
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Figure78. Simplified integrated flowsheet showing summarized smelting conditions, feed and product
compositions obtained from the test work
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6 CONCLUSIONS

A study was undertaken on a pilot -scale TBRC faility to investigate the development
of an integrated flowsheet for the processing of PCBs and CRTs. The flowsheet
involved two processes, namely, the smelting PCBs and CRTs. The two processes were
integrated via flow of material from one process to the o ther. PCBs smeltingtests were
conducted to demonstrate that oxidative smelting of PCB concentrate and recycled
CRT slag can produce a crude Cu alloy with a grade of more than 95wt% Cu. CRTs
smelting tests were also conducted to demonstrate that reductive smelting of CRT
funnel glass and recycled PCB fume can produce a crude Pb alloy with a grade of more
than 95wt % Ph.

The PCBs smelting condition that achieved the required alloy grade was an average
oxidation temperature of 1350°C, flame stoichiometry of 100 mol% O2, oxidation time

of 1 h, and flux addition of 27 wt% Fe.Os, per unit mass of PCB concentrate.The
amount of material recycled to integrate to the PCBs process was 4Wwt% CRT slagto
the PCBs smelting furnace The grade of the Cu dloy obtained was 95.1 wt% Cu,

3.89wt% Sn, and 0.7 wt% PDb, at a recovery of 94 wt% Cu to the metal.

The CRTs smelting condition that achieved the required alloy grade was an average
reduction temperature of 1200°C, flame stoichiometry of 95 mol% O », reduction time
of 2 h, and reductant addition of 12.5 wt% C per unit mass of CRT funnel glassas well
as flux additions of 40 and 10 wt% Na>COz and CaCOs, respectively. About 5 wt%
recycled CRT fume was added. The amount of material recycled to integrate to the
CRTSs process was 1Wt% PCB fume to the CRTs smelting furnace. The grade of the
Pb alloy obtained was 96.1wt% Pb and 3.17 wt% Sn, at a recovery of 7t% Pb to the
metal.

The test work provided experimental evidence that the integrated processcanproduce
crude alloy s of Cu and Pb at the required grade specification. Therefore, the study has
demonstrated that it is technically feasible to integrate the smelting of waste CRT
funnel glass into the same flowsheet as the smdting of waste PCB concentrate. This
process flowsheet can be optimised and developed into a technology that can provide
technical capacity to process low-grade PCBs and CRTdocally for metal recovery.
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7/ RECOMMENDATIONS

In order to support further development of the process into a viable technology, the

following activities are recommended:

1.

Further studies should be carried out to improve the fundamental understanding
of the reaction rate and mechanism ofthe reduction of PbO and SnOfrom CRT
funnel glass, as well as the distribution of Pb and Sn to the gas and metal phase. It
was observed that Pb and Sn have conflicting behaviour with increasing
reductant addition. Understanding why or how such a significant amount of Pb
partitions to the off -gas under reducing conditions will inform and i mprove the
design of commercial-scale furnaces to minimise deportment of Pb to the off-gas
and promote its recovery to the metal phase. This design will minimise the
amount of fume generated and reduce the filtration capacity requirement of the
process andcapital investment in the off -gas treatment facility.

A study should also investigate whether a liquid slag phase floating on top of a
liquid Pb metal has any effect on the extent of volatilisation of Pb to the gas phase
at high operating temperatures (i. e., 120@1250°C) And if it has an effect, what
mechanisms are in operation?

Fundamental studies should be undertaken to better understand the role of Fe>O3
as a solid oxidant and source of FeO during oxidative smelting of PCBs. The
study should quantify and optimise its (a) contribution to the oxidation of

impurity metals in the Cu alloy, and (b) effect on slag properties such as liquidus
temperature and viscosity.

Optimisation studies should be undertaken to improve the removal of residual
impurities of Pb and Sn to below 0.05 wt% without excessive oxidation of Cu to
the slag. This study could possibly investigate a two -step process involving
oxidation follo wed by reduction similar to the fire -refining process.

. The primary off -gas filtration stage captured only 27834% of fumes carried by the

off-gas. It is recommended that the capacity of the cartridge filters be reviewed
with the objective of increasing the filtration capacity to more than 90%. If more
fumes can be captured and recycled to the CRTs smelting furnace on a batcko-
batch basis, the recovery of lead to the metal phase, and thus, the metal yield, will
increase considerably.
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6. Further pilot test wor k should be undertaken to demonstrate the integrated
flowsheet by operating the two processes simultaneously in two TBRC furnaces
in the same plant. The test work should run the two furnaces continuously for a
minimum period of two weeks under ideal process conditions established in the
current study. The process information that will be generated from such a study
will confirm the predictions of the process simulation with respect to, among
other process objectives, achieving Pb recoveries of up to 98 wt%and increasing
the confidence in the technical feasibility of the integrated flowsheet.

7. Operating each furnace continuously under the same process conditions will
provide an opportunity to evaluate other process efficiencies such as product
guality, reagent consumption, and recoveries of precious metals In addition to
generating products of consistent composition in large quantities to provide
sufficient sample for downstream assessment, he process information and
operating data will provide valuable information to a techno-economic
assessmentof the integrated flowsheet.

8. An accurate and reliable technique (including sampling and preparation) should
be investigated for analysing PCBs concentrates, especially measurements of
precious metals Au, Ag, Pd and Pt. The metal accounting of these elementsneeds
to be accurate as these precious metals drive the economics of the technology.
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APPENDIX A: SUPPORTING FIGURES AND TABLES

Table62. Typical ©iemical compositions of PCBs as reported in literature (wt%)

Material Species (@) (b) (c) (d)» (e) 4] (9) (h)

Metals Cu 20 26.8 10 15.6 22 17.9 23.5 6.9

(max. 40%) | Al 2 4.7 7 - - 4.78 1.33 14.2
Pb 2 - 1.2 135 155 4.19 0.99 6.3
Zn 1 15 1.6 0.16 - 2.17 151 2.2
Ni 2 047 085 028 0.32 1.63 2.35 0.85
Fe 8 5.3 - 1.4 3.6 2 1.22 20.5
Sn 4 1 - 3.24 2.6 5.28 1.54 1.0
Hg (ppm) S : -2
Cd (ppm) - - - - - - - 94
Sb (ppm) 0.4 0.06 - - - - - 94
As (ppm) - - - - - - - 13
Ga (ppm) - - - - - - - 13
Ge (ppm) - - - - - - - 16
Se (ppm) - - - - - - - 16
In (ppm) - - - - - - - 16
Bi (ppm) - - - - - - - 63
Be (ppm) - - - - - - - 157
Ta (ppm) - - - - - - - 157
Au (ppm) 1000 80 280 420 350 350 570 16
Ag (ppm) 2000 3300 110 1240 - 1300 3301 189
Pd (ppm) 50 - - 10 - 250 294 3
Pt (ppm) - - - - - 4.6 30 -

Ceramics SiO; 15 15 - - - -

(max. 30%) | Al,Os 6 - - - 30t - - 24 g
(CaO+MgO) 6 - - - - -
(Titanates+mica) 3 - - - - -

Plastics PE 9.9 - - -

(max. 30%) PPE 4.8 - - - - -
Polyesters 4.8 - - - - -

Epoxy 4.8 - - - 16* - - 23
PVC 2.4 - - - - -
PTFE 2.4 - - - - -
Nylon 0.9 - - - - -

(a) Shueyet al (2006) (b) Zhao et al (2004) (c) Zhang and Forssberg(1997) (d) Kim et al (2004)" PCBs
incinerated, (e) lji and Yokoyama (1997) (f) Kogan (2006) (g) Ogunnyi et al (2009) (h) MCC (1994)
#Total ceramics, $Total plastics
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The heterogeneous mixture of metals in PCBs is attributed to the many electronic
components attached to the board. The components are described inTable 63 (adapted

from Li et al.(2004).

Table63. Description of eleatmic components found in PCBs

integrated circuits
(ICs)

semi-conductor material used mainly as a timer,
logic gate, computer memory, microcontroller or
microprocessor

Component Description Metals used

Capacitors Devices that store electrical energy in an electrical Pd, Pt, Ta, Tiand Al
field

Chips or Set of electronic circuits on one small flat pieces of Ga, Ge, Ta, Te, As,

Sb, Si, In and Se

electrical signals or power

Connectors Pins, rods or plates used to make quick and reliable Cu, Au, Ag or Fe
electrical contacts on a circuit board

Relays Electrically operated switch used to control circuits CuorFe
with an independent low -power signal

Resistor Devices that implement electrical resistance used to | Ta, Ni or Bi
reduce current flow, adjust signal level or divide
voltage

Solder Low melting point fusible alloy used to create Sn, Pb, Cu, Zn and Sb
permanent bonds between metals for electrical
connections on a circuit board

Switches Electrical devices used to manually cut off or Hg, Cd or Be
reconnect power from an electrical supply

Transistors Semiconductor devices used to amplify or switch Sior Ge

The metals present in PCBs can be summarised into the following groups:

= =4 -4

Base metals (Cu, Al, Zn, Ni, Fe & Sn),
Precious metals (Au, Ag, Pd & Pt),

Toxic metals (Pb, Cd, As, Sb, Hg, Cr, Mn, In, Bi & Be), and
Scarce metals (Ga, Ge, Ta, Te & Se).
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. - - STS J y &
Conductive material organic Screen glass

phosphorus coating \ No lead, containing. a smal! a‘moum of Ba and Sr
- Account for 2/3 of CRT quality

Low melting
point glass

Shadow mask
Funnel glass

Lead: 22%-28%

Iron oxide mask Account for 1/3 of CRT quality

The graphene/

.................................

Electron Neck glass
oun Lead:25%
Account for less than 1% of CRT quality
Non glass material Glass material

Figure79. A schematic of a typical CRT showing glass and-glass materials (source: Meng et(@016)
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Table64. Chemical composition of CRT glass from different manufastemnpared against values published in literature, wiues from literature were
averaged and presentedliable64a s 0 St a n ¢saurcel(Mearcenat, 2096)

Oxide Si0, PbO K,O Na,O AlLO; CaO MgO BaO SrO  Sb,O; Fe; O3 TiO, As,O3 ZnO ZrO,  Others
Color panel

Min. conc. 60.00 0.00 6.00 7.80 2.00 0.00 0.00 9.00  6.00 025 0.07 0.40 0.00 0.00  0.00 8.48
Max. conc. 63.00 3.00 7.50 9.00 3.50 2.00 1.00 11.00 10.00 0.50 0.12 0.60  0.20 0.60  2.50 0.00
Standard conc. 62.00 0.00 7.50 8.00 2.20 0.50 020 10.00 850 0.35 0.08 0.50 0.02 0.30  1.50 0.00
HITASHI 58.86  0.00 7.33 7.57 2.21 1.10  0.21 9.30  8.19 0.61 0.04 0.36 0.00 0.01 247 1.73
MATSUSHITA 59.74  0.00 7.57 7.16 2.06 0.07 0.00 10.06 8.68 0.65 0.07 0.37 0.01 0.52  1.58 1.48
SAMSUNG 59.51  0.04 7.57 7.19 2.10 0.31 0.06 9.57 8.75 0.59 0.06 0.37 0.01 0.39 1.80 1.68
SONY 59.21  0.01 7.64 7.14 2.07 0.07  0.01 993  8.81 0.57 0.07 0.36 0.01 0.51 1.57 2.02
TOSHIBA 60.21  0.00 7.71 6.89 2.05 0.01 0.0l 899 931 0.53 0.07 0.39 0.00 0.52  1.56 1.74
Average values 59.51  0.01 7.56 7.19 2.10 0.31  0.06 9.57 8.70 0.59 0.10 0.37 0.01 0.39 1.80 1.73

Color funnel

Min. conc. 52.00 19.00 7.50 6.00  3.50 2.00  1.20 0.00  0.00 0.10 0.05 0.00  0.00 0.00  0.00 8.65
Max. conc. 56.00 23.00 850 800 500  4.00 200 200  1.00 0.30 0.07 0.10  0.10 0.10 0.00 0.00
Standard conc. 52.00 22,00 7.80 6.80  4.00 3.80 1.80 1.00 0.50 0.25 0.06 0.05 0.01 0.00  0.00 0.00
HITASHI 43.37 21.32 6.72 508  3.95 299 1.58 009 036 0.88 0.06 0.03  0.00 0.00 0.04 1353
MATSUSHITA 50.19 2332 7.30 5.71 3.62 3.78 167 053  0.69 0.55 0.07 0.05  0.00 0.04 0.09 2.39
SAMSUNG 5294 2339 774 567 210 3.53 240 0.10 047 0.40 0.08 0.03 0.00 0.03  0.04 1.07
SONY 50.51 2251 732 564 338 3.80 1.83 1.03  1.04 053 0.12 0.09 0.00 0.06 0.19 1.96
TOSHIBA 51.85 2412 746 554 335 3.70 0 1.77 004 039 048 0.07 0.05  0.00 0.0 0.06 1.09
Average values 49.77 2290 731 553 328 3.56  1.85 036 0.60 0.57 0.10 0.05 0.00 0.03  0.08 4.01

Black & white (panel and funnel)

Min. conc. 64.00 280 6.00 6.50 @ 3.00 0.00  0.00 9.00  0.00 0.30 0.05 0.10  0.00 0.00  0.00 8.25
Max. conc. 66.00 440 7.50 8.00  5.00 1.00 0.00 12.00 2.00 0.60 0.20 0.20 0.30 0.10 0.50 0.00
Standard conc. 65.00 4.00 7.00 7.00  3.00 0.50 0.00 11.00 1.00 045 0.12 0.15  0.01 0.05 0.25 0.47

Funnel CLINTON Corp. 63.55 347 624 6.90 3.08 0.03  0.01 1274 1.15 0.75 0.06 0.00 0.01 0.01 0.0l 2.00
Panel CLINTON Corp.  63.88 342 628 7.00 3.10 0.02  0.01 1285 L.15 0.74 0.06 0.01 0.00 0.00 0.03 1.46
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APPENDIX B: PCBsPRE-PROCESSING TECHN IQUE S

PCBs undergo mechanical, physical and chemical processes to separate metallic
components from the non-metallic components (see Figure 83). The details of each

processare briefly discussed in this section.

Waste PCBs

- ¢ - Remaove reusable

Dls;r;:néllng = ortoxic electronic
g components

_$ _____________ —

' |
| Pre-processing |
: stage Comminution I
| l |
' |
' Graviy |
b, ; ravi |
——————————— Plastics #————— ; % Ceramics
| Tupe of plastics | | separation |
| Recyclables [ l i
| PE, PR, PVC : I I
| PTFE, PPE, nylon Chemical
' ' 11 - i
| Non-recyclable | | separation Metals |
| Fibres,resin, : I l I
I epoxy b |
___________ | Magnetic ; Ferrous | Processing
Carbon Furnace separation metals stage
black, tar

oil, fuel l

Mon-ferrous
metals

|

Electrostatic
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|
|
|
|
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|
|
|
I In, Ni,Pb, Sb

Figure83. Flowsheet showing the ppeocessing stage of PCBs (adopted from K2(/h6)

Mechanical processes

The stripped boards then go through comminution, which serve s the purpose of
liberating metallics from the non-metallics fractions by size reduction. Various types
of hammer crushers, rotary crushers, shredders and cutter equipment are used. Low
speed high torque shear shredders are ideal for primary crushing, whil e a number of
ball mills are used for finer grinding (Zhang and Forssberg, 1997). The comminution
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equipment is operated in line with a sieve to classify the different -sized particles.
Screening has not only been utilized to prepare a uniform-sized feed to a certain
process but also to upgrade the metals content (Zhang and Forssberg, 1997). After
primary shredding and screening, secondary stage crushing with dry air cyclone
classification are used with dust collection systems.

Sampling of PCBs for chemical analysis normally occurs after the comminution step.
A typical flowsheet depic ting the steps involved in the pre-processing stage of PCBs is
illustrated in Figure 83.

Physical processes

The next step after comminution is gravity separation. Gravity concentration methods
separate materials of different specific gravity by their relative movement in response
to gravity as well as other factors such as particle size and forees exerted by viscous
liquids (Zhang and Forssberg, 1997). Shaking tables, water or airflow tables, heavy
media separation and sifting are common gravity separators used in PCBs recycling
to achieve separation of metals from plastics and ceramic components(Savar et al,
2015).

The metals concentrate from the gravity separation step is further upgraded in a
magnetic separator to separate magnetic metallic particles (ferrous) from non-
magnetics particles (non-ferrous). Yamane et al (2011) reported that magretic
separators, in particular, low -intensity drum separators, are widely used for recovery
of ferromagnetic metals, which includes Fe, Ni and steel, and non-magnetic fractions,
which includes Cu, Pb and Zn. The non-magnetic fraction flows to the next physical
process step while the ferrous fraction is recycled to Feand steel recycling industry for
processing.

Residual plastics and other fine non-metallics are separated from the non-ferrous
fraction by an electrostatic separator. The Coronaelectrostatic method is the most
effective separation technology for metallic and non -metallics at present (Hadi et al.,
2015) Materials are separated by their difference in electrical conductivity, specifically
difference in polarity and amount of charge acquired by particles to be separated (Lu
et al, 2008). The product streams are sent to the next respective steps.
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Chemical processes

The residual plastics removed from the electrostatic separation step is recycled and
combined with plastic fractions removed at the gravity separation step. A number of
chemical processes are applied to treat this fraction depending on the type of plastic.
Pyrolysis, gasification, depolymerisation and hydrogenolytic degradation are some of
the processes that are applied to decompose the polymers to low molecular weight
products such as carbon black, tars or oils which can be used as fuel (Gucet al, 2009.

APPENDIX C: CRTs PRE-PROCESSING TECHNIQUES

Pre-processing of CRTs is mainly focussedaround separating the Pb-rich funnel glass
from the Pb-free panel glass(seeFigure 84). The three main pre-processing techniques
of CRTs are briefly discussed in this section.

Pre-processing |
stage
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screen/monitor
Dismantling
stage
|
v v v v v
Plastic Metallic CRT Internal Circuit
compaonents components wiring boards
Recycle to respective Recycle to respective
secondary industry secondary industry
-—————————————————
|
|
| i ¥ l :
: Manual Semi-automatic Automatic |
| techniques techniques techniques :
|
|
|
|
: * r + b |
| Manual Thermal Chemical Mechanical Crushing & :
: separation separation separation separation screening |
|
I ¥ |
| Ferrous Magnetic |
| metals ¢ separation :
|
| ol
Mon-ferrous Eddy current |
I metals separation :
I ! Panel | ' Funnel | ) '
i ! unnel ! - |
I i glass | glass ! Phosphor | Coating |
I R S ! St dust removal :
I v |
| Dptical !
I sorting I
! I
i |

Processing
stage

Figure84. Flowsheet showing the ppeocessing stage of CRTs (adapted from Xu €2@1.2)
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Manual separation

Manual separation techniques are prevalent in the informal sector of developing

countries. Primitive methods such as physical dismantling by using tools such as

hammer, chisel, and screw driver are adopted to separate the panel and funnel glass
as well asto extract other recyclable components within the tube such as electron gun,
deflection metals, shadow mask and implosion protection band (Liu et al, 2006)

A hammer is used to break off the neck glass, which also releases the vacuum, followed
by gently breaking the funnel glass while the panel glass is intact. A vacuum cleaner
is used to collect the phosphor dust from the inside surface of the panel glass. The
clean panel and funnel glasses are broken into smaller pieces and stored in different
bulk bags (Liu et al, 2009.

Manual techniques are considered to be costefficient due to use of unskilled manual
labour but commonly have poor standards in terms of protection of the environment
and health of the workers, and they are not suitable to handle high volumes of CRTs
(Xu et al., 2012

Chemical separation

This is one of the three semiautomatic techniques used in the ewaste industry, with
the other two being thermal and mechanical separation. Chemical separation involves
the use of a hotHNO 3 bath to leach the frit solder in the panel-funnel interface (Yan et
al., 2008. This requires the CRT to be soaked into the bath for a particular period of
time.

The hot acid bath method is relatively simple and cheap. However, this method cannot
achieve a clean separation between the panel and funnel glassFurthermore, treatment
of wastewater incurs additional costs (Yan et al, 2008,

Thermal separation

Thermal separation can be achieved by use of a laser cutter or electricallyheated wire.
In the electric wire heating method, a nickel-chrome wire is wound along the panel -
funnel interface and heated for a short period (Lee et al, 2004) The heated area is then
suddenly cooled by blowing cold air to thermally shock and create a crack in the
interface that allows the panel glass to be separated from the funnel glass. The laser
cutting method applies the same principle except that the heding is effected via a laser
beam.
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The limitation with the electric wire hea ting method is that it cannot be used for all
sizes of CRTs. It is most appropriate for dismantling CRTs with 14 to 25 inch screens.
In addition, the noise and dust emissions can have adverse effects on the health rad
safety of the workers (Hu et al, 2007.

In contrast, the laser cutting method is very efficient and can be used for all CRT sizes
(Yin et al, 2008. This method can cut up to two CRTs per minute, depending on the
size. The disadvantage with this method is that laser cutting is energy intensive, thus
it is associated with high operating costs and significant capital investment (Xu et al,
2012)

Mechanical separation

Mechanical separation is achieved with a spinning diamond saw. The CRT monitor is
placed on a rotating handle and contacted with a spinning diamond saw disc at the
panel-funnel interface under dry or wet conditions ( Herat, 2008. This method is
efficient and no additional treatment is necessary but the process is slow and the
resulting dust (under dry conditions) Pbs to difficulties and unsafe working conditions

(Herat, 2008.

Automatic techniques

The separation of panel from funnel glass can be achieved by using sensor guided
automatic sorting (Xu et al, 2013. The stripped CRTs are first crushed, sieved, and
partly separated into coarse and fine glass cullet. Ferrous metals are separated from
the glass by magnetic separation while non-ferrous metals are removed by eddy
currents.

The phosphor coating on the panel glass as well as theFe oxide coating on the funnel
glass is removed by washing the cullet in a tumbling mill. After washing off the dust,
the cullet is dried using electric oven. The dried cullet is then separated into panel and
funnel glass pieces by optical sotting (Xu et al, 2012)

The advantage of crushing and sorting techniques is that they eliminate the need to
separate the whole panel and funnel glass, but rather these are crushed together and
then sorted. The drawback is that state-of-the-art equipment have significant capital
requirements. Furthermore, the use of X-ray equipment in a plant requires appropriate
shielding and must follow strict rules to protect workers from exposure (Yan et al,
2008.
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APPENDIX D: ALTERNATIVE PROCESSING OF PCBs
AND CRTs

Alternative proc essing of PCBs

Thiosulfate and thiourea are used as leachates primarily aimed at dissolving Au from
PCBs, with thiosulfate considered a nontoxic and low -price alternative to highly
oxidising and corrosive acids (Ha et al, 2010; Liet al, 2012) Thiosulfate leaching
generally takes place in an alkaline environment and optimal leaching rates can be
achieved under ambient temperatures (<40°C) (Kasper and Veit, 2018) The highest
leaching rates of Au (90% from PCBs) were reported by Haet al (2010)from a mix ed
lixiviant of thiosulfate, ammonia and tetra -ammine cuprate (ll) ions. In thiosulfate
leaching processes, large quantities of reagents are consumed resulting in higher
operating costs that are not financially feasible for commercial application (Gu et al,
2019)

Leaching with thiourea takes places under acidic conditions (Li et al, 2012) Ferric ions
are usually added as an axidising agent to reduce the dissolution time (Gurung et al,
2013) Besides Au, thiourea is able to leach out other precious metals such as & and
Pd. The highest leaching rates of Au (95%), Ag (93%) and Pd (99%) were achieved at a
pH of 1 and temperature of 70°C (Quinet et al, 2005) Gurung et al (2013)reported that
Au leaching rates with thiourea are generally higher than those of thiosulfate, and
leaching times are shorter with thiourea leaching.

Halide leaching was studied by Xiu et al (2015) whereby an iodide -iodide halide
leaching method was applied to extract Au, Ag and Pd. This method was considered
uneconomical for large-scale practice as iodide is consumed in large volumes and the
reagent is expensive(Awasthi et al, 2017)

Bacteria-assisted leaching reactions employed in biometallurgy have been regarded by
Cui and Zhang (2008)as a potential major technological breakthrough. Several gudies
have been undertaken to investigate the bioleaching of PCBs, and acidophilic bacteria
are the most frequently used micro-organisms in bioleaching processes(Arshadi et al,
2016; Horeh et al, 2016) A study by Chi et al (2011) used a cyanide-generating
bacterium to leach Au and Cu from PCBs. This method was considered
uneconomically viable due to low leaching rates (10.8% Au and 11.4% Cu) and long
processing duration (8 days).
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Ruan et al (2014)also obtained low leaching rates of 8.2% Au, 12.1% Ag, and 52.3% Cu
after leaching with pseudomonas chlororaphis bacterium for a period of 3 days.
However, the work of Shah et al (2014)discovered that the oxidation of Fe2* to Fe3*
medium promotes the leaching efficiency of bioleaching processes. This discovery
helped increase leaching rates of Cu, Ni and Zn to 99%, 84%, and 99%, respectively,
after a duration of 638 days. Despite the high leaching efficiencies, the extended
leaching durations make these processes challenging to industrialise (Arshadi et al,
2016)

Alternative processing of CRTs

The study by Pruksathorn and Damronglerd (2005)found that HNO 3 and acetic acid
were better solutions for the dissolution of PbO compared with NaOH, HCI, and
H2S04. They reported that more than 95% of the Pb was leached by 0.1 mol/kg HNO 3
or 0.5 mol/kg acetic acid. Miyoshi et al (2004) studied a subcritical hydrothermal
process at 355°C and 24 MPa followed by HNO;s leaching at 100°C to remove 93% Pb
from the silicate glass.

Other studies such as the work of Saterlay et al (2001) reported the use of power
ultrasound to enhance the removal of Pb via an accelerated leaching protocol. Sasagt

al. (2008) studied the use of a chelate reagent sodium ethylenediamine tetra-acetate
dehydrate during a wet ball -milling process at room temperatur e.
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APPENDIX E: RATE OF OXYGEN ABSORPTION

Marin and Utigard (2005)investigated the effect of O partial pressure, flow rate of O>
gas mixture, and lance tip distance from surface of liquid Cu, on the rate of O>
absorption into liquid Cu. All tests were carried out at 1200°C and O gas mixture was
blown on the surface of liquid Cu held in an Al 203 crucible.

Figure 85shows O partial pressures as a function of time for different starting partial
pressures of nitrogen. The test with 0 kPa partial pressure of nitrogen showed a lower
O partial pressure (in (a)) and a faster drop in O2 partial pressure (in (b)) compared to
tests with nitrogen added to the gas mixture. This signifies that the presence of other
gaseous species in the gas mixture interferes and lowers the rate ofD, absorption.

100 30
€ pf @ s o5t (b)
° = pN, = 20.2 kPa
S =
2 60| PNy (t=0)=354kPa Z 20 e
o | pNy(t=0)=505kPa & 5 _— pN,=354kPa
g or [ pN, (t=0) = 20.2 kPa < 10
£ o} = & N\ PN,=0kPa
o PN, (t=0) = 0 kPa S sl \—

0 | ] | :

0 5 10 15 20 0 5 10 15 20
Time (min.) Time (min.)

Figure85. Graphs showing partial pressure@f as a function of time for different starting partial
pressures of nitrogen with (&) flow into the system, (b) withou®. flow into system (valves closed)
(source: Marin and Utigard2005)

Figure 86(a) clearly depicts the relation between O, absorption rate and O partial
pressure. The higher the O partial pressure, the higher the rate of O> absorption.
Furthermore, a higher flow rate of O> gas mixture resulted in even higher rate of O>
absorption relative to a lower flow rate. Figure 86(b) illustrates that the shorter the
distance between the tip of the lance and the liquid Cu surface, the higher the rate of
O absorption.
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Marin and Utigard (2005)

APPENDIX F: MANUAL SEPARATION OF CRTs

Manually separating the components of a CRT presents health and safety risks.The
risks associated with a Pb-bearing glassy material necessitates the use of grsonal
protective equipment (PPE) and tools listed in Table 65. A step-wise procedure to
safely dismantle the CRT and manually separate out the metallic, plastic and rubber
components as well as separding panel glass from funnel glassis presented in aflow
chart in Figure 87.

Table65: PPE and tools required for manual separation and smashing of CRTs

Item | PPE requirements Item | Tools and equip ment requirements
1 | Hard hat 1 | Chisel
2 | Face shield 2 | Hammer
3 Clear safety goggles 3 Spatula
4 | Dust mask 4 | Brush
5 Ear plugs 5 Vacuum cleaner
6 | Coveralls 6 | Ladle
7 Long sleeve leather gloves| 7 Bulk bags
8 | Safety boots 8 | Forklift

Pictures showing the typical physical appearance of the metallic, plastic and rubber
components manually separated from the CRTs are shown in Figure 88and Figure 89.
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Figure87: Process flowsheet illustiag the stepwise procedure for the manual separation of CRTs
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(b)

Figure88. Components manually separated from CRTSs include (a) shadow mask, (b) metal bands, and
(c) plastic casings

Figure89. Components manually separated from CRTs include (d) electron gun, (e) rubber inserts,
and (c) phosphor dust

APPENDIX G: OTHER RAW MATERIALS

Pictures depicting the typical physical appearance of other raw materials used in the
test work are given in Figure 90and Figure 91.

@) (b) (© (d)

Figure90. Picture ofotherraw materials includinga) anthracite, (bNa:CQOs, (c)CaCQ, and ¢)
hematite
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(b) ©

Figure91. Typical physical appearanceefycled materials includin@) CRT slag (b) CRT fume,
and (c)PCBfume

APPENDIX H: DETAILED ANALYTICAL RESULTS OF
PCBs

Bulk chemical composition of PCBs

The <chemical composition of PCB <concentrat
presented in Table 66. The composition of the metallics component of the PCBs was
reconstituted from masses and volumes given in Table 67 and solution concentrations

given in Table 73. The final PCB concentrate composition was calculated from the

contribution of metallics and ceramics components applying the mass distribution

given in Table 69.

Table 68 presents the chemical composition of PCB concentrate as analysed by

Scroobydés. A field image map and phé&guees det e
92 and Table 70, respectively. The bulk modal composition of the PCB size fractions
and the reconciled composition of the PCB co

is given in Table 71and Table 72, respectively.
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Table66. Chemi c al composition of PCB concentrate as
Mass, ppm
Sample Al Ca Cr Cu Fe Mg Mn Ni Pb Si Ti Zn Sn Au Pd Pt Ag Total
Cu <0.05 <0.05 <0.05 93.2 0.06 <0.05 <0.05 0.10 0.28 0.01 <0.05 0.10 0.40 | <0.1 431 18 989 94.1
Brass 0.15 <0.05 0.75 66.0 409 <0.05 007 071 183 0.03 <0.05 211 524 | <01 246 20 1256| 100
Solder 10.2 <0.05 0.03 21.7 148 <0.05 0.01 147 6.12 0.02 0.01 109 436 | <0.1 85 <0.1 1536| 954
Mixed fines 0.57 <0.05 <0.05 66.7 133 <0.05 0.02 0.15 270 0.01 <005 266 228 ]| <0.1 261 <0.1 1474 96.9
Metallics 1.40 <0.05 0.25 67.1 198 <0.05 0.03 047 228 0.02 <0.05 9.09 145 | <0.1 273 11 1304| 97.2
Sample Al,0; CaO Cr0;3 CuO FeO MgO MnO NIO PbO SiO; TiO ZnO SnO KO Na0O BaO SrO | Total
Ceramics 27.3 0.80 0.22 17.2 2.88 159 065 022 727 198 037 579 - - - - - 84.1
Mass, ppm
Sample Al Ca Cr Cu Fe Mg Mn Ni Pb Si Ti Zn Sn Au Pd Pt Ag Total
PCB conc 1.90 0.02 0.24 64.3 1.96 0.04 005 046 244 038 001 882 138 <0.1 260 10.0 1239| 98.1
Table67. Mass and volume of PCB fractions dissolveAgua Regiddy Mi nt ek ds ACD
Hand sorting Dissolution Wash water
; Mass dissolved Vol of filtrate . Vol of wash water
Sample Mass (g) | Mass fraction Start mass (g) ) solution (L) Residue (g) WL
Brass 77.9 30% 38.1 375 0.133 0.60 0.11
Cu 51.2 20% 24.9 24.7 0.075 0.20 0.10
Solder 30.7 12% 14.9 12.9 0.073 2.00 0.19
Mixed fines 87.8 34% 44.9 39.1 0.126 5.80 0.20
Non-metallics 11.0 4%
Total 259 100% 123 114 8.60
Table68. Chemical composition of PCB concentrate as anal
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Mass, ppm
Sample Al Ca Cr Cu Fe Mg Mn Ni Pb Si Ti Zn Sn Au Pd Pt Ag Total
Metallics1 129 <0.05 <0.05 624 093 <0.05 0.08 028 845 <0.05 <0.05 6.74 179 6.00 <0.1 <01 854 98.1
Metallics?2 161 <0.05 <0.05 652 145 <0.05 0.06 024 556 <005 <0.05 10.1 146 | 10.0 <0.1 <0.1 558 98.8
Metallics3 224 <0.05 <0.05 657 050 <005 003 025 6.95 <0.05 <0.05 873 125|220 <01 <0.1 634 96.9
AVERAGE 171 <0.05 <0.05 644 096 <0.05 0.05 026 699 <005 <0.05 852 150 127 <0.1 <0.1 682 97.9
Sample Al,0; CaO Cr,03 CuO FeO MgO MnO NiO PbO SiO; TiO, 2ZnO SnO KO NaO BaO SrO | Total
Ceramicsl | 64.1 237 0.16 <0.05 052 364 028 004 127 211 060 <005 <0.05 064 <005 1.03 0.06 | 958
Ceramics2® | 128 1.00 <0.05 0.10 0.10 <0.05 <0.05 0.2 727 108 0.30 <0.05 <0.05 0.30 <0.05 0.20 <0.05| 98.5
Ceramics3 | 50.7 254 0.33 03 072 492 012 0.82 <0.05 344 057 <0.05 <0.05 0.72 <0.05 0.72 <0.05| 96.9
AVERAGE 574 246 025 030 062 428 020 043 130 278 059 <0.05 <0.05 0.68 <0.05 0.88 0.06 | 97.1
A - values not included in calculation of average composition for ceramics due to significant anomaly with results of this sample
Mass, ppm

Sample Al Ca Cr Cu Fe Mg Mn Ni Pb Si Ti Zn Sn Au Pd Pt Ag Total
PCB conc 284 0.07 0.01 6122 093 010 0.06 026 6.68 052 0.01 810 143 | 12 <0.1 <0.1 648 95.1
Table69. Distribution of metallics, ceramics and plastics

Sample Metallics | Ceramics | Plastics | Total

PCBconcl 96.0 3.2 0.79 100

PCB conc2 95.3 4.6 0.09 100

PCB conc3 94.1 4.07 1.82 100

AVERAGE 95.1 4.0 0.9 100
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(b)

Figure92. Image of (a) polished slab of PCB concentrate, and (b) false colour field image map
generated by QEMSCAN. Particles numbered are 1=Al, 2=Cu, 3=Zn, 4=SnPb, 5=Fe, 6=ceramic

Table70. List of metals, alloys and oxides detected wghthQE MSCAN by Mi nt ekads

Grouping Metal/alloy Grouping Metal/alloy/oxide
Cu Cu Ag Ag
CuZn (brass) AgNi
CuZnNi Nickel Ni
CuNi NiSn
CuSn NiP
CuMn Silicon Si
Zn Zn Titanium Ti
Znsn TiV
Al Al TiMn
AlAg Manganese MnNi
Pb Pb Ceramics SiO,
PbTi MnO
PbSn (solder) SiMgAICaO
PbSi AISIiO
Sn Sn AlCaO
SnPb CuZnSnFeSiO
SnCu AgPdCaAISIiO
Iron Fe Other Plastics
FeCr
FeCrNi
FeCrMn
FeNi
FeNiCo

Table71. Bulk modal composition of PCB concentrate fractions as analysed with QEMSCAN by
Mi ntekds MNL
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