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Abstract

Cemented tungsten carbides provide a pre-minedeasdy accessible secondary source of
tungsten and cobalt critical metals. The abilityagidic media to leach and collect metallic
species from the cemented carbide composite mhaisridased on one mechanism: metallic
binder dissolution. However, members of the iroougr, namely, Fe, Ni and Co, when used as
binders in cemented carbide, wet the grains ofdtergcarbide (WC) making it very difficult to

remove them from between the grains during recleamat

This research project explored the possibility esigning a technique wherein the Co binder
phase is selectively extracted whilst leaving th€ Ward phase intact. It is this possibility
wherein the properties of cemented carbide werestigated so as to understand the possibilities
and limitations of the approach. The propertiec@iented tungsten carbide were evaluated
using a Field Emission Scanning Electron MicroscfleSEM), a Rockwell Hardness Tester

and a GX50 inverted metallurgical microscope.

Preliminary tests in 1M sulphuric acid showed thatacidic oxidative environment enabled Co
binder dissolution to extraction levels where stecdissolution of the cobalt binder metal is
guaranteed. Initial tests gave a Co extraction o¥8in 6 h. Further tests gave a Co extraction of
up to 99.6% in 10.5 days. The dissolution proceskracovery of constituents was studied using
various technigues including a statistical Desifiexperiments (DOE) for modeling optimum
leaching conditions, factor range finding tests doalysis of influence of process parameters,
reagent selection tests for finding a suitableviaat and a conceptual kinetic model for
describing Co dissolution from the binder matrieaching, precipitation, solvent extraction and
electrorecovery techniques were used for leaclofiguirification and resource recovery of WC
and Co constituents. Co dissolution followed kioetiodels, x = kt and 1- (1% = kt and
activation energies: 56.70kJrifoand 21.07kJmé! suggesting chemical reaction and thin film
diffusion control. Co dissolution exhibited a stgopdependence on temperature, leaching time
and acid concentration. The DOE regression modsligied a maximum Co extraction rate of
25.0% at optimal leaching conditions of 82°C, 2MSKEy and 10 h leaching time. The Co
extraction rate found experimentally was 24.1%.ngsoptimal conditions and increased
leaching time gave 97.6% Co extraction in 4.2 dAysincrease in temperature from 82 to 92°C

yielded 98.2% Co extraction in 1.5 days. Factotysbation plot revealed temperature as the key
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driver of the Co dissolution process. A dosage %f &/v) lactic acid strongly impacted Co

extraction in the first 1 h but waned with incremsieaching time due to poor mass transfer in
the inner core of the button. The recovered WC movexhibited well faceted fine particles; the
electro-recovered Co metal showed morphologica&grty and the economic factors indicated
economic process viability, thus presenting a fbsspractical application of the cemented

tungsten carbide recycling process.
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T Absolute temperature (K), temperature (°C)
Toff pulse off time (s)

Ton pulse length (s)

wt.% weight percentage

Xi i" value in a data set

p Density (g/cr)

kWh kilo Watt hour (3.6x10J)

pKa negative log of a dissociation constant
AG® Standard conditions Gibbs free energy
AH° Standard conditions enthalpy (J)

AS° Standard conditions entropy (J/K)

List of Abbreviations

ASTM American Society for Testing and Materials
DC direct current (A)

OCP open circuit potential (V)

PED pulse (d) electrodeposition

Page xxiii



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

SD standard deviation

SHE standard hydrogen electrode
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CHAPTER ONE
INTRODUCTION

1.1 Background

Cemented tungsten carbides, also known as hardmeta a range of composite materials,
which consist of hard tungsten carbide (WC) paticbonded together by a metallic binder.
Cemented carbides are made using sintered congpusitof one or more metallic carbides;
usually the carbides of tungsten (W), Ti, Ta and Wibh an auxiliary binding metal of the iron

group, usually Co and to a lesser extent Ni (Tr&d46; Exner, 1979).

The tungsten metal used in the cemented carbidesfananring process is sourced from both
primary as well as secondary resourddg.(L.1). Primary resources contribute about 66% from
virgin tungsten (Bhosale et al., 1990). Secondaspurces contribute about 34% of which 10%
is from scrap generated as rejects during proogssid about 24% from used or worn-out tools
and wear parts from industry. It has been estim#itad reject material generated from the
production process, worn-out or used tools and weats from industry, typically contains 40-
95% tungsten (Bhosale et al., 1990; Trent, 194®)s Tindicates that tungsten-based scrap
recycling is vital to the supply and demand of t&teg raw materials. Surveys and forecasts
show that tungsten carbide scrap will become areasingly important source of raw material

for the worldwide tungsten industry (Kimball, 2014)

Scheelite/Wolframite concentrate

Secondary tungsten
Primary tungsten 34%
66% <+

~N 7

Total tungsten demand
100%

N

Final Prooducts > Scrap from used
90% tools and wear parts
24%

Scrap generated
during processing —
10%

Fig.1.1: Tungsten Flow Sheet (Bhosale et al, 1990)
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Although South Africa has no exploitable tungsteserves, it has tungsten processing industries
that manufacture tungsten-based products. The temgaw materials used in these industries
are sourced from countries abroad. The potentiaestloping efficient alternative methods of
recycling tungsten-based scrap would optimize thibzation of local secondary tungsten
resources and generate revenue. For countries wittumgsten reserves, the recycling of
tungsten-based scrap metal has the potential tdaubh on import costs by about 20-30% and
lower raw material costs by about 15-50% (Lassimer &chubert, 1999; Bhosale, et al., 1990).
Thus, tungsten resources have the potential tocegdo a considerable extent, South Africa’s

dependence on foreign supply of tungsten raw nadseri

The high value and strategic importance and impctungsten on the global economy
(Tablel.1), coupled with the need for energy conservatiespurce preservation, and stricter
implementation and enforcement of environmentalislagon, has caused the scientific
community to focus on finding innovative and altime methods of recycling tungsten-based

secondary material.

Table 1.1: Tungsten Production and Price Estimates

Scheelite/Wolframite Concentrate Price
Estimate:

(USD11, 500-14, 500/tonne, >65% WO
(CTOMS, 2019)

Annual Concentrate Production Estimate:
~86,400 tonnes (Kimball, 2017)
= USD1.13billion

Tungsten Finished Products Price Estimate
Broad range: USD25 — 2,500/Kg
Majority: USD100 — 350/Kg
(Midwest Tungsten Service, 2019)

As the major constituents of hardmetal scrap, W @odare amenable to metallurgical and
chemical processes of recovery. They could be ee-ifsthe cobalt bond between the carbide

and the cobalt metal binder could be removed (BdinE971). Currently, the zinc process is
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widely used to recycle cemented carbide scrapttbsitmethod is highly energy intensive and
requires costly equipment (Gurmen, 2005). Howesgetective leaching of the cobalt binder
phase could be a potential alternative to the pnacess in view of lower energy consumption
and environmental impact (Gurmen, 2005). The chgdewith conventional acid leaching
methods, though, is slow dissolution kinetics (Bady 1971) which some authors (Lin et al,
1995; Guedes de Carvalho and Neves, 1992) havbuddtl to tungsten passivation. It is,
therefore, postulated that if the use of an org@hielating agent can solubilize tungsten in a
complexation reaction, then this could eliminate passivation effect which in turn would allow

cobalt dissolution, using an inorganic acid, touwawithout obstruction.

Therefore, this study is focused on using sulphadicl, an inorganic acid, in conjunction with
lactic acid, an organic chelating agent, to seletyi and optimally extract the cobalt binder
phase as well as recover tungsten monocarbide (Wdly particles from WC-6wt%Co

manufacturing scrapped inserts.

1.2 Problem Statement

Although the recycling of cemented tungsten carlsiciap metal has been the subject of much
study, published information on the complexatioerdepided acid leaching of the scrap metal
appears to be non-existent. Therefore, the curstmdly sought to address this scientific
knowledge gap and to provide a novel approach ¢gcte hardmetal scrap. The dissimilar
cemented carbide phases, WC and Co, when leachegl stdphuric acid, an inorganic acid, in
conjunction with lactic acid, an organic chelatiagent, will yield WC and Co to achieve

optimum recovery of both valuable constituents frmemented carbide secondary material.

1.3 Novelty

The conventional method of leaching cemented carl(d/C-Co) was based on cobalt
dissolution using inorganic acids. This reactiomwblver, was adversely affected by the
formation of insoluble tungsten precipitates. Tmespnce of tungsten precipitates hindered the
diffusion of reactants and products. The convemtioleaching method, nevertheless, was
modified to make it optimal by utilizing a combirat of an inorganic acid such as sulphuric
acid and an organic acid such as lactic acid. tautid is an organic chelating agent with a high
selectivity for tungsten complexation and solubilian. The two acids possessing significantly
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different chemical properties, when combined, posdu a composite lixiviant with
characteristics different from the individual acid$ie modification of replacing an inorganic
acid with a composite lixiviant to enhance the lesdulity of the cobalt in the cemented tungsten
carbide is the novel part of this study. In thisrkygrocess conditions were optimized and high
cobalt extraction efficiencies were achieved witlghort leaching times. In addition, key
valuable constituents, WC and Co, were successfedigvered from cemented tungsten carbide-
cobalt secondary material. The recovered matedsads highly valuable and are of strategic

importance to South Africa as well as the globalremy.

1.4 Research Objectives

The aim of this study was to develop a cementedsi@m carbide-cobalt (WC-Co) secondary
material recycling method, which is energy and ceficient, environmentally friendly and
converts all the scrap metal constituents into afallel products. This aim was achieved by the

following objectives:

Investigation of parameters which promote cobadsadliution in WC-Co using the acid leach

process

* Investigation of the response characteristics of-@4Cduring leaching so as to understand the
limitations of the recovery process

» Derivation of a conceptual reaction kinetic moaelWC-Co dissolution

* |dentification and optimization of factors whicHluence WC-Co dissolution

* Purification and enrichment of WC-Co leach liqusimg a solvent extraction process

» Recovery of Co from WC-Co leach liquor using arcelerecovery process

* Recovery of W from WC-Co leach liquor by precipibat

» Determination of the cost implications of the oVeracovery process

» Determination of the conditions which were favodeafor acid recycling in the acid leach

process

1.5 Research Methodology
The following major tasks were involved in the @®f methodology for this study: literature
review, experimental design, laboratory testing daldoratory test data analysis, drawing

conclusions from results and recommendations.

Page 4



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

1.6 Thesis Lay out

This section provides a snhapshot of the chaptedssactions that are covered in this thesis,
which comprises eleven chapters. Each chapter $agih a short introduction that highlights
the areas that are addressed in various sectiathe @hapter. A summary is provided at the end
of each chapter to focus the reader on what has addressed and also guides the reader to
subsequent chapters. A schematic representatioteotthesis layout is summarized in the

flowchart inFigure 1.2

Chapter llntroduction: This chapter provides the motivation for the resleathe problem

statement, and the overall objectives of the study.

Chapter A.iterature Review: This chapter sets out to review related literatmehe recycling of
cemented tungsten carbide scrap metal. The chapteides general knowledge on cemented
tungsten carbide production and microstructure #ied current thermal, physical, chemical,

electrochemical and electrolytic means of recovery.

Chapter 3Experimental Design: This chapter describes the materials and methsed in the

study.
Chapters 4-8: These chapters describe the labgratstis and findings as depictedrigure 1.2

Chapter 9Process Flowsheet Development: This chapter focuses on the development of the
general flow of unit processes, equipment used &b ag techno-economic evaluation of the

process.

Chapter 10Conclusions and Recommendations. This chapter concludes the thesis with a

summary of the findings and recommendations.

References to all articles used in the study aseiged at the end of each chapter. The appendix

section provides other important data.
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e Background e Objectives
*  Research Problem *  Research Methodology

EXPERIMENTAL RESULTS
ANALYSIS

I

Fig.1.2: Thesis Layou
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1.7 Summary
In this introductory chapter, the background, peoblstatement, novelty and objectives of the
research study were discussed. This was followedabghort description of the research

methodology and thesis layout. The next chaptaeeveyrelevant literature.
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CHAPTER TWO

LITERATURE REVIEW

The aim of this literature review is to give a geheoverview of cemented tungsten carbide
constituents, sources, production processes, nigobsre and recycling methods. In this
review, the importance of selecting a route forycing cemented tungsten carbide secondary
material, based on its chemical and physical charigtics, and subsequent preference towards
an acid leach process is highlighted. The chapteds ewith a review of important

hydrometallurgical processes which will be usethmstudy.

2.1 Cemented Tungsten Carbides

Cemented tungsten carbides are widely employed hn manufacturing, petrochemical,
aerospace, construction, gas drilling and mininggae as tools and wear parts (Smith, 1942;
ITIA, 2010). Owing to its unique physical and chealiproperties, tungsten has become one of
the most strategic and critical metals vital to erwdtechnology and industry. Cemented carbide
makes up approximately 60% of all industrial praduitom tungsten (Law-West and Perron,
2009; ITIA, 2010).

Due to their unique properties, cemented carbi@de® long proven their superiority over super
hard materials in certain high-tech tooling andieegring applications. The super hard materials
namely diamond, the hardest of all, followed by €uBoron Nitride (CBN), polycrystalline
Diamond (PCD) and ceramics @8, SiC, SIALON etc.) all have very low toughness amnd
thus, prone to brittle fracture (Sandvik Hyperi@016). Cemented carbides, on the other hand,
have a uniqgue combination of high hardness and gmoghness and thus, constitute the most
versatile hard materials group for engineering toading applications (Exner, 1979; Sandvik
Hyperion, 2016).

2.1.1 Production Processes

The chief economic minerals of tungsten are wolftarifFe, Mn) WQ] and scheelite (CaWgp
(lhan et al., 2013). Generally, tungsten minerate digested with HCI, NaOH or NagO
solutions in order to leach out tungsten (Paulinalg 2012; Amer, 2000; Srinivas et al., 2000;
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Kahruman and Yusufoglu, 2006; Gurmen et al, 1999 leach solutions undergo several
purification steps to produce ammonium paratungstaPT), the most important precursor for
tungsten intermediate products being tungsten it@XWQ0;), tungsten blue oxide (MOsg),
tungstic acid (HWO,;) and ammonium metatungstate (Ngt.W1.040). The digestion and
purification steps are illustrated kig.2.1

Raw Materials
* Scheelite
* Wolframite

Alkali Digestion

Sodium tungstate solution

Purification Steps

Acidic sodium
Isopolytungstate solution

lon Exchange/SX

Ammonium
Isopolytungstate solution

Crystallization

Ammonium
Paratungstate (APT)

Calcination

Tungsten Trioxide or
Tungsten Blue Oxide (TBO) or
Ammonium metatungstate

IVAVAVATAY,

Fig.2.1. Tungsten Hydrometallurgy-Modern Process (LassnérSahubert, 1999)

Tungsten trioxide (Wg) from the purification stepF{g.2.1) undergoes hydrogen reduction to
produce metallic tungsten (W) powder accordinghoreaction:

2WO, + 6H,— 2W + 6H,0 (2.1)

At temperatures between 1,300 and 1,700°C, in laucaation furnace and under a hydrogen
atmosphere, metallic tungsten (W) powder is corthatith high-purity carbon black (C)
powder. Under these conditions tungsten reacts wétbon to produce granular tungsten

monocarbide (WC) according to the reaction (LasanerSchubert, 1999):

W + C— WC (2.2)

The granular tungsten monocarbide (WC) producenh ftioe carburization furnace is used as

feed material for the production of cemented tusmgstarbide (WC-Co) hardmetal using a
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manufacturing process shown king.2.2 The figure displays the whole manufacturing pssce

from carburization to the finished hardmetal praduc

Tungsten, tantalum,

molybdenum, niobium—p| Mix \¢—— Carbon
(Powder) +

Heat in Hydrogen
at 1400-1500°C

Carbhides

Paraffin
Cobalt Powder ——p Mix <

¢ Organic solvents

Dry

v

Finished powder

4

Press

v

Pre-sinter: Heat in Hydrogen or Vacuum
at 50(-800°C

v

Shape

v

Sinter: Heat in Hydrogen or Vacuum
at 1500°C

v

Finished Hardmetal
v

Sand blast or shot blast

v

Braze into holders with fluxes

v

Grind with diamond or carborundum wheels

v

Finished Hardmetal Tools

Fig.2.2. Steps in the manufacture of hardmetal tools (Kusala, 1986)

Other than WC, other refractory carbide phaseshefttansition metals used in the cemented
carbide manufacturing process include TiC, TaGCgor Mo,C. These refractory carbides are
combined with a tough binder metal, most often @gome cases Ni or other metals from the

Fe group (Exner, 1979) to produce cemented carlpidecemented tungsten carbide, the term
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“cemented” refers to the tungsten carbide (WC)iglag being captured in the metallic binder
metal (Co) and “cemented” together, forming a centbond between the WC grains and the

cobalt metal (e.g. WC-Co) during the sintering jpsxc(General Carbide, 2016).

A notable feature of the sintering process is ttergsarbide solubility in the cobalt binder metal.
At the liquid-phase sintering temperature of 1,%D0fungsten carbide undergoes dissolution
according to the reaction (Exner, 1979; Rudigexl €1971):

WC— W +C (2.3)

As a consequence of this reacti@ygf. 2.3) the cobalt binder is, therefore, more approplyate
called a ‘cobalt-based alloy’ binder (W-C-Co) besaut contains some amount of dissolved
tungsten Ghandehari and Schussler, 1980; Suzuki and Kubota, 1966; Kellner et al, 2009;
Viswanadham et al, 1983; Exner, 1979). The extent to which the tungstenallis®n occurs is,

however, not very well defined.

Carbides and binders are graded into three catsgdn metallurgical terms, WC is referred to
as the alphaa) phase; the binder metal(s) (Co, Ni etc.) is thwal) phase; and any single or
combination of other carbide phases for exampl€, TiaC, NbC, GC; or, Mag,C, etc., is the
gamma 1) phase. The gamma phases are carbides of a atiide| The three phases,p andy,
can be combined using different permutations deipgndn the desired characteristics of the
end-use producilable 2.1shows various cemented carbide types obtained &@wmbination
of a, p and y phases using different permutations. Carbides chase WC-Co, ¢+p),
compositions are referred to as ‘straight or maelgrade carbides’ (Sandvik Hyperion, 2016).
The current research work is based on the stragmhachine gradeaff) type of cemented

carbide.
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Table 2.1:Cemented Carbide Types

Cemented Carbide Types
a-Phase (BBFnZIZSr)e v-Phase| Composition Grade Properties
- Binary phase alloy » Hardness,

Co WC-Co (Straight/Machine grade)

* Fracturetoughness
wc Co TiC WC-Co-TiC Ternary phase{p+y) alloy | * Vear resistance

* Impact resistance

Co TaC WC-Co-TaC Ternary phase+{p+y) alloy

Co Cr3 02 WC-Co-Cr3 02 Ternary phaseup+y) alloy

Co MOZC WC-Co-Mozc Ternary phasexf-p+y) alloy

2.1.2 Alloy Constituents

Tungsten and cobalt, two major components in ceegeaarbide (WC-6wt.%Co), are valuable

and strategic metals known for their many indukapplications.

One of tungsten’s most important uses is in thelpebon of cemented tungsten carbide, also
referred to as cemented carbide or hardmetal (Sartdyperion, 2016; Exner, 1979). As a
valuable metal, tungsten’s strategic importancteworld is reflected by its steady increase in
global demandKRigure 2.3 (Smith, 1942; Shield, 2011; European Commissifii4; EASAC
Report, 2016; Godlewska and Grohol, 2017; USGS7R0mhis trend has mainly been driven by
the metal’s unique properties utilized in the preithn of numerous end-use tools and wear parts
like rocket engine nozzles, drill bits and insepisnches and dies, saw blades, valves and cutters
etc. The physical and chemical properties of twsrgsind its alloys, for instance, their excellent
cutting and wear resistance, serve to provide itaporend-use products for industrial

consumption.
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Fig.2.2. Tungsten demand by year (Source: ITIA, 2017)

Tungsten is relatively low in abundance, constitytonly about 0.00013% of the earth’s crust
and is ranked 8in quantity amongst the metallic elements (Snii8¥2; Shield, 2011; Barnard

et al, 1971; Sandvik Hyperion, 2016). As a fingsaurce, tungsten’s sustainability over the long
term is of prime interest to all stakeholders. ®yssand forecasts show that cemented tungsten
carbide scrap will continue to be an increasinghportant source of raw materials for the
worldwide tungsten industry (Kimball, 2014). Thered, in line with the concept of sustainable
development, it is essential that more efficieninmentally-friendly and economic recovery
and re-use of the world’s finite tungsten resourbesachieved (Smith, 1942; Lassner and
Schubert, 1999).

Cobalt is an essential element for many importaptieations in today’s society due to its many
unique properties. The importance of cobalt to aegbable batteries, electronics, catalysts,
alloys and healthcare has resulted in the metabbeiferred to as a technology enabling element
(Cobalt Institute, 2019). The metal’'s unique phgbithemical properties translate into several
key characteristics that have made cobalt oneeofirtbst strategic and critical metals essential to
modern technologies. Cobalt produces many vibratbucs, is wear resistant, oxidation
resistant, conducts electricity and is ferromagnéthese properties have led to cobalt’s use in
several industrial applications integral for a d¢geeaguality of life and a sustainable future
(Cobalt Institute, 2019).

Page 14



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

2.1.2.1 Tungsten

Tungsten is a greyish white lustrous metal witlodybcentred cubic crystalline structure (Autler
et al, 1965); electronic configuration, [Xe]'%Bd'6s’; atomic number, 74; valence, +2, +3, +4,
+5, +6 and +7; the +6 state is most common; intéhet5 and +6 state, tungsten forms a variety
of complexes; tungsten is a metal of the transisienes; atomic mass, 183.84g; specific gravity,
19.2 at 20°C; melting point, 3,422°C and boilingno5,930°C. Elemental tungsten resists
attack by oxygen, acids, and alkalis (Emsley, 19%@ihgsten typically combines with oxygen to
form tungstic oxide, Wg) which is insoluble in agueous acidic media bssdives in aqueous
alkaline solutions to form tungstate ions, \W@nd WQ? (Chen, 2013).

Of all metals in pure form, tungsten has the highesting point, the lowest vapour pressure (at
>1, 650 °C), the highest tensile strength (Hamm@0@4) and the lowest coefficient of thermal

expansion. These properties originate from thengtrmvalent bonds formed between tungsten
atoms by the 5d electrons (Lassner and Schubed®)1%he main markets for tungsten are the
cemented carbides; steel alloys; lamp industryctedaic and electrical industries, and chemical

applications.

2.1.2.1.1 Refractory carbide phase

There are two predominant phases in binary cemecaebide (WC-Co) alloys namely, the
cobalt binder phase and the tungsten carbide (We&)] phase. The tungsten carbide (WC)
phase is the basic and most widely used hard coempoof cemented carbide. Tungsten, in
combination with carbon, forms tungsten carbide {WMDich counts as a refractory carbide
defined by a melting point of >1800°C, very highrdreess and good chemical resistance.
Tungsten carbide can exist in two phases, WC ap@,\Wnd have hardness of 2000-2700HV
(Upadhyaya, 1998; Totalmateria, 2020). Tungstehidarpowders are typically monocrystalline
WC with carbon conter# 6.1% or eutectic WC/WC with carbon content 4% (Totalmateria,
2020). Typical properties of tungsten and tungstarbide are presented ifable 2.2 A
schematic view of tungsten carbide grains locatedemented carbide hardmetal is shown in
Figure 2.4 The refractory carbide phase in the cementeddmittardmetal used in the current

study is monocrystalline WC.
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Table 2.2: Tungsten and tungsten carbide propeffiegalmateria, 2020)

Type Melting Point Density
w 3410°C 19.3gcf
WwC 2870°C 17.2gch

W,C 2730°C 15.8gcih

2.1.2.2 Cobalt

Cobalt is a hard, lustrous, silver-gray metal vathexagonal close-packed (hcp) crystallographic
structure; electronic configuration, [Ar] 3d<; atomic number, 27; valence, +2, +3; cobalt is a
metal of the transition series; atomic mass, 58.8Bgcific gravity, 8.90 gcth at 20°C; melting
point, 1,495°C and boiling point, 2,927°C. At oraliy temperatures, cobalt reacts slowly with
mineral acids, and very slowly with moist, but moth dry, air. Cobalt metal is weakly reducing
and passivates under oxidation by forming an okide (Housecroft and Sharpe, 2008). Cobalt
forms insoluble hydroxides in alkaline solutionsaf@a et al, 2008). Cobalt has ferromagnetic
properties and exists in two allotropic modificatso the hexagonal close-packed (hepphase
and the face centred cubic (fc@) phase (Cobalt News, 1998; Dille et al, 1997). Bhghase is
only stable at temperatures above 417°C (Akre, 2008

Common oxidation states of cobalt include the +@ #8. As an amphoteric oxide (Earnshaw
and Greenwood, 1997), cobalt compounds with oxadasitates ranging from3 to +5 are also
known. A common oxidation state for simple compauigl+2 (cobalt (I1)). The cobalt (1) salts

form the pink-coloured metal aquo complex [Co@]** in water.

Cobalt has a diverse market. The main market iB-pggformance alloys for gas turbines and
aircraft jet engines (Shedd, 2006; Donachie, 206@palt-based alloys like Vitallium (Co-Cr-
Mo) for making orthopedic and prosthetics partsségi, 1999; Michel et al, 1991); alloys of Cr,
Co and WC for making cutting tools and wear pa@tanpbell, 2008); special alloys of Al, Ni,
Co and Fe, known as Alnico, and of samarium-cdioalmaking permanent magnets (Luborsky
et al, 1957).
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Rechargeable Lithium batteries (LiBs) have receiaddt of attention and have a market value
almost 10 times that of the non-rechargeable tyfagman, 2017). The most widely employed
cathode material is LiCofQ typically comprising ~28 mass% of a LiB (Xu et 2D08). The
LiCoO,-based rechargeable batteries are used in mohiieede electric cars, laptops, portable
medical equipment, and other devices (Shilling2&17; Hawkins, 2001; Hart and Sarkissian,
2016). The global lithium-ion battery market hagmestimated at $30 billion in 2015 and an
increase is predicted to over US$75 billion by 20Z#4e Guardian, 2019). Several cobalt
compounds are oxidation catalysts. Cobalt is used eatalyst in the Fischer-Tropsch process
for the hydrogenation of carbon monoxide into ldjfuiels (Khodakov et al, 2007). A catalyst
derived from Co-Mo is used in the hydrodesulphui@aand impurity removal from petroleum
(Hawkins, 2001). Other cobalt uses include pigntemtaof glass, glazes, and ceramics
(Witteveen and Farnau, 1921; Venetskii, 1970); ttef@ (Co-60 0r*°Co), a gamma-ray source
radioisotope (Audi et al, 2003; Mandeville and Britjht, 1943); cobalt (II) sulphate, used in
storage batteries and electroplating baths anddalitize to soils and animal feeds ; cobalt
acetate, a precursor to oil drying agents and ys&ttathat allow paints and varnishes to harden

(Donaldson and Beyersmann, 2005).

2.1.2.2.1 Binder phase

The binder phase is the second predominant megdise in cemented carbides. Often Co, in
some cases Ni or other metals from the Fe grougsesl most extensively as the bonding metal
in WC-based hardmetals (Exner, 1979). The bindepresent in the microstructure as a
continuous thin film separating the carbide pagSc{Rettenmayer et al, 1988; Roebuck and
Almond, 1988). Some researchers have advancedi¢he that at the liquid-phase sintering
temperature of 1,500°C, tungsten carbide undergiesolution. As a consequence of this
reaction, the cobalt binder is, therefore, moreraypately called a ‘cobalt-based alloy’ binder
(W-C-Co) because it contains some amount of digsblungsten (Ghandehari and Schussler,
1980; Suzuki and Kubota, 1966; Kellner et al, 2009; Viswanadham et al, 1983; Exner, 1979).
Upadhyaya (1998) found that in WC-Co alloys, thader phase is actually a dilute cobalt alloy
(Co-W-C) containing tungsten and carbon as solatek can exist in either of two hcp or fcc
allotropic forms or a mixture of both. Neverthelefes the hardmetals sufficiently rich in Co, a

Co skeleton forms in the sintered product in addito the carbide skeleton (Upadhyaya, 1998).
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The tungsten carbide particles are captured inntie¢allic binder material and “cemented”
together, forming a metallurgical bond between \t#& particles and the binder (e.g. WC-Co)
during the sintering process (General Carbide, P0AGchematic view of the binder phase in
cemented carbide hardmetal is showifrigure 2.4 and a three dimensional view kigure 2.5.

The binder phase in the cemented carbide hardmstal in the current study is Co metal.

Binder phase (Co)

Refractory WC grain (hard phase)

Fig.24: A schematic view of tungsten carbide grains ardoihder phase located in cemented carbide

’/ Intergranular spacing between grains

Cobalt binder phase (metal matrix)

Tungsten carbide (WC) grains
(embedded and ‘cemented’ in cobalt metal)

,’ A single tungsten carbide (WC) grain

Fig.25: A three-dimension schematic view of tungsten eilgrains embedded in the Co binder metal

2.1.2.3 Eta phase

Eta () phase is a ternary compound of tungsten, cobaltcarbon (W-Co-C) which forms as a
result of carbon deficiency in WC-Co alloys andrdiere exists as a third phase other than the
carbide and binder phase (Upadhyaya, 1998). fhphase is known to exist in two forms as
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MeC carbide ranging from Y¥Co, ¢C to WoCo4C (Hellsing et al, 1983) or MC carbide of fixed
composition WCosC (Johansson, 1978).

Both types of phases,d@ and M,C, are indistinguishable physically. Johansson §)8howed
that MsC represents a metastable form which can undergdurdecomposition from BC -

+ M1,C + WC by a fairly sluggish reaction. However, Boltand Keely (1982) suggested that,
with a relatively fast cooling rate, in commerdiahgsten carbide alloys, the presence e€Nb
more probable than that of M.

Freytag and Exner (1977) explain that the extenthah the ' phase forms in WC-Co alloys
depends on the carbon deficiency level. At minabea deficiency levels, the)" phase is not
produced at the sintering temperature but formsubisequent cooling: WC + ligg WC +n +

lig. In doing so, it occurs as isolated areas incWitonsiderable amounts of WC and the binder
phase are consumed during its growth. Partiallgal®d and rounded WC grains are associated
with such ' phase areas. Further cooling can lead to a p#dtdecomposition of the)* phase,

n + lig. = WC +8. The cooling rate and carbon content determine imoh of the’ phase is
retained at room temperature. For instance, mimdiciéncy levels could lead to a complete
disappearance of the)’‘ phase on cooling, whereas th¢ phase is retained at high carbon

deficiency levels regardless of the cooling rate.

Upadhyaya (1998) was a proponent of the view thil, fairly high levels of carbon deficiency,
the ' phase is present at the sintering temperatureisanetained after cooling. It is therefore,
generally agreed that, the finaj ‘phase distributions and morphologies are corglby the
carbon content developed during sintering and ngoliAngelo and Subramanian (2009)
explained further, that if the ratio of W:C is <dgrbon in the form of graphite which leads to
porosity and product deterioration precipitates.eWtihe ratio W:C is >1, theg (eta)-phase
precipitates and leads to embrittlement of theyalillis, 1970; Gabriel et al, 1986; Angelo and
Subramanian, 2009). The brittlg(eta}-phase reduces the transverse rapture strefghe WC-
Co alloys. The morphologies of the eta phase, wraadlge from finely dispersed particles at low
carbon deficiency to large areas qf phase in highly carbon deficient alloys, are dég in
Figures 2.6and2.7.
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Eta @) phase

Figure 26: Microstructure of cemented carbide (85.5WC-12C5£8) showing
well dispersed eta phase, (WC, grain sizenB Murakami etching (x1500)
(courtesy, Dr. H. Pastor, CERMep, Grenoble)

&f‘f,,, *BK
M

Figure 2.7: Microstructure of cemented carbide showing eteasph light
Murakami etching (10s), x1500 (courtesy, Dr. H.tBa<CERMep, Grenoble)

Eta () phase

In leaching processes, the presence of the ‘etas@ltould lead to intensified formation of

insoluble reaction products within cemented carlgigignnels. The insoluble products exacerbate
passivation. Alar et al (2017), in their study, etved that the ‘eta’ phase enhanced the
formation of a passive layer on the surface of cegtk carbide samples thereby reducing the

tendency for the sample to dissolve while incregéite stability of the oxides being formed.

2.1.2.4 Precipitates

Precipitates, generally observed in the binder @hafscemented carbides, are non-metallic
impurities, graphite, carbides, and intermetallienpounds precipitated during cooling or heat
treatment in the solid state (Upadhyaya, 1998hdfratio of W:C is <1, carbon precipitates in
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the form of graphite which leads to porosity anddarct deterioration. According to Freytag and
Exner (1977), in technical WC-Co hardmetals, adhpbase regiom(+ WC + liquid) exists,
even if the carbon content corresponds to stoicetamWC. In quenched alloys, this phase
retains and lowers the magnetic saturation. Bthiafalloy is cooled slowly, the)* phase reacts
with the carbon supersaturated in the binder tmf@/C and CeW. Hoffmann and Mohs (1974)
suggest that the eta-carbide®éC precipitates from the supersaturated solutioer @ooling
from the sintering temperature initially as &,C, change composition to the more cobalt rich
variations, CeW;C and Cq@W,C, then finally decays into an intermetallic compduCgW.
From the phase diagram of W-C-Co system, this nmé¢allic should not be present at any
temperature. However, a local concentration grdadian arise due to slow diffusion of tungsten
in cobalt. It is more likely, according to Johnsgd®72) and Lai and Jinhui (1985), that the
transformation of the cubic into the hexagonal phasthe reason for the formation of the
intermetallic due to the sudden decrease of tungsteubility in the binder phase. If present in
the binder phase, the effect of precipitates ducergented carbide leaching could be akin to that

of the ‘eta’ phase.

2.1.3 Microstructural Parameters
2.1.3.1 Grain size

In the production of cemented carbides, the graa ef carbide phases is the most carefully
controlled variable besides carbon control (Upagthyd998). Generally, two methods are used
for the measurement of grain size on the plandaserRoebuck, 1986). In the Jeffries method,
a fixed area ‘A’ is superimposed on the image drdaverage area of each grain is calculated
from:

. o 1 -
Total number of grains within fixed area+zgrain intersected by boundary

A

A=

(2.4)
The Jeffries grain size is definedA8

In the Heyn method, grain size is obtained by lirmeelysis. A line is placed across the sample

at random and the arithmetic mean linear interaapitjeyn grains sizg is derived from:

I= (2.5)

L
N
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Where L is the total length of the line across Wid &l is the number of WC grains traversed.
The measurement of grain size using the Heyn tgdencan be performed using Image-J
software (Schneider et al, 2018).

Cemented carbide grain sizes are typically categdrinto 4 classes as illustratediable 2.3

Table 2.3: Tungsten carbide grain size standard specificg&amdvik, 2005)

Standard Specification
>0.2 0.2-0.5 0.5-0.9 1.0-1.3 1.4-2.0 2.1-34 3.5-5.0 >5.0
Grain Size (um)

Medium Extra Course
Classification Nano Ultra-Fine Sub-micron Fine Medium Course
Course

According to Warren and Waldron (1972), and Lee &uwtland (1978), carbide grain size is
directly related to the intergranular mean freenpét their treatises, the authors demonstrated
that the smaller the grain size, the narrower tibergranular mean free path. It can be surmised,
therefore, that, due to the narrow mean free gatis, more difficult for solvents to penetrate
carbides of the smaller grain size class comparele ones with a larger grain size. In his work,
Trapp (1949) found that dissolution of the bindetahproved to involve real difficulty owing to
the limited penetration achieved by solvents. la turrent work, the WC grain size in the

cemented carbide hardmetal used in the experinette-1.3um (‘fine’ size).

2.1.3.2 Contiguity

Contiguity is a quantitative measure of tungsterbide particle skeleton formation in sintered
WC-Co alloys. However, whether tungsten carbidéigdas form a continuous skeleton or not is
still debatable (Exner, 1983). Cited by Upadhyay®98), Warren and Waldron (1972)
suggested that in the majority of hardmetals, base@urland’s theory of particle contact, the
carbide phase exists as a continuous skeletonchwothg and after sintering. The presence of a
skeleton structure in WC-Co hard alloys is a gdhesapported view (Exner, 1979; Johnsson,
1973). Although there are still advocates of theawthat all carbide grains are separated from
each other by thin cobalt layers (Hanjered et @86}, a modified skeleton theory of contiguity
is now more generally accepted (Exner and Gurla@d0). Contiguity is defined as the ratio of
grain boundary surface (WC/WC interface) to totalface (WC/WC interface + WC/Co
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interface) (Gurland, 1959). Contiguity is therefoaemeasure of the degree of contact between

carbide grains. The contiguity equation is exprésse(Upadhyaya, 1998):

2(NL)aa
C,=————2%— 2.6
¢ 2(NDaat+ (NLap (2.6)

Where, (N, )q. and(N.).z are the average number of intercepts per unittheng test lines
with the traces of carbide-carbide grain boundasaed carbide-binder interface respectively.
Alternatively, contiguity can be evaluated usingamevalues of carbide size and binder width
(Gurland and Bradzil, 1955). The equation is presgas:

IcarbideVbi
Ca — 1 __carbide’binder (27)

Tz:arbidevz:arbide

Where].q.pige = Mean intercept carbide si2g,, ;e = Mean free path of binder

Vearbider Voinder = VOlume fractions of the different phasgs,ize = 1-Vyinder
Contiguity varies with cobalt content, sinteringhé and temperature (Exner and Fischmeister,
1966; Warren and Waldron, 1972; Gurland, 1959; éeal, 1980). Contiguity decreases with
increase in binder content (Warren and Waldron,2)9This is ascribed to the fact that the
probability of the spatial coincidence of carbidksreases with the increase of binder content
(Upadhyaya, 1998). At the start of sintering, cguity is high, but decreases and attains
equilibrium at the end of sintering. Contiguity degses with increasing temperature, but the
impact of temperature on contiguity has been faienloe relatively small (Warren and Waldron,
1972; Deshmukh and Gurland, 1986).

Contiguity studies in cemented carbides are impardiecause this parameter has an effect on
the mechanical properties of hardmetal. Contigugtyan important aspect to consider in
cemented carbide leaching processes since it givésdication of the ease with which a solvent
can navigate narrow channels. The contiguity patanadso gives an indication of the ease with
which a WC residue skeleton can be disintegratediristance, a low contiguity could result in

a loose residue skeleton which can disintegratéyessl vice versa.

2.1.3.3 Mean binder free path

The mean binder free path, which depends on betltobhalt content and the particle size, is a
measure of the thickness of the cobalt layer. Tis&ilbution of the cobalt phase exists as a
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continuous cobalt network with fluctuating width tfe branches (Exner, 1979). The mean
binder free path, measured in the binder phastefised by the arithmetic mean of the distance
from one carbide/binder interface to the other.ngsan experimentally determined value of
mean carbide grain sizey(9, contiguity of carbide phase (C) and volume fi@acof the binder
phase (¥, the mean binder free path is usually calculatethg the following equation
(Warren and Waldron, 1972; Lee and Gurland, 1978):

__1 Vco
Co (1+0) wc Vwe

(2.8)
Whered., andV, . are mean binder free path and volume fractioradbide phase respectively.

Roebuck and Bennet (1986) reported that a reaspaablrate estimate of the mean binder free
path in binary phase WC/Co hard metals can be mdddby this equation. In leaching processes,
the mean binder free path is what determines the sf the channels for mass transfer and
diffusion during leaching. It can, therefore, bé&emed, based on the direct relationship between
the binder free path ¢g) and the carbide grain size,{Jl that the bigger the grain size, the wider
the mean binder free path, and the easier it i feolvent to access the inner core of the solid

pieces of cemented carbide hardmetal and vice versa

2.2 Scrap Generation

The hardmetals manufacturing processes and appfhisatindustries generate appreciable
amounts of cemented tungsten carbide reject mhtmi worn out or used parts from their

operations, respectively. The manufacturing procejgxts are typically due to cracks and chips
in the tool cutting edges or the tools not meetiagired dimensions or specifications. The reject
material tends to accumulate over time and dugsthigh tungsten content can be reclaimed for

re-use in the fabrication of new tools and weatp@arnard et al, 1971).

A global mass flow of tungsten in 2010, as repoligd_eal-Ayala et al (2015), is illustrated in
Figure 2.8. The figure is a Sankey diagram visualization td@ttpresents the mass flow of
tungsten. The diagram shows quantitative infornmatibout tungsten flows, their relationships
and their transformations. The diagram also hidgitignefficiencies and potential savings in

connection with material use. From the diagrans @bserved that 24,000 tonnes of end-of-life
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scrap containing 10-99% tungsten was consumedi0.2his represented about 23.8% of total

tungsten demand in that year.

Mining/Extraction Fabrication of Finished Sectors
Intermediate Products
r Tungsten Oxdes
End-of-life scrap 24kt (10 99% W) 12kt (S‘.hanws& Tunastab
Zinc process Am TungsﬁcAo’d
0 4,000-6,000 kwh? 54Kkt(6%) Tungsten Sulfides
12kt Oher

0

Chemical myﬁng Tungsten Mill Products
2,000 kw1
Wi Product grad
I - Qraoe
Schoolito and Sheels -~ _oq%. W)
Wolramile e Beneficiation (Crushing, e
Mining and Handling  Grinding & Separation)
20 3 kwh ore 13-15 kwh ore
Product grade
- Heavy Metal Alloys .. 1)
(W conlentin ore High Speed Steels
before beneciation) CastSkal Product grade
Superalioys (0.03-20% W)
(0061 2% Wor (12-60% Wor Tool Steels
0.08-1.5% WO3) 15-75% WO 4) Other
Carbide Products

48 7 ki (54%
Metal Cutting 10.7 kt

Wear Applications 8.3 kt

Boneficiaon lossos
(tailings) 256 ki 26K

(assuming a 25% \
recovery l0ss) Stone Working 127K 55 a4,
Wood & Plaslic 127 kt

Processing losses
High grade flow (>60% W) 4.7K(5%) Chipless Forming 4.4 kt
Medium grade flow (21-60% W)

Low grade flow (<21% W)

_ Losses 2010 data - All mass values in metric tonnes of tungsten content

Product grade

Fig.2.8: Global nass flows of tungsten in 2010 (adapted from -Ayala et al, 201t

2.2.1 Scrap from Industrial Applications

Tungsten, in its pure metallic form, can be usethémufacture products or it may be combined
with other elements to form composite materialshsas cemented tungsten carbides, mill

products, steels and alloys (ITIA, 2010). Cementedjsten carbide tools are the workhorses for
the shaping of metals, alloys, wood, compositesstis and ceramics, as well as for the mining
and construction industries. Tungsten mill prodwots either tungsten metal products, such as
lighting filaments, electrodes, electrical and #legic contacts, wires, sheets, rods or tungsten
alloys (Lassner and Schubert, 1999). Tungsten reren important constituent for tool steels,

high speed steels, stellites and creep-resistaeisstand alloys. Various cemented tungsten
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carbide grades and their applications in industy shown inTable 2.4 These materials
constitute scrap from industrial applications wiejected.

Table 2.4: Different WC-Co grades and their application (C2006)

WC Co TaC TiC NbC Industrial Application
97 3 - - - Precision borin
94 6 - - - General machinir
93 7 - - - Cast iron machining
91 9 - - - Cast iron machining
87 13 - - - Wear applications
82 18 - - - Heavy impact ust
80 20 - - - Heavy shock- bar drawing
92.1 5.8 1.8 - 0.3 General machining
74.L 6 7.2 10 24 Precision Finishin
79.1 6.7 7 4.9 2.3 Form tooling
75.6 10.7 5.4 6.7 1.6 Interrupted cutting
83.8 13 - 3.2 - Dies, heavy stock
82 15 3 - - Extrusion dies/ can toolir

The availability of various types of tungsten-begriscrap can be seen from the tungsten

consumption pattern shown Trable 2.5.

Table 2.5: Tungsten Consumption by end-use (%) (Bhosale 498i0)

Tungsten Consumption u.s Japan Free World
Cemented Carbide:
Metal cutting 28 32 30
Mining and drilling 15 4 11
Wear parts 19 21 8
Other - 1 6
Total 62 58 55
Tungsten metal 23 17 15
Steels 5 23 20
Other 10 2 10
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Tungsten-bearing scrap materials from industrigdliaptions are in different forms and have
varying purity. The different types of scrap contag tungsten and their corresponding tungsten
contents are shown ifable 2.6. The variation in scrap characteristics has iraldyi called for

equally varied and unique processing techniquegsponding to the nature of the scrap.

Table 2.€: Typical tungsten content in tungsten scrap mage(ladssner and Schubert, 1999)

No. Scrap Type %Wt. Group

1 High-purity =99

2 Oxide dispersed W alloys ( ThZr0O,,CeG;, La,O3) 96-98

3 Hardmetal pieces (also containing Co, Ta) 60-97 Hard Scrap

4 Heavy metal W alloys 92-94 (solid pieces)

5 W-Cu 60-90

6 Pure W powder 98> 99

7 W grinding sludge 30-60

8 W cutting sludge 70-80

9 Hard metal powder 60-95

10 Hard metal grinding sludge 15-60 Soft Scrap

11 Heavy metal powder 92-97 (fine particles, powder,
12 Heavy metal turnings 92-97 dust, timings, sluges)
13 W-Cu powder and green compacts 50-90

14 Floor sweepings (different sources) 40-60

Several processes for recycling cemented tungsidride scrap have been proposed (Lassner
and Schubert, 1999; Bhosale et al., 1990; Katiyaal,e2014). These processes, classified into
three categories namely, direct, indirect and sdireiet recycling (Shemi et al, 2018) are

discussed in the sections that follow.

2.3 Current Tungsten Recycling Methods
2.3.1 Direct Recycling

As direct recycling is understood, the as-suppheaterial is transformed to a powder of the
same composition by either physical treatment (fTr&846; Barnard et al, 1971; Lassner and
Schubert, 1999) or chemical treatment (Hartlinestlal, 1976).
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In the zinc process (Trent, 1946; Barnard et al1}emented carbide secondary material is
contacted with molten Zn at 900-1050°C, and fornzsna-cobalt alloy thus, breaking the WC-
Co bond. In the second stage, vacuum distillatibthe Zn leaves behind friable material that
can be used as virgin material. The zinc procesglt®madvantage of high recovery with yields
as high as 95%. However, the process consumes dngbunts of electricity and requires
specialized equipment to ensure an efficient amdessful operation (Gurmen, 2005). A report
by Leal-Ayala et al (2015)Hgure 2.8) indicates that the zinc process has a higher gnerg
consumption of around 4,000-6,000 kWh per tonnéunfisten processed compared to 2000
kWh per tonne for chemical processing.

In the cold-stream process, material is impacteainsy a hard carbide surface (Lassner &
Schubert, 1999). This process has advantages oivaperating temperature which prevents
oxidation, the ability to retain a high purity, pale size control and good compressibility of the
powders obtained. The process, however, suffera frcomplete separation of metal carbides
from the binding material and requires specializaghensive equipment (Hartline 1l et al.,
1976).

In carbide carburization sintering, cemented calsdrap containing 15wt% Co is oxidized at
850°C, into a mixture of W9and CoWQ (Joost, et al., 2012; Pirso et al, 2006). Reshdize
shown that the microstructure of reactive- sintei®#@-Co composites is fine grained and
identical to that of the original WC-Co microstruet and has similar mechanical properties.
However, the large amount of energy required aedctinsiderable number of steps needed to

attain re-usable metal carbide powder offset thaathges of the process.

Within the direct recycling category, the zinc prss is displayed as the main representative. For
instance, Shedd (2000), cited by Kutcher et al {20deported that about 25% of the cemented
carbide scrap passed through such facilities inX8é&. Karhumaa and Kurkelaat (2013) added
that at least 10% of the raw material demand irogeiis supplied by the zinc process. The pre-
process requirements for this recycling categorth& the composition of scrap must be the
same as the final product and it must be of hightyuThis processing route is suitable for
treating straight grade WC-Co scrap which doescootain other carbides. It is the preferred

route for hardmetal type of scrap and heavy matairigs (Shemi et al, 2018).
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2.3.2 Indirect Recycling

Indirect recycling involves chemical modificatiori the component metals into intermediate
products which are then processed to obtain puralsnéLin et al, 1995; Lin et al, 1996).
Electrochemical reactions are known to bring almckel binder dissolution and WC conversion
into WO;. Results have shown that an electrochemical csiorerof tungsten into oxide and
near 100% nickel dissolution thus yielding Ammoniearatungstate (APT) and Ni$@s pure
commercial products is possible (Kuntyi et al, 200he major drawback to this process is the

several number of conversion steps involved froenititermediate product to the final product.

Nitrate salts such as NaN®©r mixtures of NaN®@ and NaCO;, when roasted with tungsten
carbide scrap, in a process known as nitrate fusionvert tungsten to water soluble,;M&D,.
The nitrate fusion process has the advantage aflathroughput and very high recoveries. It
has, however, limitations of high exothermic reaasi and the generation of large quantities of
toxic nitrous oxide fumes. The exothermic reacti@me considered hazardous and the toxic
nitrous fumes, an enormous pollution problem (Blesat al., 1990). Notably, if made less
hazardous by some advanced technology, the enesgy the exothermic reactions could be

harvested and utilized as part of process improneéme

Typically, indirect processing implies dissolutideach purification, crystallization, calcination,

reduction and finally carburation in order to ohttingsten carbide (WC) (Kutcher et al, 2017).
Indirect methods have the advantage of produciirgitv Ammonium para tungstate (APT)’, the

most important precursor for tungsten intermedpteEucts such as tungsten trioxide, tungsten
blue oxide, tungstic acid and ammonium metatungstdbwever, long reaction times and the
use of several conversion steps are the main dasgages. According to Kutcher et al (2017),
two commercial practices exist inside this categaryoxidation process with chemical digestion
or an alkaline salt fusion method. Shedd (200@¢dcby Kutcher (2017), showed that a share of
about 35% of the hard metal scrap in the USA iglleghby indirect processing methods, with an
even higher amount of 85% in Germany (Gille andev}e2012). This recycling category is

suitable for treating lower grade scrap and sttagyade WC-Co scrap which contain other
carbides. The typical scrap materials treated argligg sludges, floor sweepings, contaminated

powder qualities, tungsten-copper and solid pietegShemi et al, 2018).
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2.3.3 Semi-Direct Recycling

With the larger amount of hard metal scrap beingdhed by the foregoing two recycling
categories, the third and last class, the semcdireethod, only plays a minor role in today’s
recycling market (Kutcher et al, 2017). Accordiogthis category, semi-direct recycling is a
selective dissolution process. In this method, @meponent is dissolved chemically, leaving the
other phase(s) intact (Lassner and Schubert, 199@)dissolution, under controlled conditions,
is targeted at the binder metal(s) without sigafficdissolution or alteration of the metal carbide
grains. The dissolution mechanism weakens the rityegf the carbide alloy structure thereby
allowing attrition to occur easily. The non-acidwse phase of the cemented carbide such as
tungsten monocarbide (WC) is retained as residdettaa resultant leach liquor is separated for
purification and recovery of the dissolved metal [$herefore, no extensive procedure should be
theoretically necessary for obtaining re-usable @é@der and the recovery of dissolved metals
may require subsequent processing using convehti@saniques (Gille and Meier, 2012,
Schiesser, 2003; Meyer, 1979). In this recyclingegary, straight grade WC-Co scrap and
tungsten carbide grades mixed with other carbid@sbe treated. Binary{B) and ternaryd-p-

v) phase cemented carbides can be processed. Hovgevap such as grinding sludges, floor
sweepings and contaminated powders are deemed uitabls for this route due to the
indiscriminate nature of these materials (Lassn&c&ubert, 1999).

Investigated by several researchers, semi-direcegssing has shown potential for solubilization
of leachable cemented carbide phases (Trapp, 1®tgndehari and Schussler, 1980;
Vanderpool, 1983; Lin et al, 1996; Gurmen et alp®0Kojima, 2005; Edtmaier et al, 2005;

Freemantle and Sacks, 2015; Seo and Kim, 2016; atesWaran et al, 1996). The processing
routes in the semi-direct category typically in@udorganic acidic, organic acid, hydrothermal,
electrochemical, leach milling, melt-leach or a temation of any of the aforementioned

techniques. However, several issues in this remyctategory are reported in literature. A

number of previous research efforts are reviewédahbe

In inorganic acid leaching, hardmetal scrap isdliyereacted with a metallic acid. A study by
Gurmen and co-researchers (2005) showed that 9C&6%ould be extracted from cemented
carbide scrap powder (<Q0n) within 2hrs of leaching using 0.5M HN®olution at 25°C, solid

liquid ratio of 1:10 and a stirring speed of 90UntpThe dissolved Co was precipitated to
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Co(OH), using NaOH and then calcined to cobalt powder7®@).at >300°C in an argon
atmosphere for 0.5hrs. The powder was further pe@ under a hydrogen reduction
atmosphere for 1.5 hrs to obtain cobalt powder wittub-micron structure. However, despite the
short recycle time and high extraction efficienaéshe process, the energy cost associated with
‘hardmetal’ comminution prior to leaching could weigh these advantages. Notably, the
mechanical pulverization of cemented carbide suktes causes troubles, since this category of

materials serves for machining others (Kutchet,e2Gi7).

In organic acid leaching, an organic lixiviant ised as a solvent. Using 3.6M acetic acid,
Edtmaier and co-workers (2005) reported a cobdtaetion of up to 85% from a ternary phase
cemented carbide scrap metal within a recycle wh@.6 — 6.5 days. The scrap comprising
several hard phases other than WC was reactedhvattemperature range of 40-80°C, under a
simultaneous introduction of pure oxygen at a pmesf 1-5 bars. The best results were
obtained by using pure oxygen at 5 bars. Underetlwesditions, W, Cr, V and Fe were co-

extracted with cobalt but WC and other carbide phasf Nb, Ta and Ti remained unaffected.
The authors reported that the subsequent proceskihg dissolved metals, if required, could be
recovered through known chemical means. The higtaetion efficiency achieved in this work

showed that hardmetal is amenable to organic atidsvever, high pressure conditions and
consumption of pure oxygen have high cost implaati which could negatively impact the

economics of this process.

Using a similar approach to the foregoing studgelmantle and Sacks (2015) reacted ‘oversize
material’ rejects from the zinc recycling procesishvacetic acid at pH < 4, a temperature of
80°C for 21 days, under atmospheric conditions. fésdue was washed, dried, crushed in
ethanol, then milled to the same grain size rarigé-Z.Qum) as ‘virgin’ or ‘zinc processed’
powders. Although deemed unsuitable for manufaafutiie same grade of mining tools as those
from ‘virgin’ or ‘zinc processed powders, the authoeported that the ‘acetic powders’ obtained
from their process could be used for different caroial applications. For instance, the ‘acetic
powders’ could be used for commercial applicatidingt require tools that possess a high
fracture toughness, such as milling media, shimd possibly coal and hard-rock mining
(Morrison, 2015). The main drawback with this pesgehowever, is the long recycle time of 21

days. The long recycle time is indicative of theskinetics of the process.
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In hydrothermal acid leaching, hardmetal scragated with a solvent under high temperature
conditions. A study by Kojima et al (2005) demoat#d that the Co binder phase could be
efficiently extracted in 0.5M HCI at a temperatofel10°C in an autoclave within 24hrs. Other
acids, HSO, and HNQ, were also tried, but they did not perform bettean HCI. After the
hydrothermal treatment, the WC skeleton became bettle and pulverized easily with ball
milling. The authors reported that the mechanicalpprty of the re-sintered products of the
‘hydrothermal’ WC powders was a little degradedioy formation of ‘eta’+{) phase due to WC
particle oxidation. This was, however, overcome itmproving the powder drying process.
Notably, the recycle time and ease of disintegnatice an advantage for the process. However,
the degradation of ‘hydrothermal’ WC powders dueoxidation and energy costs associated

with operating under high temperature conditionsl¢®e drawbacks for the process.

Electrochemical recycling is an electrolytic-bagedcess. With this technique, the binder metal
in the hardmetal scrap is selectively extracteaggdic dissolution using an electric current. A
study by Ghandehari and Schussler (1980) showedadnaented carbide (WC-6%wt.Co) cutting
tool inserts could be recycled by electrochemidasalution at a constantly applied potential
using 1.2M HPQ, in an inert nitrogen saturated atmosphere. Thegaoproduced WC skeleton
that could easily be disintegrated with ball mdjinThe recovered metal carbide powder was
treated for oxygen removal and carbon content &dgrst, then graded and blended for reuse.
The report showed Co extraction efficiencies in taege 71.7 - 96.7%. The high extraction
efficiencies and the ease of WC skeleton disintegraare an advantage for the process.
However, the requirement of an inert atmosphereraggd with nitrogen, use of costlysPO,
and an electrolytic set up in conjunction with ballling could make this process costly and

raises environmental concerns regarding chemicsiendisposal.

In a similar electrochemical experiment, Lin andresearchers (1996) reported that scrap pieces
of cemented carbide could be electrolytically pssesl by applying a constant-potential of 0.2 -
0.6V to an electrolytic cell containing scrap in CI and 0.1M citric acid electrolyte. The
process produced smaller scrap pieces with an dayer of loosely bound particles of WC
surrounding a core of WC particles still cementegether by the binder. The relatively loosely
bound WC particles were readily removed from theecoy grinding. To achieve complete

disintegration, the process was repeated. Thislvedoa periodic transfer of the basket to the
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grinder and then to the screen for separation of picles from the core scrap and then back
to the cell. The cobalt in the electrolyte was btad for electro-winning at concentrations
greater than 20gpl to avoid electroplating Co ie tell. This process was reported to have
minimal anode passivity due to the addition oficitacid. The authors neither reported the
recoveries nor the recycle time achieved by thecgm®e. Notably, technical applicability and

operational simplicity could be the major concenmth this technique.

In another electrochemical experiment, Vanderp®®888) showed that 68g of cemented carbide
could be treated using an electrolytic process gusinhydroxide electrolyte to retard the
formation of metal oxides during electrolysis thmr@ermitting the recovery of carbides without
the necessity for intermediate reduction and cahtion steps. NaOH and LIOH were used as
alternative electrolytes using 75-10 Amps and 1lisvior a period of 2 hrs under atmospheric
conditions. In this process, the carbide partisiettled to the bottom of the vessel from which
they were recovered by decantation or filtratidment washed and dried. Any binder metal
dissolved in the electrolyte was subsequently remxV as a salt by evaporation or addition of a
precipitating agent. The salt was separated amintily reduced to obtain metal powder. This
process has the advantage of complete disintegratio the scrap material. However,
consumption of costly reagents like NaOH, KOH, &idH, could outweigh the benefits of the

process. Notably, neither the recovery rate noyaledime were reported.

In leach milling, hardmetal scrap is reacted withodvent simultaneously with milling. In their
work, Seo and Kim (2016) describe a pretreatmeptageh prior to acid leaching of WC-Co
hard metal cutting tool scrap. The scrap piece®weated from room temperature to 900°C at
5°C min® for 3hrs in an oxygen atmosphere to produce;\&@ CoWQ. The oxidized scrap
was ground to powder using a planetary ball milliforease the surface area for improved
reaction. A volume of 200ml malic acid solutionsCal to 3M concentrations were used to
selectively dissolve Co from 10g of the oxidized VMG powder. The malic acid solution was
maintained at 20, 30, 40, 50, 60 and 70°C whilgatigg at 200 rpm during dissolution
experiments. Hydrogen peroxide,(B}) at 2 vol% was added in order to decompose alalyer

of insoluble tungstic acid (W§H,0O) covering the CoWQ surface by forming a soluble
peroxotungstic acid complex (W®1,0,-H,0). The role of HO- in the reaction was to dissolve

the tungstic acid after its formation. The authoport that Co dissolution from CoVW0n
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concentrated malic acid was improved by botdHaddition and wet milling although the effect
of wet milling was more significant. Ultimately, @ Bof Co was extracted after 144 hrs (6 days)
in 3M malic acid solution with 2% #D, during wet milling. However, in spite of the higto
extractions, the authors observed that the useatit racid and HO; is rather costly and 1D,
discharge in waste water can be harmful to therenment. In addition, the pretreatment at

900°C in an oxygen atmosphere is also costly.

In melt leaching, the hardmetal scrap is first Bdab the melting point of the binder medium
then cooled and acid leached to selectively digstihe binder metal. The technique was first
proposed by Trapp (1949) and later promoted by "tggwaran et al (1996) who named it the
‘menstruum process.’ In this process, the hardinmeéess is heated to a temperature of at least
1,800°C, whereby some of the cobalt bond is exwdetithe mass is made porous. Even large
pieces of scrap are readily and rapidly dissolvethe carbon-saturated Fe or Co melt bath at
1,550-1,600°C and are converted into WC solid plai which settle rapidly to the bottom of
the melt bath due to their high density. After tmaining molten metal above the settled mass
is poured off, the WC-Fe residue is further proeddsy leaching with HCI at 90-100°C to gain a
pure, coarse grained and well faceted WC powdeg. ‘ifenstruum process’ has the advantage
of handling large pieces of hardmetal scrap whidh difficult to treat using other recycling

techniques. This process is, however, energy intens

The foregoing review of semi-direct recycling meth@jives a general overview of advantages
and disadvantages of current methods as well anfialt areas for further research. Although
common hydrometallurgical techniques have been shimwetrieve the binder metal, several
issues reported in literature include: partial @xion, high energy requirements, slow dissolution
of the binder, non-removable films, reagent congionp technical applicability concerns,

treatment costs and environmental concerns.

2.3.3.1 Lixiviants Used in Semi-direct Recycling

In hydrometallurgy, a lixiviant is a liquid mediuosed to selectively extract a desired metal
from an ore or mineral (AIME, 1917). A lixiviant sists in rapid and complete leaching and the
metal can be recovered from the ore in a concetfatrm after leaching. Lixiviants may work

by altering the redox state of an ore, or by aigethe Eh and/or pH of the leaching environment.
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In hydrometallurgical processes, the lixiviants ethplay a key role could either be acidic or
alkaline. The acidic solvents may be inorganic maaic. A few commonly used lixiviants are
briefly reviewed here as knowledge of their projesris essential for the selection of suitable

conditions for a leaching process.

Sulphuric Acid

Sulphuric acid is a mineral acid composed of sulpbyygen and hydrogen, with the molecular
formula HSQO,. Also known as vitriol, sulphuric acid is a hightgrrosive, diprotic and strong
inorganic acid; density, 1.84gctnmolecular weight, 98.07gmibland boiling point, 337°C. It is

a colourless, odourless, and slightly yellow visdiguid that is soluble in water at all
concentrations (Lide, 2007). The 98% grade is nstaeble in storage, and is the usual form of
what is described as concentrated sulphuric adid.acid has strong dehydrating and oxidizing
properties at high concentrations (Housecroft, 2008ssesses different chemical properties and
therefore has a wide range of applications somehoth include metal extraction and chemical
synthesis (Earnshaw and Greenwood, 1997). Sulphaiitis stable, easier to handle, relatively
cheap compared to other acids and allows good ifiahtion of metals. The average cost of
sulphuric acid (98%w/w) is USD24.4.00/Litre (Chenmpgly, 2020).

Hydrochloric acid

Hydrochloric acid is a mineral acid composed of hoge&n and chlorine with the molecular
formula HCI. Also known as muriatic acid or spiof salt, hydrochloric acid is a clear,
colourless aqueous solution of hydrogen chloride gds a highly corrosive, strong monoprotic
inorganic acid with many industrial uses (Lide, 2POHCI (37%) density, 1.16gcfhand
molecular weight, 36.46gnidl The boiling point of hydrochloric acid decreaseéth increasing
acid concentration; at 20.2% concentration, hydmah acid as a binary mixture of
hydrochloric acid and ¥D has a constant-boiling azeotrope at 108.6°C (12007; Perry et al.,
1984). At higher concentrations, hydrochloric afodns corrosive acid mists, dissolves many
metals, forms oxidized metal chlorides and hydrog@s, and reacts with basic compounds such
as CaCQ or CaSQ to form soluble chlorides. HCI is used in many gasses such as ore

treatment, metal extraction, separation, purifaati and water treatment (Earnshaw and
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Greenwood, 1997). The average cost of hydrochlacid (37%w/w) is USD 32/Litre (Chem
Supply, 2020).

Nitric acid

Nitric acid, also known as aqua fortis or spiritniter, is an inorganic acid composed of nitrogen,
hydrogen and oxygen with a chemical formula HN®litric acid is a highly corrosive,
monoprotic, toxic and strong mineral acid with aggaoxidizing characteristics (Housecroft and
Sharpe, 2008); HNO(68%) density, 1.41 gcth; molecular weight, 63.20 gmyl normally
colourless, but tends to acquire a yellow cast uhe accumulation of oxides of nitrogen if
stored for a long time. Nitric acid (68% w/w) abiaary mixture of nitric acid and 4@ has a
constant-boiling azeotrope at 121°C (Dean, 19923liM@ry nitric acid has a concentration of
68% (w/w) and when the concentration is more th@#o8the acid forms nitric acid fumes.
Nitric acid is subject to thermal or light decompios to form nitrous gas (Housecroft and
Sharpe, 2008). The main important uses of nitrid aclude production of explosives, etching
and dissolution of metals. As a component of aeggger nitric acid is used for purification and
extraction of gold, and in chemical synthesis (Tiaen, 2005). The average cost of nitric acid
(68-70%w/w) is USD 56/Litre (Chem Supply, 2020).

Phosphoric Acid

Phosphoric acid, also known as orthophosphoric, aid weak acid with the chemical formula
H3PQ,. It is a non-toxic compound which, when pure,abdsat room temperature and pressure.
HsPQ, density, 1.88gcii molecular weight, 97.99 gmyl melting point, 42.4°C and boiling
point, 407°C. All three hydrogens are acidic taywag degrees and can be lost from the
molecule as H ions (protons). When all three *Hons are removed, the result is an
orthophosphate ion R®, commonly called "phosphate”. Removal of one ar fwotons gives
dihydrogen phosphate ion, PO, and the hydrogen phosphate ion, HPOrespectively.
Phosphoric acid is commonly stocked as an aquemusa at 85% (w/w) concentration. It is a
colourless, odourless, and non-volatile syrupyitigrthe dominant use of phosphoric acid is for
fertilizers, consuming approximately 90% of prodowct(Schrodter et al, 2008). Phosphate acid
is used in soaps and detergents, food industryerniegatment and toothpastes. Other specific

applications include: anti-rust treatment, acidl foells, production of activated carbon and
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compound semi-conductor processing. The averageotgshosphoric acid is USD 56.4/Litre
(Chem Supply, 2020).

Acetic Acid
(0]
V4
H3C e C
\ OH

Fig.2.9: Acetic acid (GH40,) molecular structure

Acetic acid is colourless liquid organic compounihwhe chemical formula CHCOOH also
written as CHCO,H or GH,O.; density, 1.05gcit molecular weight, 60.05gmdl melting
point, 16.6°C and boiling point, 118.1°C. When Uuigid, it is sometimes called glacial acetic
acid. Acetic acid is the main component of vinegaaurt from water making up not less than 4%
by volume. The hydrogen centre in the carboxyl gr¢gCOOH) in carboxylic acids such as
acetic acid can separate from the molecule by @iz (Haynes, 2016). The reaction is
presented as:

CH;COOH= CH,COO + H' (2.9)

Because of this release of the protori)(kcetic acid has acidic character. Acetic acia igeak
monoprotic acid. The acetic acid molecular struetis shown inFigure 2.9 In agueous
solution, acetic acid has a pkKalue of 4.76 (Goldberg et al, 2002). Its conjedadase is acetate
(CH3COO). A 1.0 M solution (about the concentration of dmstic vinegar) has a pH of 2.4,
indicating that merely 0.4% of the acetic acid noales are dissociated. However, in very dilute
(< 10° M) solution acetic acid is >90% dissociated. Targést market for acetic acid is its use
as a chemical reagent for the production of chelntiempounds (Cheung et al, 2004; Malveda
and Funada, 2003). The average cost of acetiaatl®@D 24/Litre (Chem Supply, 2020).
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Citric Acid
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Fig.2.10 Citric acid (GHgO;) molecular structure

Citric acid is a weak organic acid that has thengbal formula GHsO; and structural formula,
CH,COOH-C(OH)COOH-CHCOOH; density, 1.66gct molecular weight, 192.12gmd|
melting point, 153°C and boiling point, 310°C. ttooirs naturally in citrus fruits. The conjugate
base of citric acid is citrate {850;°). The citric acid molecular structure is illusedtin Figure
2.10 Citric acid is normally considered to be a tribascid, with pKa values of 3.13, 4.76 and
6.39. Citric acid is used as a chelating agentx&heler, 2014). The citrate ion forms complexes
with metallic cations. The stability constants tloe formation of these complexes are quite large

because of the chelate effect. Consequently,mi$azomplexes even with alkali metal cations.

However, when a chelate complex is formed usinghafle carboxylate groups, the chelate rings
have 7 and 8 members, which are generally lessestidrmodynamically than smaller chelate
rings. In consequence, the hydroxyl group can Ipeadenated, forming part of a more stable 5-
membered ring, as in ammonium ferric citrate, 8§Fe(GH407)2-2H,0 (Matzapetakis et al
1998). The dominant market for citric acid incldded and drink, cleaning and chelating agent
(Verhoff, 2016), cosmetics, pharmaceuticals anthdyesupplements. The average cost of citric
acid is USD 72/Kg (Chem Supply, 2020).
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Lactic acid
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Fia.2.11: Lactic acid ((:HsO<) molecular structui

Lactic acid is an organic acid with the molecularniula GH¢O3; and structural formula
CH;CH(OH)COOH; density, 1.29gcth molecular weight 90.08gmal melting point 16.8°C
and boiling point 122°C; hygroscopic and monoprotiactic acid has been observed to be
corrosive to metal and tissue. While in liquid stidctic acid is a colourless solution, white in
solid state and extremely soluble in water andreth@/NVesthoff and Starr, 2012).

Lactic acid can be produced naturally as well aghstically. The acid is carboxylic with the
general formula, R-COOH. R refers to the hydroxGH{CH (OH)) molecule and COOH the
carboxylate group. The lactic acid molecular suitetis exhibited irFigure 2.11 In solution,
lactic acid can ionize a proton from the carboxsdup, producing the lactate anion &HH
(OH) COQO. Lactic acid has a dissociation constant of 3.86.gCompared to acetic acid (4.76
pKa), lactic acid’s pKa is 1 unit less, meaningitaacid deprotonates ten times more easily than
acetic acid does (Benninga, 1990; Groot et al, 20hOother words, that means lactic acid is a
stronger acid than acetic acid. In its conjugatemfolactic acid plays a role in several
biochemical and electrochemical processes (Maret, 2013). The average cost of lactic acid
(88%w/w) is USD 68.8/Litre (Chem Supply, 2020).

Tartaric acid
H

HO e C e— COOH

HO —— C —— COOH

H

Fig.2.12: Tartaric acid (gHsOg) molecular structure
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Tartaric acid is a white, water-soluble, crystalianddiprotic organic acid with the molecular
formula GH¢Os and structural formula HOOCCH (OH) CH (OH) COOHendity 1.79gcn;
molecular weight 150.09gnigl melting point 169-172°C and boiling point, 275°Rartaric acid
occurs naturally, most notably in grapes. Its satttassium bitartrate, commonly known as
cream of tartar, develops naturally in the procefssvinemaking. As a diprotic acid, it is a
dicarboxylic acid, a molecule with two carboxyl groups with a gehearmlecular formula
HOOC-R-COOH (Kassaian, 2002; softschools.com, 2018¢ tartaric acid molecular structure
is presented ifrigure 2.12 Tartaric acid has a dissociation constant of pR8. Compared to
acetic acid (4.76 pKa), tartaric acid’s pKa is dtsiless, meaning tartaric acid deprotonates
twenty times more easily than acetic acid doestafiaracid has several industrial applications.
It has been observed to chelate metal ions suchlasim and magnesium and has served in the
farming and metal industries as a chelating agemtdmplexing micronutrients in soil fertilizer
and for cleaning metal surfaces consisting of ahiumn, copper, iron, and alloys of these metals,
respectively (Kassaian, 2002). Other applicatiohtadaric acid are in the pharmaceutical and
food industry (Blair and DeFraties, 2000). The ager cost of tartaric acid is USD 100/Kg
(Chem Supply, 2020).

Maleic acid

COOH

H
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C
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Fig.2.13 Maleic acid (GH404) molecular structure

Maleic acid is adiprotic white water-soluble organic compound with the roolar formula
C4H404 and structural formula HOOCCH=CHCOOH; density,64cm®; molecular weight;
116.07gmot; melting point 135°C (decomposes) and boiling p&@i®2°C. It is adicarboxylic
acid, a molecule with two carboxyl groups. The malesxeddamolecular structure is shown in
Figure 2.13 It is electrophilic - a molecule that has a tereto attract or acquire electrons.
Maleic acid has a dissociation constant of 3.02.gB@mpared to acetic acid (4.76 pKa), maleic

acid’s pKa is 1.7 units less, meaning it deprotesdt7 times more easily than acetic acid does.
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Maleic acid has few applications. The maleate i®rthie ionized form of maleic acid. The
maleate ion is useful in biochemistry and the plaaeuntical industry. Maleic acid is also used as
an adhesion promoter for different substrates, éoample, galvanized steel. Although not
practiced commercially, maleic acid can be conekeim#o maleic anhydride by dehydration, to
malic acid by hydration, and to succinic acid byllogenation (Amoa, 2007). The average cost
of maleic acid is USD 154/Kg (Chem Supply, 2020).

2.4.3.1.1 Metal Complexation

A complex has been defined as a species formedhddyassociation of two or more simpler
species each capable of independent existence fasmsd Rossotti, 1961). When one of the
simpler species is a metal ion, the resulting emitkknown as a metal complex. A characteristic
feature of such a complex is that a metal atom miesua central position in it. This is
exemplified by cobalt in hexamminecobalt (11l) ignatinum in tetratchloroplatinate (I1) ion, and
copper in bis(glycinato) copper (ll) shown kgures 2.14, 2.15and 2.16 respectively. The
metal-centred structure may carry a negative, pesilr zero charge. AlImost every kind of metal
atom can serve as a central atom, but some kindtoofs do so more readily than others. Atoms
of the transition series, for example Co, W, Fe,@l, Pt, Cr, V, Mo, etc., are excellent in this

function, whereas, alkali metals are rarely foumthis role (Dwyer and Mellor, 1964).
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Fig.2.14 Cobalt in hexamminecobalt (IIl) ion
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Fig.2.15 Platinum in tetratchloroplatinate (I1) ion
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Fig.2.16: Copper in bis (glycinato) copper (Il)
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When the central metal atom of a complex is boundst immediate neighbours by covalent
bonds formed as a result of the metal atom acagptinelectron pair from each non-metal atom,
the non-metal atom is referred to as the donor tmed metal atom, the acceptor atom.
Alternatively, the non-metal atom is called the rclioating atom and the bond between it and
the metal atom, a coordinate bond. However, mdtaihs themselves sometimes contribute
electrons to the bond as they ddzihbonding. Nevertheless, a more generally used cdiore
which is preferable, is to call any negative iorpoftar molecule bound to a metal atom, a ligand
and the bond between them, a metal-ligand bond é@waynd Mellor (1964). The term ligand
comes from the Latin wortigare, which means to bind. Ligands have at least om®idatom
with an electron pair used to form covalent bonds whe central atom. Ligands can further be
categorized as monodentate, bidentate, tridentte, where the concept of teettle(it) is
introduced, hence the idea of ‘bite’ angle. A mogrtdte ligand has only one donor atom used
to bond to the central metal atom (Petrucci €2@1,7; Porterfield, 2013).

Monodentate Ligands

The term “monodentate” can be translated as “onthtpreferring to the ligand binding to the
central atom through only one atom at one poinm&examples of monodentate ligands are:
chloride ions (referred to as chloro when it isgahd), water (referred to as aqua when it is a
ligand), hydroxide ions (referred to as hydroxo witeis a ligand) and ammonia (referred to as
amine when itis a ligand) (Petrucci et al, 2017).

Bidentate Ligands

Bidentate ligands have two donor atoms, which alleem to bind to a central metal atom at two
points. Common examples of bidentate ligands &te/lenediamine (en), the oxalate ion (0x)
and actelyacetonate (ada&igure 2.17shows ethylenediamine: the nitrogen atoms on dige®
each have two free electrons that can be usedrd tma central metal atom. Ethylenediamine
(en) is a bidentate ligand that forms a five-merabering in coordinating to a metal ion M
(Porterfield, 2013; Morgan and Drew, 1920).
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H2C _— CHz
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Fig.2.17 Ethylenediamine (en), a bidentate ligand

Acetylacetonate (acgds a bidentate ligand that coordinates metal tbingugh oxygen atoms.
Acac is a hard base, so it prefers hard acid cationth #livalent metal ions, acaforms neutral,
volatile complexes such as Cu (agaapd Mo (acag)that are useful for chemical vapour
deposition (CVD) of metal thin films.

Polydentate Ligands

Polydentate ligands have more than one atom alaifab coordination to the metal atom and
they form stronger complexes than monodentate diggiox, 2004). However, in forming a

metal chelate, a polydentate or multidentate cimgladgent may not use all its donor atoms
(Morgan and Drew, 1920). Polydentate ligands ineldmdentate, tridentate, quadridentate,
guinquedentate, hexadentate, and octadentate idgetadvlecules. EDTA, a hexadentate ligand,
is an example of a polydentate ligand that hasdsixor atoms with electron pairs that can be
used to bond to a central metal atom or ion. Aaraditive system of classification of chelating
agents suggested by Diehl (1937) is based on theenaf the functional groups which are

described as: (1) basic or coordinating for exarnigld,, (2) acidic, for example, -COOH.

Ambidentate Ligands

Unlike polydentate ligands, ambidentate ligands ai#ach to the central atom using either of its
two donor atoms. A good example of this is thio@tapSCN °, which can attach to a central

metal atom either at the sulphur atom or the ngrogtom (Petrucci et al, 2007; Porterfield,
2013).
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Chelation

Chelation is a process in which a polydentate lighonds to a metal ion, forming a ring. It has
been found that some ligands get attached to thal mg®m by more than one donor atom in
such a manner as to form a heterocyclic rifigy{re 2.17). This type of ring is called a chelate
ring, the ion or molecule (ligand) from which itfiermed, a chelating agent and the process of
forming the chelate ring, chelation. First discateby Morgan (Morgan and Drew, 1920), the
first molecules identified were those with two doatoms with a ‘claw’ like mode of attachment
to the metal atom, hence the name chelate. AcapridirDwyer and Mellor (1964), any metal
complex in which one or more chelate rings areges defined as a metal chelate. However,
many compounds function as chelating agents byode of one or more protons as is the case
with oxalic acid and carboxylic acids. Althoughist the anion that combines with the metal
atom, it is, nevertheless, customary to call theeqamolecule a chelating agent (Dwyer and
Mellor, 1964). As the name implies, chelating ligarmave high affinity for metal ions compared
to ligands with only one binding group which ardlezh monodentate, single ‘tooth’ ligands
(Cox, 2004).

Atoms known to function as donors in metal compéexee shown iTable 2.7. Those shown in

boldface have been observed as donor atoms intctgeiaolecules.

Table 27: Donor atoms in metal complexes

- - - H
C N o F
- P S Cl
- As Se Br
- Sb Te I

Conditions necessary for chelation

If a molecule is to function as a chelating agéninust fulfil at least two conditions. First, it
must possess at least two appropriate functiormalpg, the donor atoms of which are capable of
combining with a metal atom by donating a pairlet&ons. These electrons may be contributed

by basic coordinating groups such as N acidic groups that have lost a proton such as —
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COOH. Some acidic groups that combine with metaimat by the replacement of hydrogen,
known as, acidic groups are (Dwyer and Mellor, 1964

-COOH (e.g., carboxylic acids)
-SOH

-OH (e.g., enolic and phenolic acid)
-SH

H

/
N\
o

Basic coordinating groups include:

—0 - O—R — AsR,
— NH; ——NOH —PR
—NH —OH
— N - S—

The second condition is that these functional gsaupst be so situated in the molecule that they
permit the formation of a ring with a metal atomths closing number. It's important to note
that these two conditions are necessary, but theyat always sufficient for the formation of a
chelate ring. Under some conditions, for examphe,conditions of sufficiently low pH, a
‘potential chelating molecule’ may attach itselfdometal atom through only one ligand atom
(Grinberg, 1962) as shown kagure 2.18

HOOC:CH,:NH, Cl

/ C\
Cl NH,- CH,- COOH

Fig.2.18: Central atom with 4 monodentated ligands attached

Chelation is sometimes influenced by steric fact@mse chelating molecule may attach itself to

a metal atom readily enough, but the addition ¢@nd and third is hindered or even prevented
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by the fact that there is a clash between thedinst parts of the second and third when the latter
move into the positions required for attachmenteWibr such a clash will occur may sometimes
depend on the size (atomic radius) of the centethhatom. The steric factor may sometimes
manifest its influence by a lowering of the stdpibf the resulting metal complex (Dwyer and
Mellor, 1964).

The metal-ligand bond

The strength and stability of the metal-ligand bdegends on the metal and the ligand size and
electronegativity; specifically, their electronicucture. The ligand molecule ‘L’ may have other
atoms attached to it, the number and nature oftwhid also influence the stability of the ‘M —

L’ bond (Dwyer and Mellor, 1964).

Lewis (1916) and Langmuir (1919) were the firstidentify a covalent bond with a pair of
electrons—one from each atom, and both held in comrBome years later, Sidgwick (1927)
developed an electronic interpretation of the stnme&cof metal complexes in which one of the
key ideas was the coordinate bond. The distind@ature of this bond between ‘M’ and ‘L’ is

that both electrons of the bond are contributediiy atom, L, known as the donor atom.

The stability of metal chelates

The solution stability of a metal complex is commat with equilibrium of the type (Dwyer and
Mellor, 1964: Petrucci et al, 2007):

M+ nL = ML, (2.10)
By applying the law of mass action to equation,2lxe equilibrium constant may be expressed

as:

po = -Lin} (2.11)

T M

Where, {M} is the activity of the species M, {L}he activity of the species L, apg is the

over-all thermodynamic stability constant for tleaction.

The constant that is determined experimentallysgally the concentration or stoichiometric
stability constantg;; in which concentrations of the species (indicabgdsquare brackets)

replace activities. Thus,
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MLy,
0 = —U[w] [L]]n (2.12)

Knowledge of the stability constants of metal complk is useful for understanding their

behaviour in solution. As a matter of fact, coiwtis required for the optimal or complete

formation of a metal complex may be predicatednenitasis of its stability constant.

Metal-chelate complex formation mechanism

The metal-chelate complex formation mechanism sef@ithe step-by-step analysis of reactions
involved in the conversion of reactants to productse general reaction profile for a metal (M)
— ligand (L) interaction is presented as (Chautiaal, 2015):

M+L S [MLF S [MU S [MU* S ML (2.13)
Energetic ~ Transition  |ntermediate  Transition Final
collision state state state product

It can be seen ikgn (2.13)that there are two transition states where thetgaubstitution may
take place. A schematic representatiorEqh (2.13)is given inFigure 2.19 which suggests
that the metal and ligand interact due to the eztgrgcollision of the two molecules.
Nevertheless, there are different transition stares intermediate stages between the reactant
conversion and the product formation. An intermegliaccurs at the local energy minimum,
whereas the transition state always occurs at arggmnmaximum point and cannot be isolated
(Chauhan et al, 2015).

3
Potential

Energy Transition
State [ML]" Transition
| State [ML]"*
Intermediate

..... ML)
Reactant

M+L

Product
ML

m—pReaction Coordinate

Fig.2.19: Metal-Ligand interaction-general mechanism (adajtem Chauhan et al, 2015)
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The mechanism of metal-ligand complex (ML) formatiman also be demonstrated in terms of a
rapid pre-equilibrium. The reaction is carried autan agueous phase and the water molecules
are replaced by another ligand in the coordinasipimere of the metal. The reaction mechanism

can be divided into two steps (Chauhan et al, 2015)

(1) Metal-water complexation (formation of an outer eqghcomplex [M(HO)]**

(2) Metal-chelate complexation (replacement of the watelecules by the ligand).
The reaction of metal-chelate complexation in aneags system is shown Figure 2.2Q
which depicts that initially, the metal-complex tains water molecules as ligands and then the
other ligand is substituting the first one in treger determining step. Thus, the metal-ligand
complex formation reaction can be considered antigaubstitution reaction. The ligand

substitution reaction is presented as (Chauhah 2045):

IMLX]?Y S [MLY]* + X (2.14)

Different mechanisms (associative, dissociativegrehange) for the ligand substitution reaction

are shown irFigure 2.21

b
M(H,0)" )~ M(H,0)¢ L
Lo () ,

+H,0 (k) +H,0 (k,)

’Hzo (kr) 'Hzo (kl)

+L*(k
M(H,0)¢*2 é_(')é M(H,0)s*2.L®
'L-b(kr) A

-

4
M(H,0), .L*a

Fig.2.20: Schematic representation of the reaction mechafuismetal-complex formation in an
aqueous system (adapted from Chauhan et al, 2015)
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»
Potential (B)
Energy

Potemialt (A)
Energy

Potential
Energy

XM+ Y ]

X + 'A'Y x + M'Y
> - X+MyY
== Reaction ———p Reaction ey REACtION
Coordinate Coordinate Coordinate
[MLNX]** + Y > [MLnXY] * [MLNX] %" = [MLN]* + X° [MLNX] % + Y = Y...MLn...X
[MLNXY] " - [MLnY]# + X [MLN]# + Y > [MLnY] = [MLnY]*" + X

Fig.2.21: Ligand substitution mechanisms — (a) associathedissociative, (c) interchange (Adapted from @ien et al, 2015)

The chelate effect

Metal chelates are inherently more stable thanetyoselated non-chelate complexes. This is
known as the chelate effect (Dwyer and Mellor, )96¥ detailed study of several cadmium
complexes by Spike and Parry (1953) showed thastdtaility of the metal chelate in each case
was greater than that of the corresponding nornathelomplex. A summary of some of their
results is shown iffable 2.8.

Table 28: Cadmium complexes and the chelate effect

Complex StabilitL; gonstant
[CA(NHz),]* Non-chelate 4.950
[CA(NH,CHs),]* Non-chelate 4.808
[Cd(en)]* chelate 5.836
[CA(NH3),%* Non-chelate 7.44
[CA(NH,CHs),]* Non-chelate 6.55
[Cd(en),]* chelate 10.62

en = ethylenediamine chelate complex

A thermodynamic perspective of the chelate effest heen offered by some authors. According
to Chauhan et al (2015), for a given metal-ligaedction, the formation constant for the
chelation process can be calculated using the tiynamic relationship given as:

AG® = -RT In(K) =AH° - T(AS®) (2.15)
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In this relationship, enthalpyAH) contributes to the thermodynamics of the compiiex
process in the form of ligand repulsion, distortiand crystal field stabilization energy
(Hyv'onen, 2008) whereas, the entro@\&) includes all probability factors that controkth
stability of the complex. Schwarzenbach (1952) rd&ted the combined effect of these two
terms (enthalpy and entropy) as the ‘chelate éffedtich refers to the enhanced stability of a
metal-ligand complex due to the chelation procdd$gerefore, the strong stability of chelate
complexes can be considered to be a combined dffetiie enthalpy and various forms of

entropy of the reaction (Chauhan et al, 2015).

Soecificity and selectivity in the formation of metal chelates

The results of stability constant measurements Bheavn that the ability of metal ions to form
chelates is not chelate-specific. Equally, theigbof ligands to form chelates is not metal-
specific. It seems highly unlikely that a partiautelating agent can combine with only one
kind of metal and no other. Absolute specificitytlins sense is not attainable. However, products
formed from metal complexation with ligands may $gecific in terms of their unique
characteristics. In this sense, specificity resides in the reagent but the product of the test
(Dwyer and Mellor, 1964).

While chelating agents do not exhibit absolute djp#y in their reactions with metal ions, they
may exhibit varying degrees of selectivity accogdin circumstances. For example, chelating
agents are used as selective precipitants in aellythemistry. 8-Hydroxyquinoline forms
water-insoluble precipitates with upwards of thidifferent metals. This number may be reduced
by controlling the pH of the solution from whichegipitation takes place (Dwyer and Mellor,
1964).

Metal complexation by carboxylate ligands

As stated earlier, many compounds function as tihglaagents by the loss of one or more
protons. Although it is the anion that combineshwihe metal atom, it is, nevertheless,
customary to call the parent molecule a chelatiggna (Dwyer and Mellor, 1964). An
alternative system of classification of chelatimgats suggested by Diehl (1937) is based on the
nature of the functional groups which are descriethasic or coordinating for example, Nt
acidic, for example, -COOH, -$8, -SH, -OH, etc. The acidic functional group béttype -
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COOH is associated with carboxylic, hydroxycarbaxyhnd benzenocarboxylic acids. The
carboxylic acids with one functional group (-COO&te called monocarboxylic, those with two
functional groups (HOOC-R-COOH), dicarboxylic. Hggycarboxylic and Benzenocarboxylic

acids have a varying number of functional groups.

Monocarboxylic acids

Monocarboxylic acids have one functional group (€9) with one proton and are therefore
monodentate chelates. The loss of the proton altbem to bind to a central metal atom at one
point. Some examples of monocarboxylic acid ligaads. acetic acid (CH¥OOH) with its
acetate anion, Cf£OO (Haynes, 2016) and formic acid (HCOOH) with itsni@ate anion,
HCOO (Reutemann and Kieczka, 2000).

Dicarboxylic acids

Dicarboxylic ligands have two functional groups amd therefore bidentate chelates. The loss of
two protons allows them to bind to a central metaim at two points. Common examples of
dicarboxylic ligands are: oxalic acid £8,0,) with its oxalate anion £,*(Ullmann’s
Encyclopedia, 2005), malonic acid sf&H,) with its anion, GH.H,*(Hildbrand and Pollak,
2001), maleic acid (§8404), with its maleate anion&,0,%(Lohbeck, et al, 2000), tartaric acid
(C4sHgOs) with its tartrate anion, fH.06> (Lide, 2005) and fumaric acid §840,), with its
fumarate anion, §4,0,% (Lohbeck, et al, 2000). The resemblance betwedgrienand fumaric
acid is because maleic acid is the cis-isomer ¢érmdioic acid, whereas fumaric acid is the

trans-isomer.

Hydroxycarboxylic acids

Hydroxycarboxylic acids are hydroxyl-based carbaxiygands which have a varying number of
functional groups, which allow them to bind to anttal metal atom. Common examples of
hydroxycarboxylic ligands are: citric acid {8s0;) with its citrate anion, §4s0;3(Alexander,
2014) lactic acid (€HgOs) with its lactate anion, 4505, The lactic acid ligand can also be
bidentate when the chelating behaviour of the tac#mion (GH4Os?) is coordinated through
one oxygen atom of the carboxylate group and thgex of the hydroxo group (Cariati et al,
1977).
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Benzenocarboxylic acids

Benzenocarboxylic acids are benzene-based carbdigdinds which have a varying number of
functional groups, which allow them to bind to anttel metal atom. An example of
Benzenocarboxylic ligand is salicylic acid/f&03) with its salicylic anion, €HsO3™ (Fiege et
al, 2002).

Metal complexation by carboxylic acid ligands ismplified by the complexation reaction of
Co with an acetic acid ligand as shownBqgn. 2.2 Cobalt acetate may be formed by the
reaction between cobalt oxide or hydroxide andiacatid. In this reaction, the acetic acid
ligand forms a metal complex with the Caation through proton removal from the acetate
chelate and shifting the equilibrium in favour betmetal complex, cobalt acetate. The cobalt
acetate tetrahydrate has been shown by X-ray dogtaphy to adopt an octahedral structure,
the central cobalt centre being coordinated by feater molecules and two acetate ligands as
shown inEqgn. 2.3(Van Niekerk and Schoening, 1953).

2CH,COOH + 3HO + CoO= (CH,COO0)Co-4H0 (2.16)
HZO Hzo
r 7 o} O ot O o}
o}
/ N/  \/
2 | HC —C + 2H" + 3H,0 + CoOS
N, = |
Q Q (2.17)
T I
L i H,O H,O

In the foregoing discourse, information on inorgaand organic acids, their chemical and
physical properties including their commercial agdions in industry has been presented. Metal
complexation, its relevance and the mechanismslvadowere highlighted. This information

will be used as a basis for lixiviant selectioncdissed in the next section.
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2.4.3.1.2 Lixiviant selection

A combination of inorganic and organic acids hasnbsuggested as the route for overcoming
the challenges previously highlighted in sectioh 2. The basis for suggesting the two types of

lixiviants is discussed in this section.

Inorganic acids

Inorganic acids also called mineral acids havengtroxidizing properties. They extract metals
by proton attack. The hydronium ion reacts with atah causing it to become oxidized thus
inducing metal dissolution (Bronsted, 1931). Theref inorganic acids are strongly

recommended for metal solubilization. However, albtinorganic acids are suitable candidates
in terms of cost, ease of use, toxicity, corrosesnand eco-friendliness. A careful selection to
find the best candidate is certainly required. Anber of potential acids are briefly discussed

below:

As a strong oxidant, HN& has strong metal dissolving properties. Nitricdagixed with HCI in

a ratio of 3:1 makes aqua regia, a reagent thatissolve the noble metals gold, platinum, and
palladium. As a lone acid, nitric acid, with itsatg oxidizing properties, can be used to
effectively extract Co from cemented carbide. HoareVNG; is an expensive lixiviant and the

large evaporative losses associated with its loimgopoint at 121°C makes its use costly. In
addition, the toxicity and corrosive nature of cemitated nitrate solutions constitutes an
environmental hazard (Matjie et al, 2005; Nayak @hdta, 2009).

HCI is a strong acid that can be used to form Ighéoride salts. It has the advantage of
complete dissociation in water and is capable ofraekng Co from cemented carbide
successfully. Despite these advantages, HCI isxpansive lixiviant in terms of acid cost and
the evaporative losses associated with its lowirmgpipoint at 108.6°C makes its use just as
costly as nitric acid. Moreover, at higher concatitns, corrosive mists of concentrated chloride
solutions constitute an environmental hazard (Matji al, 2005; Nayak and Chitta, 2009). The
corrosive mists react with construction materiateyming harmful chlorinated organic

compounds (Peek et al, 2009).
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Sulphuric acid has strong oxidizing properties (semroft, 2008). Although corrosive at high

concentrations, the acid possesses different claéprioperties and therefore has a wide range of
applications some of which include metal extractaond chemical synthesis (Earnshaw and
Greenwood, 1997). Sulphuric acid is stable, edsiéandle, relatively cheap compared to other

acids and allows good solubilization of metals @,id007; Perry et al., 1984).

Based on these observations, sulphuric acid ispegf for Co dissolution in cemented carbide

hardmetal.

Organic acids

Organic acids also known as organic ligands havekwexidizing properties, compared to
inorganic acids, due to their poor dissociatioagueous solutions. However, organic acids have
strong ‘metal-ligand bond’ complexation propertidbnost all transition metals form complexes
in the presence of organic ligands. These complskesy high water solubility and chemical
stability (Dwyer and Mellor, 1964).

Organic acids extract metals through proton reméneeth the organic chelate thereby allowing
the ligand anion to attach to the metal ion andtislyi the equilibrium in favour of the metal
complex. The metal chelate complexes formed aree gtidble due to the chelate effect (Dwyer
and Mellor, 1964; Spike and Parry, 1953). Utilimatof organic chelate properties to either form
useful metal complexes like cobalt acetate, a psecuo oil drying agents and catalysts that
allow paints and varnishes to harden (Donaldson Beykersmann, 2005) or the formation of
tungsten lactate in order to suppress and stopstengrom forming unwanted products are
reported in literature (Cruywagen et al, 1993). Seheroperties make organic chelates the

preferred choice for metal complexation.

In the current work, an organic acid chelate cdaddused to suppress tungsten by forming a
soluble tungsten complex salt thus, preventingatmf forming undesirable insoluble tungsten
products which obstruct mass transfer and cause gitfasion in cemented carbide hardmetal

leaching systems.

A number of organic acids, which can be used fotaleomplexation, have been previously

discussed in section 2.4.3.1.1. These are acetimjd, oxalic, malonic, maleic, tartaric, fumaric,
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citric, lactic and salicylic acid. Previous resédmetforts have shown that organic acids from the
dicarboxylic and hydroxycarboxylic class could maeod candidates for complexation of
metals from the transition series (Guedes(@evalho and Neves, 1992; Van Niekerk and
Schoening, 1953).

Based on these observations, lactic, maleic amari@acid are the preferred chelating agents for
tungsten complexation. The three acids will, thenefbe subjected to reagent selection trials in
order to select the best, which will then be use@d @ompanion to sulphuric acid and the two
will be used together in the cemented carbide liegcbystem. Sulphuric acid will be aimed at
promoting Co dissolution, whereas the organic ¢hejaagent will be aimed at promoting
tungsten complexation in order to suppress the dtdon of slow equilibria polyanion

precipitates.

2.4 Selective Dissolution in Semi-direct Leachingdctions

Selective dissolution studies of WC-Co hardmetaés &f great importance for understanding
their properties and performance in leaching systdmselective dissolution, one component is
dissolved chemically, leaving the other phase(sffented. In this technique, conditions are
created which enhance the dissolution of a pagicoietal of interest while suppressing the
dissolution of the other metal(s). This can be ewotd by exploring the differences in the
thermodynamic stability of the respective aquegoscies of the metals in a given leaching
system. Therefore, Eh-pH diagrams guide the theymaaic stability differences and have been
found to be a fundamental useful tool when desmrselective dissolution processes. Another
useful tool in designing leaching systems is leaghkinetics which provides information on

reaction rates.

Depending on the prevailing reaction mechanismilsg reaction products expected from
selective dissolution reactions could be fluidjdok both. When the reaction(s) taking place do
not involve a product layer mechanism, the outcarfnthe reactions is a fluid product and the
unreacted skeleton residue is retained. Howevethdf reaction(s) taking place involve(s) a
product layer controlled mechanism, solid prodatsto be expected and will form part of the

retained skeleton residue. Based on this obsenaglective dissolution processes could take
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one of two routes: 1) product layer-free route stmaw Figures 2.22or 2) product layer-
inclusive route shown iRigure 2.23
In the examples shown in the figures, it is assurnied the material undergoing selective

dissolution has low contiguity, hence the loosealfiskeleton structure which can easily be
disintegrated.

= 4
AN L0
Q= .‘ 4l
; A ‘§.<
@ @ O
Y
(a) (b) (c) (d)

Fig.2.22: Product layer-free route {a) unleached, (b) <50% leached (c) ~50% leachéd same open channels, (d) >50%
leached with >50% open channels, (e) ~100% leaglithdall channels open.

Insoluble porous produc

mass
eXseeE
@ o ® AYe v,
902 Regr
(@) (b) © (@)

(e)
Fig.2.23 Product layer-inclusive route 2: (a) unleachehb)) ,<60% leached with a bit of solid formation or #urface, (c)

~50% leached with the insoluble product in channéty >50% leached with the insoluble product lrarnels, (e) ~100%
leached with the solid product in channels

2.5 Kinetics of Leaching Reactions

Metal extraction efficiencies and recovery from ahdiearing materials is determined by both
the chemical kinetics of reactions involved and thi@eralogy of the material being leached
(Tzeferis and Agatzini-Leonardou, 1994; Valix et &001). Therefore, the ease or difficulty of
extracting metals such as cobalt from the cemecaeide binder phase will be reflected in the
extraction efficiencies. Whereas the main objectiith thermodynamic data is the possibility of
a chemical reaction taking place and in which dioeca process occurs but, in itself tells
nothing about its rate, reaction kinetics is conedrwith understanding the rates of chemical
reactions and the type of mechanism controllingdaetion.
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2.5.1 Reaction Mechanisms

For leaching processes, chemical kinetics can Beritbed in the framework of heterogeneous
non-catalytic solid-fluid reactions in conjunctiarth the shrinking core model. This is the most
widely accepted model for describing solid-liquehction kinetics of non-porous particles. The
extraction of cobalt from cemented carbide usindiaanedia like sulphuric acid solution is an

example of a solid-fluid reaction.

2.5.1.1 Shrinking Core Model

Although there is not much information on the uk¢he shrinking core model for modeling the
cemented carbide-sulphuric acid leaching procéssuse of the shrinking core model has been
studied extensively in hydrometallurgy (Crundwdl95; Veglio et al.,, 2001). The shrinking
core model for the solid-liquid systems is gengralpplied to describe the shrinkage of ore
particles during mineral leaching reactions whiod @ key unit operation in hydrometallurgical
processing. The key principle in all processes whbe shrinking core model is applied is the
establishment of a link between the leaching kaseéind the changes in the size of the particles
undergoing a reaction. The shrinking core modélaised on the assumptions that the reaction is
irreversible, the particle is spherical, the reactinterface shrinks uniformly and that the
reaction is non-catalytic. The limitations of tHeiaking core model are that it is idealized and
assumes an even distribution of the target metalithout the particles, ignoring the presence
of other constituents which may affect the ovepaticess. The shrinking core model, therefore,
works well for very porous solids.

Based on the shrinking core model, the mechanishet@#rogeneous non-catalytic reactions may
be considered to consist of six steps (Wen, 196Bgse include: (1) diffusion of the fluid
reactants across the fluid film surrounding thedsdR) diffusion of the fluid reactants through
porous solid layer, (3) adsorption of the fluidateents at the solid reactant surface, (4) chemical
reaction with the solid surface, (5) desorptionha& products from the solid reaction surface, and
(6) diffusion of the product away from the reactsurface through the porous solid media and

through the fluid film surrounding the solid.

For spherical particles involving the quasi-steatite diffusion, the reactant passes through the

reacted portion of the particle to the unreactee d¢ollowed by the chemical reaction with the
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solid surface. Since these steps take place camgsglguif any of the above steps is much slower
than all the others, that step becomes the ragrdeting or reaction controlling step.

Identification of this step is, therefore, very ionfant. From the six steps that comprise a
reaction, three rate determining steps are sugtie$)eDiffusion through the mass boundary
layer: film diffusion, 2) Chemical reaction at tlheactant-product interface and 3) Diffusion

through the porous product layer.

2.7.1.1.1 Film diffusion limiting step
At any given time t, the amount of B reactant pnége a particle is presented as (Levenspiel,
1972):

Ng (t) = pg “/smrr3 (2.18)
Where N is the number of moles, B is the solid t&at¢ t is instantaneous timejs the density
of the solid patrticle,.ris the radius of the unreacted core of the sctidigde, R is the original
radius of the solid particle.
The decrease in volume or radius of the unreaateel @accompanying the disappearance gf N

moles of the solid reactant is presented as:
'dNB = '4pB nrrczdrc (219)
The rate of reaction in terms of the shrinking uadbf the unreacted core is presented as:

d 2d
%%’t& = _%g_cr dtr = bk, Cas (2.20)

Where, Gg is the concentration of reactant A in the bulkusoh; k., is the mass transfer

coefficient, b is the moles of reactant A. Fromdimmetry, the rate of reaction of B is taken as:

aNg _ _1dNy (2.21)

1 1
2b dat S dt

The rate of consumption of A = the rate of reactbiB.
Therefore,

1dN

--— 24 =K (Cag — Cas) (2.22)

S dt

1dN

--—E8 = bk, (Cag — Gas) (2.23)

S dt

Where, Gs is the concentration of A on the particle surface.
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For Cis=0

1dN

'EEE bk, (Cag) = constant

IntegratingEquation 2.2Q

PB (Tep2 8 - i Con f dt (2.24)

RZRCdt

___PBR
t= ch [1- (—C) ] (2.25)
When g =0 andt = tComp
t —PgR (2.26)

COMP = 3pk,, Cup

teomp = ﬁ,ﬁ = % (2.27) Film diffusion
In the above model, showing the film diffusion réae control mechanism, the reaction time, is
inversely related to the mass transfer coeffic{rt and directly related to the solid particle size
(R). Both patrticle size and mass transfer havenfineince on the film diffusion reaction control
mechanism. However, mass transfer has a greateemte. Therefore, agitation, which aids
mass transfer, has a significant influence on ehlieg process that is film diffusion controlled.
The leaching rate increases with increased agitasothe diffusion layer becomes thinner.

Diving Equation 2.25by Equation 2.26

= 105 = (2.28)

tcomp

Where X is the fractional conversion of reactantt&;,is the reaction completion time.

2.7.1.1.2 Chemical reaction limiting step
For a chemical reaction limiting step, the chemreaction at the surface is much slower than
diffusion of reactants through the diffusion anddrct layer. Therefore, the concentration of A

at the unreacted core surface is the same asftttad bulk solution Gg.
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Since the progress of the reaction is unaffectethbypresence of a product layer, the quantity of
the material reacting is proportional to the audéasurface of the unreacted core (Levenspiel,
1972).

At steady state,
1 dN b dN
) 4nr Tta = 4nr EA = bk (CAB) (229)

Where, kis the first order rate constant for the surfaasgction

Writing Ng in terms of the shrinking radius and integrating,

oy dr.= b, Cyp [ dt (2.30)
—_PB

e [R-,] (2.31)

Eoomy= —2BX (2.32)

comp™ kr Cap

t _ _PBR
comp bk, Cap

IR

kﬁ (2.33) Chemical reaction

In the above model, showing the chemical reactiontrol mechanism, the reaction time, is
inversely related to the reaction rate const&)tgnd directly related to the solid particle size
(R). This shows that both particle size and reactiate have an influence on the chemical
reaction control mechanism. However, reaction rags a greater influence. Therefore,
temperature and reactant concentration, whicheadtion rate, have a significant influence on a
leaching process that is chemical reaction comtmiolHigher temperature and concentration give

higher reaction rates.

Diving Equation 2.31by Equation 2.32

t

=1 % =1—(1-%)"° (2.34)

tcomp

Where, X is the fractional conversion of reactant B.
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2.7.1.1.3 Product layer diffusion limiting step
The concentration of reactant A is uniform and apphes zero at the unreacted core surface
(Levenspiel, 1972).

D.=D ¢) 2.35

Where, QQ is the effective diffusivityg is the porosity of the product layer; T is thetdosity

(property of a path or curve being twisted or hgvaimany turns) usually greater than 1.

Applying Fick’s law of diffusion at steady state,

ANy 4ﬂr2DeEA (2.36)
dt ar
Integrating,
dN, crcdr _ 0
-E.‘A R r—z - 44'[De fCAB dCA (237)
dN 1 1
i = ) = 4D Cyp (2.38)

The conditions of a reacting particle at any time @esented as:

4 Zdre ,1 1, _
R = (= @) = 4D Cap (2.39)

Assuming that the size of the unreacted core clsang time and as the core shrinks, the ash
layer becomes thicker lowering the rate of diffusad reactant A.
IntegratingEquation 2.39

crl 1 _ 1
=P J (- = D1 dre=bDeCyp [ dt (2.40)

t=—220 113092 4 205 (2.41)

T 6bDeCap

_ _pBR?
teomp = ebDoCan (2.42)

_ ppR* ﬁ
tcomp - 6bD.Cag _ Do (243) Product Iayer
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In the above model, showing the product layer reaatontrol mechanism, the reaction time, is
inversely related to effective diffusivityDg) and directly related to the square of the solid
particle size (R). This shows that both particleesand diffusion have an influence on the
product layer reaction control mechanism. Therefagitation, which aids diffusion, has a
significant influence on a leaching process thatptieduct layer diffusion controlled. The

leaching rate increases with increased agitatiothastransfer and diffusion of products and

reactants become enhanced.

Dividing Equation 2.41by Equation 2.42

t

=1- 3(%)2 + 2(%)3 (2.44)

tecomp

t

1-3(1-%)"2+2(1-%) (2.45)

tecomp

It is, therefore, useful to express the reactidesran terms of particle conversion or fractions
reacted. Equations governing the three rate cadimgalegimes (Levenspiel, 1972) are illustrated
in Table 2.9

a) Film diffusion control
b) Chemical reaction control

c) Ash layer diffusion control

Table 2.9:Shrinking Core ModelgLevenspiel, 197p

Regime Equation
Film diffusion control X =kt
Chemical reaction control 1- (1-x)Y3 =kt
Product (ash) layer diffusion control 1-3(1—-x)23+ 2(1—x) =kt

x = fractional conversion; t = time (hours); k f@@onstant (A
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2.5.1.2 Activation Energy Model

For leaching processes, reaction kinetics ando@té&rolling mechanisms may also be described
in the framework of heterogeneous non-catalytiddsajuid reactions based on activation
energies. The Arrhenius equation-based reactiostanohk is one common approach used in
calculating activation energies. The Arrhenidguation 2.46 gives a quantitative relation

between the rate constak) Gnd temperaturer(:

—Eq

k= Aew (2.46)

Where,A is the frequency factor or pre-exponential cortstagis the activation energy, is the

absolute temperature in Kelvin aRds the gas constant.
Taking natural logarithms on both sides and digdihroughout by 2.303Equation 2.46
becomes:

Eq
2.303RT

logk = — + logA (2.47)

By settingk; andk, asrate constantdor the reaction at two different temperatufesndT,

Equation 2.47becomes,

Eq

logk, = logA — 2303RT, (2.48)
And

logk, = logA — 2.3:”3“”2 (2.49)
Subtractingequation (2.48)from Equation2.49)yields,

logk, — logh, = —22_ T—ll— %] (2.50)

From Equation 2.47, the activation energyEf) can be computed from the slope of the
Arrhenius plot oflogK versusT™. Alternatively, the activation energf{) can be calculated
usingEquation 2.5Q

It is clear, fromEquation 2.47, that as the value of activation enekyincreases, the value kf
decreases and, therefore the reaction rate desré&2seversely, as the value of activation energy

E. decreases, the valueloincreases and, therefore the reaction rate incsedabe magnitude of
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the activation energy can provide positive evidefwethe rate controlling regimes (Habashi,
1968; Potgieter et al., 2006). Activation energijeserning these rate controlling regimes are
illustrated inTable 2.10.

Table 2.10:Activation Energies for Rate Controlling Mechanisthisibashi, 1969)

Regime Activation Energy
Product (Ash) layer diffusion control < 20 kJnlol
Film diffusion control 20 - 50 kJmot
Chemical reaction control > 50 kJriol

2.5.2 Kinetics of Cemented Carbide acid Leaching

The semi-direct selective leaching of cementedidarkentails removal of the binder medium
from the matrix, leaving behind a finely dividedgsten carbide (WC) which can be recycled in
the fabrication of new tools. The binder mediunmest often Co, in some cases Ni or other
metals from the Fe group (Exner, 1979). The extacefficiency and recovery of the binder
medium is mainly determined by the chemical kireti€ reactions involved and the material
phases present. However, there is not much infeomat literature about the leaching kinetics

of the binder medium dissolution out of the cemeértangsten carbide.

Using nitric acid, Gurmen and Friedrich (2005) istigated the leaching kinetics of cobalt from
powderized cemented carbide scrap material, parside, <90m, and chemical composition:
W (75.86%wt.), Co (8.14%wt.), C (6.07%wt.), Ti (8%wt.), Nb (1.35%wt.), Ni (1.00%wt.)
and Fe (3.4%wt.). They found that the leaching @ssdollowed the kinetic model 1-3(12%)+
2(1-x) =kt and the activation energy was determined to b&7k3.mol" at 25-70°C. Under the
leaching conditions of 25°C, 0.5M HNGCroncentration, 1/10 solid to liquid ratio and an
agitation rate of 900rpm, a leaching efficiencyQif.5% was achieved in 2hrs. The authors
concluded that the leaching of cobalt from powderehented carbide in nitric acid solution was

controlled by product (ash) layer diffusion.

Kutcher and co-researchers (2017) studied the a=atrkinetics of leaching cemented carbide

cutting inserts in aqueous media consisting of H@ HO, oxidant. Hydrogen peroxide was
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employed in order to provide an oxidative environindor the leaching reaction. The
experiments were performed within a temperaturgeasf 30 — 80°C, acid concentration range
of 0.1 to 2.0M and hydrogen peroxide concentratemge of 1 to 4M. Their findings showed
that the process was generally controlled by diffusHowever, their report did not specify
whether the diffusion reaction mechanism was filmpooduct layer controlled. Notably, the
extent of Co extraction was not specified eitherthleir second study (Kutcher et al, 2018), the
authors used formic acid and hydrogen peroxideamido study interactions between possible
leaching mechanisms of hardmetals. Their resuli$ displayed a diffusion restricted
mechanism. Neither the type of diffusion controlchmnism nor the extent of binder metal
extraction was stated in their results.

2.6 Precipitation

Precipitation is a chemical reaction that occuraqueous solution when two ions bond together
to form an insoluble salt which is known as a p#ate. Nielsen (1970) suggested that
precipitation is the formation of one or more nelwages with a composition different from that
of the original multicomponent single-phase systBmnecipitation occurs through the formation
of compounds with low solubility. The solid is foeeh as a result of exceeding its saturation
solubility. The solubility behaviour of sparinglplsble salts in aqueous solutions is of great
importance in many hydrometallurgical processesmeéoapplications include: selective
precipitation to remove impurities thus refininghatal bearing-solution; precipitation of a metal
compound from a large volume and re-dissolvinghiaismaller volume hence increasing the
metal ion concentration in solution; precipitat@imetal powders from solution using hydrogen
reduction (Jackson, 1986; Garrels and Christ, 2QQifney, 2012).

Precipitation processes are reliable, well provah r@latively simple. Conditions that can trigger
a precipitation reaction include but are not lidit®: Redox reactions, pH change and ion
addition (Monhemius, 1977; Jackson, 1986). Foumkmonportant types of insoluble metal salt

precipitates are hydroxides, sulphides, phosphates arsenates (Monhemius, 1977). The
selective precipitation of metal hydroxides by coled changes of pH is perhaps the best
known and most widely used method for the removatertain metals from impure leach

liquors. Equally important for solution purificatiois the selective precipitation of metal

sulphides by the use of gaseous hydrogen sulphMdal{emius, 1977).
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Nielsen (1970) explains that there are four staxjess precipitation process. Precipitation starts
with nucleation on impurity particles (or seeds)with the formation of embryos. The nuclei
grow into crystallites. Strickland-Constable andsbfa (1963) observed that sometimes the
growth process is accompanied by the formationes secondary nuclei so that crystallites of
two or more sized groups are present. The cry&slinay form a stable suspension or they may
coagulate. When the crystallites or the coagulatesters in a liquid become larger, they tend to
sediment. This is usually the last step of the @sscand the growth of the individual particles
seems to have ceased. However, if the system enadasfor a very long time, it is evident that
the smaller crystallites re-dissolve and the largees grow further. Thermodynamically, the
system is not stable until all the solute in exad@sthe amount corresponding to the solubility is
united into a single crystal and this is the thaoa¢ termination (Nielsen, 1970). The stages of

the precipitation process are illustratedrigure 2.24

SUPERSATURATED SOLUTIOI

HETERONUCLEI EMBRYOS
| |
[ [
Heterogeneous Homogeneous
| NUCLEATION |
N U c L E SUPERSATURATED
SOIUTION

GROWTH 4—' SECONDARY NUCEL
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\ 4
CRYSTALLITE SUPERSATURATED
SOILITION
COAGULATION ]
\4
SEDIMENTATION
OSTWALD COAGULUM
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¢ v -  AGEING
SEDIMENT
SINTERING _
v v SATURATED
ONE CRYSTA SOLUTION

Figure 2.24: Ways and stages of precipitation processes (&hel$970)
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Supersaturation

Supersaturation occurs when the concentration gpecies in solution is greater than its
saturation solubility. The degree of supersatunat®the driving force in precipitation. If the
concentration is significantly greater than satargtthen there is higher tendency to form a
precipitate (Jackson, 1986; Garrels and Christ72@urney, 2012). Precipitation is not possible
unless the solution is supersaturated. A saturatddtion can be made supersaturated by
temperature change or fractionation through evdjporaor crystallization of the solvent.
Another way of making a supersaturated solutido i®ix two solutions which react chemically,
for instance, electrolyte precipitation from ague@olution or salting out; addition of a poor

solvent to a solution in a good solvent (Nielse37d). Supersaturation is represented as:

S= (2.51)

Where, C is the solute concentration and Ce igtjudibrium or saturated solubility.

Solubility and Solubility product

lonic compounds dissolve to the point where theitsm is saturated and no more solid can

dissolve; that is to say when supersaturation gc@aturated solubility is represented as:
M_P =mM?* +nP¥ @52

The concentration of the saturated solution is ¢éefitihe solubility. In such a saturated solution,
equilibrium is established. The solubility prodigtheequilibrium constant for the reaction in a
saturated solution. The solubility product constargy be expressed in terms of activity or
concentrations and for a solid compound with uativity (Jackson, 1986; Garrels and Christ,
2007; Gurney, 2012).

Ke=[M* '[P (2.53)
The solubility product is called as such becauseliterally the product of the solubilities ofeth

ions in moles per Litre (moit).
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Precipitation of a compound from an aqueous saluisodetermined by its solubility product,
Ksp If @an ion is present in solution in some defirntencentration, it can be precipitated by a
second ion only if that second ion is present ifidant concentration for the solubility product
constant of the compound in question to be exceededupersaturation is attained (Jackson,
1986; Garrels and Christ, 2007; Gurney, 2012).

Given a reaction shown tBquation 2.51as:
M_ P =mM?* +nP¥" (2.54)

And for a given metal ion solubility, if

Q=[m* '[P 2.55)
Then,
Q < Ksp Solution unsaturated; No precipitation
Q > Ksp Solution supersaturated; Precipitation occurs

The Ksp governs the extent to which the solid can be takenor precipitated from a solution.

Precipitation can play a significant role in cengehtarbide leaching. It can either be employed
to remove impurities from leach liquor or to recoweetals of interest. In the current study,
precipitation will be employed as purification stép remove impurities from the cemented
carbide leach liquor prior to the solvent extragtprocess. Precipitation of tungsten as scheelite

from the raffinate solution after the solvent egti@an process will be attempted.

Commercial applications

As a separation technique, precipitation is a wsthblished process that is widely accepted and
commercially applied in the cobalt processing imdusCobalt is produced mostly as a by-
product of other major metal extraction processeainly copper and nickel (Fisher, 2011;
Hawkins, 1998). Thus, after leaching a copper-dotna, acid-soluble minerals of both Cu and
Co undergo dissolution and report to the pregnaatH solution (PLS) (Mwema et al, 2002;
Ferron, 2008). After solvent extraction of Cu, g@ution stream contains very little Cu but

almost all the Co together with base metals aratete for Co recovery. The chemical

Page 68



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

composition of the stream is typically, Cu, 0.2¢hb Co, 2-3gpl, Fe, 1-2gpl, Mn, 1gpl, and Al,
1gpl.

The most widely employed flowsheets use sequentethl hydroxide precipitation to remove
impurities from the Co stream. In the first stepni aluminium, and manganese are removed by
a combination of oxidation and precipitation usagnixture of air and S After oxidation of
Iron to the 3+ state and manganese to the 4+ stat@l|l), Al, and most Mn (FAM) are removed
from the Co stream using lime at pH 3-4.5 in aesedf stirred tanks. In the second step, residual
Cu is precipitated at pH 5.5-6 using lime. The ufider (U/F) FAM precipitates, report to the
tailings and the Cu precipitates are recycled iadke leaching process. The overflow (O/F) Co
stream can be treated in a variety of ways, depgndn the product preference, the product
purity required, and the prevailing economic coidsg and constraints (Sole et al, 2019). The

usual product choices include cobalt hydroxide atiotarbonate, cobalt sulphate or cobalt metal.

Cobalt hydroxide (Il) precipitates at pH 7.5, baitaichieve quantitative cobalt precipitation, pH
8-8.5 is required. Typical precipitants include @4d},, MgO, CaO and NaOH. Several
operators employ a two stage precipitation. Th&t Stage is controlled at pH7.5 with MgO to
maximize the cobalt product grade by minimizing firesence of unreacted magnesia in the
product. The second stage is controlled at pH 8t Wme to ensure that cobalt recoveries
exceed 99%. Cobalt hydroxide is produced using msignat Tenke Fungurume Mining,
Mutanda Mining, Kamoto Copper, Sicomines, China @fang Mining, and MKM (La Miniére
de Kalumbwe Myunga). The theoretical cobalt contdra dry pure cobalt hydroxide is 63.4%
(the balance being hydroxide of no value). Typicalisture content for these types of filter
cakes is around 50% or higher. Hydroxides do rierfas well as carbonates. Slow oxidation of
the hydroxide to the oxide occurs in air. Howevadding an antioxidant to the hydroxide
prevents the product from oxidizing without affectiits chemical performance characteristics
(Sole et al, 2019).

The precipitation of cobalt carbonate is achievéth & suitable carbonate base, such as soda ash
(N&COs), ideally at a temperature of 60°C (Boynton, 1980jnestone (CaCg¢) can also be
used, but its low solubility leads to poor utilizet; in addition, CaS@is co-precipitated and this

contaminates the final product. Quantitative priatn of cobalt carbonate requires pH 8-8.5.
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To achieve high-purity cobalt carbonate, significeemoval of Fe, Cu, Zn, and Mn is required.
Boss Mining is the only operation currently emphayi soda ash for cobalt carbonate
precipitation. Copper and cobalt are co-precipitatleom a process bleed stream after iron
removal: the product contains only ~11% Co, but hamoisture content exceeding 70%.

Significant losses of both Cu and Co also repothéoiron cake (Sole et al, 2019).

2.7 Solvent Extraction

Solvent extraction is the removal of one or moremponents of a leach or other solution by
transfer of a metallic species from the agueous@lr@o an immiscible non-aqueous or organic
phase for the purpose of extraction, purificatierconcentration (Ritcey and Ashbrook, 1979;
Jackson, 1986). The transfer is driven by a chdmpictential until equilibrium is reached. The
solvent that is enriched in solute is called th&aet or loaded organic and the aqueous feed
solution that is depleted in solute is called ta#imate. The solvent extraction method is one of
the favoured separation techniques because ofiniglisity, speed, and wide scope (Kislik,
2012). This extraction technique is used in numerobemical industries to produce pure
chemical compounds ranging from pharmaceuticals l@nemedicals to heavy organics and
metals, in analytical chemistry and in environmewaste purification (Rydberg et al, 2004).

Extraction

The solvent extraction procedure involves a contddtvo immiscible liquids such as organic
and aqueous liquid phases in a vessel, usuallyparatng funnel (Gani et al, 2006). The
aqueous solution is mixed intimately with an imnbge organic phase containing the active
extractant at which time the active extractantdfars the desired metal from the aqueous phase
into the organic phase. The technique entails didjguid interaction that involves the
distribution of a solute between two immiscibleuid phases in contact with each other
(Rydberg et al, 2004). In solvent extraction, estithle metal species can be divided into four

categories:

 Metal cations, e.g. Gt Ni?*, and C6"
« Complex metal anions, [Ag(CH), [CuCL]*

« Complex metal cations, e.g. [Cu(M&]**
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* Neutral metal species.

The solvent extraction principle is illustratedFigure 2.25

Separzeing funne

Fig.2.25: A schematic representation of solvent extractfsolute A is distributed between the upper
layer, for example an organic solvent, and the fdesger, an aqueous phase (Rydberg et al, 2004).

The vessel (a separatory funnel) contains two $aydrliquids; one is usually an aqueous
solution while the other, an organic solvent. Thganic phase often settles as the upper layer
when it has a lower density than the aqueous solubiut the opposite situation also occurs. A
soluteA, which initially is dissolved in one of the twayliids, eventually distributes between the
two phases. When this distribution reaches equiliby the solute has one concentrati@h,q in

the aqueous phase and another concentrgfihy in the organic phase (Rydberg et al, 2004;
Habashi, 1983).

A typical extraction reaction where an organic astant removes Gtlifrom a pregnant leach

solution is exemplified by the following reactiddgvenport et al, 2002):

2RH  + C§'+so4 = RCu + 2H + SO4 (2.56)

Organic extractant Aqueous pregnant Loaded organic Raffinate
leach solution

Where, RH is the aldoxime or ketoxime extractant
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Distribution ratio

Distribution ratio (D) is a measure of how well-edted a species is. The distribution ratio of

the solute A is expressed as (Rydberg et al, 2004):

D :[‘ﬂﬂ (2.57)

[Alaq
Where D is the ratio of the total analytical cortcation of the substance in the organic phase to
its total analytical concentration in the aqueohase, irrespective of whether the organic phase
is the lighter or heavier one. D, usually measwatdquilibrium, is also called the distribution
coefficient or the extraction coefficient. If a sed solute, B, is present, the distribution ratios
for the various solutes are indicated by, g, and so on. If B is different from @, then
species A and B can be separated from each otlegeriding on the system, solvent extraction
is a function of temperature, pH, and concentratbm species in the system (Rydberg et al,
2004).

Separation Factor

Separation factor (SF) is one distribution ratiadied by another. It is a measure of the ability of
the system to separate two solutes (Rydberg 2084). For example, if the distribution ratio for
nickel (Dvi) is 10 and the distribution ratio for solver AJp is 200, then the silver/nickel

separation factor (Sni) is equal to];ﬁ = Shgni = 20.
Ni

Stripping

After extraction, the "loaded organic" phase is edixintimately with an aqueous stripping

solution, most often an acid that provides the idgvforce required to strip the loaded metal
from the organic phase into the aqueous strippmase. The proton (Blin the acid displaces

the metal ion from its link with the extractant atattes its place while the displaced metal ion
goes into solution and bonds with the acid conjggatform a salt. The protonation reaction is
the driving force behind stripping the loaded métai the organic phase. A typical stripping
reaction where an acid solution remove$'Grom a loaded organic extractant is exemplified by

the following reaction (Davenport et al, 2002):
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R,Cu +  2H+S04 = 2RH  + C4" + S04 (2.58)
Loaded organic Acid solution Stripped organic Strip
extractant extractant loaded solution

Where, RH is the aldoxime or ketoxime extractant

The "stripped organic” is recycled back to ext@tthile the strip loaded solution (aqueous
phase), now containing the desired metal, goesntl fmetal recovery as a pregnant leach
solution (Ritcey and Ashbrook, 1979; Jackson, 198&bashi, 1983; Gupta and Mukherjee,
1990).

Extraction and Stripping | sotherms

The distribution of a dissolved component betweem phases can be illustrated by equilibrium
isotherms or distribution curves. The procedure dogating an extraction isotherm entails
agitating different quantities of organic and aquephases in a separating funnel. After phase
separation, the aqueous phase is analyzed witkeagetpan element and the element content in
the organic phase is calculated. The isotherm tairndd by plotting the concentration of the
element in organic phase against the concentrafitime element in the aqueous phase (Rydberg
et al, 2004; Jackson, 1986). Similarly, a stripgs@herm involves agitating different quantities
of loaded organic and an aqueous acidic soluticm separating funnel. After phase separation,
the aqueous phase is analyzed with respect toeameal and the element content in the organic
phase is calculated through mass balance. Theileguih isotherm for stripping is obtained by
plotting the concentration of the element in aqephase against the concentration of the

element in the organic phase (Rydberg et al, 20@gkson, 1986).

Generic reactions for the extraction and stripgihg metal ion M" is presented as:

Extraction: ZR%rg) + M2+(aq): RZM(Org) + 2|'r(aq) (259)

Stripping: RM(org) + 2H ()= 2RHorg) +M**(aq) (2.60)

These reactions show that extraction and strippmgld be dependent on pH. However, it is
important to note that not all extraction and gtimg reactions in solvent extraction are pH
dependent. For those that are pH dependent, Leelitha principle applies. The high pH (low

H* ion concentration) favours extraction, while low ghigh H ion concentration) favours
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stripping. Based on their pH dependency, for ththed are, pH isotherms can be used to
determine optimum extraction and stripping pH levielr individual metal ions. The important
value to consider in extraction and stripping is transfer capacity of the system in gpl metal
ion, i.e. the difference in gpl metal ion betweeaded and stripped organic per volume of
reagent used (Ritcey and Ashbrook, 1979; Jack€#86;1Habashi, 1983; Gupta and Mukherjee,
1990).

The McCabe-Thiele diagram

The McCabe-Thiele diagram is constructed by detangi the equilibrium isotherm for
extraction or stripping via experiments. After gguilibrium isotherm has been plotted into the
diagram, an operating line can be constructed &yiisg at the point where the metal content of
stripped organic (S.0.) intersects the equilibriigmtherm and drawing the line up and to the
right with a slope equal to the ratio of the aqu®organic flow rates (or loaded organic/aqueous
feed) until it intersects the vertical line repmatseg the metal content of the aqueous phase feed.
From the upper intersection point, a horizontag¢ Ito the isotherm curve leftwards and then a

vertical line to the operating line are drawn dregat stepKigure 2.29.

Equilibrium isotherm

400 4

300 —

Aqueous phase feed

200

Organic phase (gpl

Stripped organic Operating line

Raffinate

-—rr77 77T
0 50 100 150 200 250 300 350 400

Aqueous phase (gpl)
Fig.2.26: McCabe-Thiele diagram for extraction
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This procedure is repeated until a satisfactoryee@f extraction from the aqueous phase has
been obtained. Each horizontal line in the McCahml€ diagram corresponds to one step in the
mixer-settler or one extraction stage. A McCabeelkhdiagram for stripping is constructed in a
similar way. However, for stripping, the agueousg# (acid solution) will be on the y-axis and
the organic phase (loaded organic), on the x-aRitcéy and Ashbrook, 1979; Jackson, 1986;
Habashi, 1983; Gupta and Mukherjee, 1990).

Extractants

There are five classes of metal extractants asacteized by structure, extraction mechanism
and the metal species extracted: chelation, ioringgineutral or solvating, organic acids and
ligand substitution. Chelation, for instance, refer "claw"”, which is a graphic description of the
way in which the organic extractant binds a metal i.e., the extractant chemically bonds to the
metal ion at two sites in a manner similar to hodpgan object between the ends of the thumb and
the index finger. In many cases, upon bonding wlith metal ion, the extractant releases a
hydrogen ion into the aqueous solution from whibh tnetal was extracted (Jackson, 1986;
Habashi, 1983). The organic extractant used inctmeent study is Cyanex 272 (bis (2,4,4-
trimethylpentyl)/ phosphinic acid). It is a dialyhosphinic acid extractant widely used for the
separation of Co from Ni to produce high purity ablsalts and cobalt metal. Since the active
component of Cyanex 272 extractant is a phosplaiciid, it is an acid based chelating agent and
metals are extracted through a metal complexatiort exchange mechanism. The Cyanex 272
extractant will be dissolved in Shellsol D70/Shal8375/Kerosene diluent.

Extraction selectivity

The selectivity of a solvent extraction circuit Bogiven metal is important because it determines
product purity. In addition, impurities can affetwwnstream processing. The key factors that
influence the selectivity of a solvent extractiomcgit as opposed to the selectivity of an
extractant are (Ritcey and Ashbrook, 1979; Habd$¥83):

* The structure of the extractant molecule and tlerastry involved in the extraction process.
* The pH in extraction and stripping

* The influence of the diluent
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« The aqueous chemistry of the pregnant leach saolutio particular the relative
concentrations of the competing metals presentspieeiation of the metal complexes and
the types of anion present.

» Differences in the extraction kinetics of competmgtals.

Influence of the diluent

The selection of the diluent is usually made on besis of flash point, viscosity and
environmental parameters. However, the main aréasfloence a diluent can have on the
selectivity of the organic extractant are (Guptd Bukherjee, 1990; Rydberg et al, 2004) to:

» Increase the solubility in the organic phase ofrttetal - extractant complex.

* Act as an equilibrium modifier.

* Influence the selectivity of the extractant.

In cemented tungsten carbide leaching systems,stheent extraction technique is mainly
focused on the purification and concentration ¢ thach liquor containing the metal ions

extracted from the hardmetal.

Commercial applications

Solvent extraction is a well-established liquiddidy separation technique and commercially
applied in the cobalt processing industry. Produrctf higher purity cobalt products requires
technologies like solvent extraction for purificati of cobalt streams (Roux et al. 2007). The
treatment of high grades of copper-cobalt oresymes pregnant leach solution tenors rich in Cu
(e.g. 15-20 gpl), but low in Co (e.g. 3 gpl). THere, after solvent extraction of Cu, the solution

stream containing Co is treated for Co recovery.

Cobalt streams can be purified by extracting cofsath Ca, Mg and Ni impurities through the
use of Cyanex 272 extractant or lonquest 290 abfi-b.8. Typically, pH control is required
because of the higher pH range in which these rdageperate Kigure 2.27). Sodium or
ammonium hydroxide can be used for pH control, lgua a pre-neutralization mode that
makes pH control easier and may not require irdgesheutralization (Sole et al, 2019). The
typical chemical composition of cobalt advance tdgte produced from solvent extraction is:
Co, 60,000 ppm; Mn, 2000 ppm; Al, 1500 ppm; Mg, £00 ppm; Ni, 60 ppm; Fe, <3 ppm; Cu,
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<2 ppm; Zn, <3 ppm (Cole and Feather, 2008). Amany of Co solvent extraction and Co
stripping data from commercial operations is shawhables 2.11and2.12

i Ca Mn
Fe(lll) Zn Cd Mn Cu Co (b) 100 | R\P//o >n Cu = Mg
)
/ i Ni go | RZ NoH i
60 Ca
40 F 40
RO (0]
20 F \p// 20
ROZ N\ OH
0
2 3 4 5 6 7

0 1 2 3 4 5 6 7 - 0, 1
Equilibrium pH

-
Ly
~—
—
8 8
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Extraction (%)
(2]
o
Extraction (%)

T

T

Equilibrium pH
Fig. 2.27 Order of selectivity of base metal extraction @y organophosphoric (D2EHPA) and (b) organophasphi
(Cvanex 272 extractant or lonauest 290) acid etdras (adapted froiSole & Cole, 200).

Table 211: Summary of the commercial application of Co solexitaction

Solvent Extraction
Coin
Co Feed| Extractant | Extractant| Diluent Extraction pH O/A Temp | Raffinate Plant

(gpl) Type conc (vIv) Type Stages °C (gpl)

30 | Cyanex272 7 - 3 5456 115 40 <0.0] Kasase Cobalt Company Limited
(Blanchard, 1995; Morin et al., 1996
Fisher and Pavlides,1998; Sole et al,
2005)

48 | Cyanex272 15 Shellsol K 5 5.0-5.3 1 - - Knightsbridge Cobalt, SA
(Cole, P.M., 2002; Alexander, 2001

02 | Cyanex272 5 Shellso| 3 - - - <35 Tati NickeP

D70 (Sole et al, 2005)
19 | Cyanex272 7 Paraffin 5 5.5-5.65 <0.01 Nkomat, SA
(Sole et al, 2005)
1518 | D2EHPA 15 SSX 210 7 54| 2775 4045  <og AngloPlatinum Rustenburg Base
metals, Refinery

(Ritcey et al., 1975; Clemente et al.,
1980)

0.5 Cyanex 272 3 Kerosol 5 - - - - Hartley Platinurh

200 (Sole et al, 2005)
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Table 212: Summary of the commercial application of Co stniygpi
Stripping
Strip Strip Liquor | Stripping | pH O/A Temp Loaded Strip Plant
Liguor Type (gpl) Stages °C Liquor (gpl)
_ KccL!
H,SO, 5-10 3 - 11 65 50
(Blanchard, 1995; Morin et al., 1996; Fisher and
(Co) (47)
Pavlides,1998; Sole et al, 2005)
H,S0, 180 5 4 10 ] 80 Knightsbridge Cobalt, SA
(Cole, P.M., 2002; Alexander, 2001)
] ] ) ] ] ] ] Tati Nickef
(Sole et al, 2005)
] ] 3 ] ] ] . Nkomati, SA

(Sole et al, 2005)

H,50s 10% 3 i 1-8-1-12 i i Anglo Platinum Rustenburg Base metals, Refinery
(Ritcey et al., 1975; Clemente et al., 1980)

H,S0, 150 3 ] ] ] ] Hartley Platinurf

(Sole et al, 2005)

2.8 Electrorecovery

Electrorecovery is an electrochemical process ofguslectrical energy to recover metals that

have been put into solution from their ores throlegching or purification of copper anodes.

The process involves applying an external voltagean electrochemical cell to drive the

electrochemical reaction (Davenport et al, 200Zkdan, 1986). There are two types of

electrorecovery processes, electro-refining andtelevinning. Electro-refining is the electro-

dissolution of an impure metal and re-depositiorthef same metal in a purer form. Electro-

winning, also called electro-extraction is the @ledeposition of a metal from solution

containing ions of this metal.

Both electro-refminand electro-winning processes are

electrodeposition techniques that have found walaroercial application in the electrorecovery

of precious and non-ferrous metals some of whictuge Au, Ag, Cu, Co, Ni, Ti, Zn, Cd etc.

(Moore, 1990; Jackson, 1986).

Metal electro-deposition is carried out in a calieél with an electrolyte containing a suitabletsal

solution of the metal being deposited (Palanna9200he electrolyte cell contains electrically

equivalent amounts of cations and anions in an aeiesolvent. A direct current is passed
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through the electrolyte solution between the anawd@ the cathode electrodes to perform the
electrodeposition process (Jaganraj et al, 20ldksda, 1986). The cathode is the electrode on
which metal deposition is taking place. The anxi¢he electrode that may be either inert or
soluble depending on the electrodeposition teclloging carried out (Davenport et al, 2002).
When an electric current is passed through thdrelgte and a soluble anode is being used, the
anode metal M dissolves as"Mons and the cathodic reduction of"Mons from the electrolyte
and deposition of metal on the cathode surfacestgksce. In a situation where the anode is
insoluble, the main anodic reaction is the evolutid oxygen and the cathodic reduction df'M
ions from the electrolyte salt solution and deposibf metal on the cathode surface occurs. This
results in M" ion depletion. Therefore, the electrolyte haseadplenished from time to time in
order to maintain Bf ion concentration (Palanna, 2009; Davenport e2@02; Moore, 1990).

The reactions are presented as:

Electro-refining reaction

Mgnodge = MEY 1ion + NE (@anodic dissolution of metal oxidation) (2.61)

MY iont NE > M (cathodic reduction of Mn+) (2.62)

Electro-winning reaction

2H,0 - O, + 4H" + 4€ (anodic evolution of oxygen) (2.63)
2MZ% . iont 4€ > 2M (cathodic reduction of Rf) (2.64)

The mechanism of electrodeposition can be presémtiiee steps (Palanna, 2009):

The first step is the diffusion of metal ion fromlk electrolyte to the cathodic surface

Manade - Mgo-'iution (BU|k diﬁUSion)

The second step is the reduction of the metal donthe metal surface to form an adsorbed atom.layer

M ion™ NE = Myg substrate (FOrmation of atomic layer) (2.65)

The third stage is the growth of deposition reaglin thickening of layer into macroscopic
deposit.

Mad atom + Matom - Msubstrate - ThiCkening (2-66)
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Electrodeposition is schematically illustratedrigures 2.28and2.29

eV
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Me = metal electrode
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503"

|

Fig.2.28: A schematic representation of electro-refiningetyf
electrodeposition of cobalt (Ausetute, 2020).

Cathode = F Anode

ey

Steel

Fig.2.2%: A schematic representation of electro-winningetyb
electrodeposition of cobalt (Sharma et al, 2005).

In metal electrodeposition processes, the quafitgeposition formed is determined by several
factors. Some of the factors include: the distdmeteveen the electrodes, the applied voltage and

current and the geometry of the part being plaither factors include: current density, pH,

temperature, flowrate, metal ion concentration acell dimensions (Palanna, 2009).

Electrodeposition can be achieved through two tegles, the continuous mode or pulse
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electroplating (PED) mode. PED entails a seriepulfes of equal amplitude, polarity and
duration, separated by zero current (Sierra et2@l,7). A pulsed current electrodeposition

scheme is illustrated iRigure 2.3Q

Total Time
On < >

(mA/cm?)

Current density

Off

v

—» Time (s)

Figure 2.30: Pulse current scheme

Where,l is the average current density dpds the peak current density.

In the pulse current technique, each pulse consisia on-time @,) and off time (§¢) sequence.
During tn, the potential and current is applied and durigg there is zero current applied
(Chandrasekar and Pushpavanam, 2008). Duringtperiod, ions in the cell become depleted
around the high density areas. During tfeperiod, the ions are evenly distributed and become
available for deposition during the next cycle. Tmeand off process allows for better leveling
of deposit, grain size control, minimizes poroségd nodular growths (Chandrasekar and
Pushpavanam, 2008). Sierra and co-workers (2047ggieement with other PED researchers,
noted that Pulse Current Electrodeposition is hrtepgie of special interest due to the advantages
it has like easy operation, high control in the antadeposited, homogeneity and purity of the

deposited material and low cost.

In the current study, electrorecovery will be enyeld to recover Co metal which will be leached
into solution from cemented carbide (WC-6%wt.Ca)dmaetal.

Commercial applications

Electrorecovery has been commercially practicethenelectroplating industry for many years.
In cobalt processing, Co metal can be electro-re@al/from purified advance cobalt electrolyte
by electro-winning (EW) using undivided cells or mierane-divided cells (Louis 2009; Sole
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2013). Metal impurities such as copper, iron, aimgd zvhich have high upgrading ratios in EW
are removed first (Louis 2009). The EW processidyf forgiving with regard to the levels of
other elements such as magnesium and manganesemaptete removal of these species is not
necessary, although an electrolyte bleed is reduwmeavoid their uncontrolled buildup (Louis,
2009). A high concentration of sodium (up to ~20)gmproves the conductivity of the
electrolyte (Louis 2009). Many flowsheet optiongséxor cobalt metal production. In modern
flowsheets, a cobalt hydroxide cake, quantitatiiee of Fe, is re-dissolved in anolyte from
EW. Residual Cu and Zn are removed to levels belowppm using TP 260 IX resin;
alternatively, because the aminophosphonic-acitisdsave relatively low loading capacity, Cu
may be removed first using an iminodiacetic-acidirreand then the pH adjusted and Zn
removed with TP 260 (Jurrius et al. 2014). As neans Ni is removed to levels below 20 ppm
using Dow’s HPPA resin. The electrolyte is thenfisigntly pure to ensure the production of

premium-grade metal (Sole et al, 2019).

Cobalt may be electro-won using chloride or sulphelectrolyte. In sulphate media, Co(ll) in
the purified electrolyte is reduced to metal at tt&thode, but hydrogen evolution is
thermodynamically favoured because cobalt is leddenthan the hydrogen ion as can be seen
from the standard reduction potential of cob&gyation 2.75. The hydrogen evolution is in
competition with the cobalt depositiorEquation 2.76. This is not desirable because it
represents a loss of current usage, and, theretoreust be kept to a minimum. The over
potential for hydrogen evolution is, however, silht use of a high Co concentration in the
electrolyte (~60gpl), high temperature (~60°C), argh current density can reduce the tendency
for this reaction to occur. Other process condgjancluding pH control and the addition of
organic and/or inorganic additives, allow efficieatirrent utilization. The main cathodic
reactions are represented as (Sole et al, 201%aidsand Alfantazi, 2000):

Co** +2e=Co E° =-0.28V (2.67)
2H +26=H, E° = 0.00V (2.68)

At the anode, water is oxidized to produce oxygére main anodic reactions are dependent on
the type of electrolyte and are as follows (Solale2019; Moskalyk and Alfantazi, 2000; Akre,
2008):
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Sulphate electrolyte
2H,0=Q, + 46+ 4H  E° =-1.23V (2.69)
Chloride electrolyte
2CI = Cl, + 2¢ E° =-1.36V (2.70)
The overall cell reactions are represented as:
2CoSQ + 2H,0 = 2Co + Q + 2H,SQ, E° =-1.51V (2.71)
CoCl + HCIO + HCI = Co + Gl + H,0 E° =-1.64V (2.72)

These reactions are thermodynamically unfavourdbde. this reason, cobalt electro-winning
requires precise control of operating parametersh sis temperature, Co concentration, pH and
current density, in order to produce high-qualigghode (Louis 2009; Akre, 2008). To date, the
most popular electro-winning recovery process fobalt metal involves a sulphate medium
(Honey et al, 1997). The disadvantage with chlogditions is that more advanced cell designs
are needed for safe handling of toxic chlorine Igzesated at the anodes and chlorine solutions
are more corrosive than sulfate solutions. Chlonnay react with organics in solution or
construction materials, forming harmful chlorinatedanic compounds (Peek et al, 2009). In Co
EW, power consumption is estimated at 3.5 kWh/kgl@sed on a current density of 300 A/m
cell voltage of 3.5 V, cathodic current efficienafy 70%, and rectifier efficiency of 90%. In a
plant at Colborne Refinery, Canada, Plating parareetre a current density of 200 A/end a
cell temperature of 50°C (Agnew et al, 1988; Agnewal, 1990; Agnew and Krause, 1991).
Cobalt cathode produced to the required specitinat the most marketable and saleable cobalt
product. The cobalt metal is traded, at the LonMetal Exchange (LME), according to two
specifications: premium (99.83%) and standard g(@8&3%).

2.9 Process Optimization

Process optimization is the discipline of adjustmgrocess so as to make the best or most
effective use of some specified set of parametetisout violating some constraint. The most
common goals are minimizing cost and maximizingtighput and efficiency. Optimization is
one of the major quantitative tools in industriatsion making. When optimizing a process, the
goal is to maximize one or more of the process iBpations, while keeping all others within
their constraints (Biegler, 2010). This can be dopeaising a ‘process mining tool’, discovering

the critical activities and bottlenecks and actimdy on them.
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2.9.1 Types of Optimization

Fundamentally, there are three parameters thabeaadjusted to affect optimal performance.
These are:
» Topological or Equipment optimization
Topological optimization is concerned with usingiganent to its fullest advantage
» Operating procedures
Operating-procedure-optimization is concerned witructions detailing relevant steps to
accomplishing tasks or activities of a proceshienliest way possible.
» Parametric or Control optimization
Parametric optimization is concerned with operatiagables such as temperature, pressure,

pH, solid to liquid ratio, flowrate and agitatioaite etc. for a given process.

2.9.2 Components of Optimization

For any given scope of optimization problems f@ystem or process, the task is to find the best
solution for the process within constraints. Thekteequires the following components (Biegler,
2010):

* An objective function or response that providesala quantitative performance measure
that needs to be minimized or maximized. This canabsystems cost, profit, yield or
efficiency.

* A predictive model that describes the behaviouthefsystem. For the optimization problem
this translates into a set of equations and inéiipsmktermed constraints. These constraints
comprise a feasible region that defines limits effgrmance for the system.

» Variables that appear in the predictive model. €hemiables must be adjusted to satisfy the
constraints. This can usually be accomplished wmitlitiple instances of variable values
leading to a feasible region that is determine@ Isybspace of these variables.

Parametric optimization was found to be suitablg \&@as therefore used in the current study.

2.9.3 Optimization Strategy

Optimization of a process normally requires twogsta The first stage entails screening of
factors in order to identify the ones that haveigniBcant effect on the process. The factors
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identified as being significant become the focustlué optimization stage while the non-
significant ones are kept constant. A schematisgir@ation of an optimization strategy which
will be used in this study is illustrated kigure 2.31

PROCESS OPTIMIZATION STRATEGY ( Design Expeft11 manual, 20198ox et al., 1978Barrentine, 1999

Brain Storm No — Listing of all possible factors

Real variables ~ Factors with levels  Uncontrollable Factors

Yes |
Pilot Study — No—» KRange No —» Factor Range
nown Finding Trials A
Yes Yes
y
Screening using - L
« 2-level Factorial Finding SignificantFactors
* Fractional Factorial Real experiments employing DOE’s suggested comibinst
¢ D-Optimal
« Plankett-Burman Survived ‘Vital Few’ Factors
e Taniich ¢
v
Optimization using.: Response Ves— Curvature
 Central Compo§|te Surface <+
* 3 - Level Factorial
» Box- Behnken
* D-Optimal v

Finding Optimum Factor Levels {¢——+——

A\ 4

Experiments with Predicted Levels

Il

A A

Validation by: Comparing Qctual and Predicted
esponse

v

Assessing the %
relative error
between the
predicted and
confirmation

Agreement

No —p| Design Repair, Augmentation,
Found

Set different Factor Levels

Yes
v

Success

Fig.2.31: Schematic presentation a process optimization strate
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Therefore, a statistical design of experiments (DOEI be used as a research tool to
accomplish this strategy. The advantage of usind=D®©that it provides for a simultaneous
study of several process parameters which offeiublggormation (Czitrom, 1999; Barrentine,
1999). By using DOE, the estimates of the effedteach factor are more precise and the
interaction between factors can be estimated sygieatly. Thus, by using DOE there is
experimental information in a large factor spaceicWhimproves prediction of the desired

response.

2.9.3.1 Screening of Factors

Prior to the actual screening process, all factdrmterest are listed and using range finding
trials, their ranges are determined. Not all precesiables have the same impact on a process.
Some have more influence than others. It is thesgioecessary to identify and focus resources
on the vital few that have more influence and ae=key drivers of the process. Identification of
the vital few factors entails screening all thetdas of interest one by one. Experimental design
factors are classified as controlled factors anld henstant factors. The controlled factors are
the factors selected for investigation. The heldstant factors are factors that may have an

influence on the response but are of no partidotarest to the study.

Factors are studied with their codified valueslotind +1. The levels of controlled variables in
coded units (Box et al., 1978) are obtained udiegiollowing formula:

_ X-Xo
coded value = OB (XD (2.73)

Where X = physical value, ¥= mean, X = lowest, %= highest

Screening to find significant factors involves reaperiments based on the design of
experiments (DOE)’s suggested combinations. AvildbOE formulations include: 2-Level
Factorial, Fractional Factorial, D-Optimal, PlartkBtirman and Taguchi. The 2-Level Factorial

will be used in the current study.

The significance of each factor and associateddotive effects are evaluated using a two level
factorial statistical design in conjunction withatstical software based on quadratic

programming.
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The two-level factorial is denoted by:
2k
Where,
k is the number of factors and=k3.
The number 2 signifies two levels which are the (el and the high (+1) factors levels. For k =

3, the number of experimental runs = 8; k = 4, nendf experiments = 16.

Experimental results obtained from a full factorddsign are analyzed statistically by using
normal probability plot of effects for identificath of significant factors; Pareto chart for
identification of significant factors known as thigal few; residuals analysis for identification of
outliers and centre points for checking curvature non-linearity (Daniel, 1959; Design

Experf11 manual, 2019). Factors identified as being sttesilly significant are separated for

optimization and the non-significant factors arptkeonstant.

2.9.3.2 Optimization of Factors

Optimization of significant factors involves readperiments based on the design of experiments
(DOE)’s suggested combinations. Available DOE opmation formulations include: central
composite rotatable design (CCRD), 3-Level Factortox-Behnken and D-Optimal. The
central composite rotatable design (CCRD) will ts=diin the current study. The CCRD is
normally used in conjunction with the response axgfmethodology (RSM). RSM is a famous
technique used to find optimal conditions by usinguadratic polynomial regression model and
is applied after diagnostic or screening experim¢Box et al., 1978).

The data for fitting the second order responseileced by using CCRD. A CCRD consists of
2% factorial points, coded+1, augmented by 2k axiaints, coded & (Table 2.13 and n
replicate points at the centre {(0,0,0.....,0)}, widsr is the number of factors studiedis the

distance of an axial point from the centre (Khumil&ornell, 1987).
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Table 2.13: Axial points (Khuri and Cornell, 1987)

1 2 I
-0 0 0
+a 0 0
0 o 0
0 +o 0
0 0 o
0 0 +o

To ensure a constant variance of the predictecnsgpat all points equidistant from the design
centre, the number of centre point replicationsfar the factors studied is calculated using the

following equation (Khuri and Cornell, 1987).
n.~ 0.8385 (¥2 + 2F — -2k (2.74)

Where,n. is the number of centre point replications &nd the number of factors studied.

The experimental results are analyzed statistidajlyusing the analysis of variance (ANOVA)
using Fisher’'s ratio test; standard errors of modmfficient (-test) and the coefficient of
determination (B (Design Expert®11 manual, 2019). For uniformitydabetter comparison,
factors are studied with their codified values. Thkationship between the coded values and

actual values for the five levels of each fact@shswn inTable 2.14.

Table 2.14: Relationship between coded and actual valueseofdhiable (Napier-Munn, 2000)

Code Actual value of a factor
=L Emin
-1 (Emax +Emin)/2 - Emax —Emin)/2.
0 (Emax +Emin)/2
+1 (Emax +Emin)/2 + Emax —Emin)/2\
+A Emax

Emin andémax are the minimum and maximum values of the aatwariables respectively,
3, = ka4

Page 88



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

Where,) is the distance of an axial point from the cerltris, the number of factors studieglis
a fraction of the number of factors. For a fullttatl designg = 0
For derivation of the model for k variables, a set@rder polynomial regression model is
proposed as follows (Montgomery, 2013; Tripathy &hdthy, 2012):

y:,80+izkl:,8i>g +iZk1:,6’”>g2+iZk£ ]Z:lﬂijxxﬁe .................... (2.7¢
Where,
Y is the predicted respong®, is the coefficient for intercepg; is the coefficient of linear effect,
pii is the coefficient of quadratic effed; is the coefficient of interaction effeet,is a term that
represents other sources of variability not accediribr by the response functiag,andx; are
predictor variables for independent factors.

Within predictor variable limits:

-A<x <+4;i=12,2
The adequacy of the polynomial regression modedhiscked using the analysis of variance

(ANOVA). The final regression model is used as adptive tool to predict response results
based on chosen variable levels within the predidaable limits shown above.

The statistical properties of the model are testedising normal plot of residues for checking
outliers, residues vs run for counter checkingierg) and predicted values vs observed values
for checking correlation efficiency (Box et al., 78) Design Expert®11 manual, 2019). The
Perturbation plot is used for checking individuahbviour of factors and the three dimensional
surface plot is used for checking the responseaseriThe determination of optimum conditions
is either based on numerical analysis (Design E®ddr manual, 2019) or partial derivatives for
locating stationary points (Khuri and Cornell, 198The predicted optimum conditions are

checked for reproducibility of results by using fionatory tests.

2.10 Summary

The aim of this literature review was to give a gah overview of cemented carbide source,
microstructure, and material flow, including pastigpresent recycling methods as well as the

importance of selecting a cemented carbide pratgseute.
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It was highlighted in the review that the chief smuof tungsten is wolframite and scheelite
minerals. The minerals are processed to producesrmteth carbide which accounts for about
60% of tungsten industrial production. At the satimee, the global demand for tungsten is
showing a steady upward trend. The review furthemahstrated that cemented carbides
microstructure is composed of valuable phasesrmagjsien and Co binder metals, a resource that

can be reclaimed.

The review showed the need to find an efficient andnomic means for the sustainability of
tungsten’s finite resources through recycling ofrmvaut and used tools and parts which

currently account for about a third of tungstem'w materials.

The review highlighted past and present tungsteycting methods which showed that currently
the zinc process has found wide industrial appboatlthough it's known to be energy intensive
and requires expensive equipment. Therefore, tlsereeed to find alternative low cost and
environmentally friendly recycling methods. The kérages with the current recycling

techniques were acknowledged and a new alterntglenique based on a hydrometallurgical

approach was proposed.

The review showed the importance of selecting @eréar cemented carbide recycling based on
the material’'s chemical and physical charactessaod a preference towards an acid leach
process was highlighted. In this review, the potérdf using a complexing agent-aided acid
leach method was presented and postulated to lmssabfe process route for the recovery of

valuable constituents from cemented carbide.

The review highlighted the important tools and tegbes required to develop the proposed

technique for the optimal recycling of cementedidr secondary material.
The next chapter discusses materials and methedsishe study.
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CHAPTER THREE
MATERIALSAND METHODS

3.1 Introduction

This chapter discusses the basis of the experiinappaoach, details on how experiments were
set up and performed, the materials and equipnmsad in the study. Analytical techniques and

guantitative data analysis employed in the stuéydiscussed to conclude the chapter.

The experimental plan of the studyid.3.1) was divided into twelve stages. The first stage
consisted of cemented tungsten carbide scrap raktehiaracterization. The second stage
entailed factor range finding trials and reagefgd®n. The third stage was a kinetic study. The
fourth and fifth stages consisted of using insigi@sied from the second stage to screen factors
and optimize leaching conditions respectively. High stage involved the use of optimum
conditions obtained from the fifth stage to evadutlie effect of organic acid dosage on sulphuric
acid leaching. The recovery of WC as solid particlas done at the seventh stage. Regeneration
of the unreacted organic acid was conducted aestaght. The ninth stage involved leach liquor
purification using precipitation and solvent extrac techniques. The recovery of Co in metallic
form was carried out at stage ten. Stage elevenlvad precipitative recovery of W from
raffinate solution. Stage twelve consisted of floest development, mass and energy balance as

well as techno-economic evaluation.
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Fig.3.1: Experimental Ple

3.2 Basis of the Experimental Approach

Conventional cemented tungsten carbide scrap liegy¢echniques discussed in Chapter 2
section 2.3 are based on thermal, physical, chénglsctrochemical and electrolytic means of
recovery. Currently, the thermal-based zinc procesadely employed. This process, however,
consumes a high amount of electricity, requiresuse of costly specialized equipment, and is
only focused on the recovery of tungsten powderlevignoring cobalt. Other conventional

methods are either energy intensive, require cesjlyipment, do not fully recover all valuable

tungsten carbide constituents, are hazardous anementally unfriendly, involve too many
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conversion steps or have slow process kinetics g8lep 1990; Katiyar, 2014; Barnard et al,
1971). Thus, this research study aims to addresddlfowing shortcomings of conventional
techniques: (a) slow process kinetics (b) tungptessivation (c) discard of valuable constituents

as waste (d) high energy consumption and (e) emviemtal pollution.

The above acknowledged challenges could be addréysa novel hydrometallurgical approach

as detailed below:

From the cobalt Pourbaix diagramFfigure 3.2 it can be surmised that the dissolution of cobalt
requires oxidative acidic leaching conditions (Gaet al, 2008) for it to be extracted from the
metallic binder phase matrix. It can also be dedué®mm the tungsten Pourbaix diagrams in
Figures 3.3and 3.4, that tungsten passivates readily at very low pHEn{linson and Ayerst,

1989), notably in the same pH region where the Italssolution rate is highest.

The formation of passivating insoluble oxides in M@G hardmetals, when exposed to acidic
solutions, is a known phenomenon and an area neactsearch. In their study, Tomlinson and
Linzell (1988) reported that tungsten formed thasgvation flms over a very wide potential
range. A study by Chen (2013) showed that at pH),<tungsten undergoes spontaneous
passivation due to the formation of insoluble ogidethe form of WQ, W,0s and WQ (Figure
3.3). In an earlier study, Osseo-Asare (1982) revethed the formation of insoluble oxides,
WO,, W05 and WQ, leads to the formation of tungstic acid,\MO,) (Figure 3.4), which is
much more stable than the oxides. Similar findinogshe formation of tungsten precipitates at
low pH levels are documented elsewhere in litemt(Edtmaier et al, 2005; Bosung and
Sunjung, 2016; Lin et al, 1995; Cruywagen et aQ3)9

It is evident that the presence of tungsten in WiCh@rdmetal could be a threat to the process
kinetics of cobalt dissolution. Formation of indaliel tungsten oxides and tungstic acid are likely
to be an obstruction to the mass transfer of reéstand products within the cemented carbide
channels during leaching. Therefore, it is expedthbad inhibition or elimination of the insoluble

tungsten oxides and tungstic acid could allow Gsalution and mass transfer to occur freely.

It's worth noting, according t&igure 3.2 that C3" is a stable species in the stability region
defined by pH <2.0 and Eh >1.75V. However, the gnes of C3' in the leach solution will be
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highly unlikely if the Eh is maintained at <1.75Wge region in which CB is reduced to C3.
The refractory carbide phase in the cemented carbatdmetal (WC-Co) used in the current
study is monocrystalline WC and the binder phasédsmetal. The cobalt in the binary phase

hard metal, WC-Co, occurs aso

Worthy of note, ar&igures 3.3and3.4, which show thatising an acidic solution is not effective
for tungsten leaching. In fact, it is not the irtten of this work to leach tungsten into solution,
but rather to recover it in form of tungsten monbate (WC) as intact particles. Any tungsten
co-extracted with Co is unintended and will subsedly be recovered using known chemical

means.

Eh (V)

(Co(OH);)

14 16

-2 0 2 4 6 8 10 12
pH
Fig.3.2: Pourbaix diagram for the Cobalt® system at 25°C; {C3} =10 (Garcia et al, 2008; Pourbaix, 1974)
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Fig.3.4. Pourbaix diagram for the W-B system at 25°QW} = 10 3. (Osseo-Asare, 1982)

Page 112



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

According toFig.3.2 it seems possible to dissolve Wby working at pH 6 to 8. In this same
range, Co also dissolves as ?CoHowever, working in this pH range has the followi

disadvantages:

» Slow rate of reaction at pH 6 to 8, compared to#kD range, due to lower hydronium ion
concentration, especially if the reaction mecharisohemically controlled.

» Lower Co extraction efficiency at pH 6 to 8, congzhto pH <4.0 range, due to lower acid
concentration.

« Intensified dissolution of tungsten (W) in form WO," ions. This might adversely affect
WC integrity. It is not the intention of the curtemork to leach tungsten into solution.

» High possibility of cobalt precipitation at p#5.9 (Monhemius, 1977). This might result in

poor Co extraction efficiencies.

Organic chelating agents such as acetic, lactiticntartaric, and citric acids are known to form
soluble tungsten complex salts (Guedes (Wevalho and Neves, 1992; Van Niekerk and

Schoening, 1953). These carboxylic organic acidnds are known to have a high affinity for
complexing and solubilizing metals of the transitseries such as Co, W, Fe, Ni, Cu, Pt, Cr, V,
Mo, etc.(Dwyer and Mellor, 1964). An example ofumg@sten complexation reaction using a

lactic acid chelate is shown Exqn. 2.4

Tungsten lactate may be formed by the reaction é&twungsten dioxide (WiDand lactic acid
chelate in a sodium chloride medium. The formatomstant for the tungsten complexation
reaction is reported as 1X1G’(Cruywagen et al, 1993). The high magnitude offdrenation
constant for the tungsten lactate complex, typafametal chelates, is an indication of a very
stable tungsten complex species. The molecularctsiel of the tungsten lactate complex

(tungsten metal chelate) is showrFigure 3.5.
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WO, + 2(GH405%) = [WO,(C3H403),] 3.1)
//CHCH3
3 /CO
O%V!/ /O
o= |\o
Q \CO
Neen,

Fig.3.5: Structure of [WQ (C3H405),] > complex (Cruywagen et al, 1993)

If applied in this way, oxidative reactions thatrfoinsoluble tungsten oxides and tungstic acid
can be inhibited and a soluble tungsten complek cgal be formed instead (Lin et al, 1995;
Guedes de Carvalho and Neves, 1992). This wouldmgtprevent the formation of undesirable
tungsten oxides around WC grains but also elimipatainimize intergranular channel blockage
thus preserving the integrity of the WC grains adllvas allowing mass transfer to occur
unobstructed.

A review of literature has shown that although dinganic chelating agents have been proven to
be potentially good tungsten complexing agents,thatlinorganic acids have also been proven
to cause cobalt dissolution, to the best of tha@st knowledge, no published work is available
regarding their combined use, in leaching cemetiadsten carbides. However, it is theorized
that if a chelating agent achieves metal extrachgrnthe chelate anion complexing with the
metal cation, then the equilibrium will be shiftedfavour of the metal complex formation; a
phenomenon known as metal complexation. Furthern@rénorganic acid extracts metals by
cation displacement from the particle matrix thdougroton attack, resulting in metal
dissolution; a phenomenon known as metal protonation. Once dheation of the tungsten
complex has occurred, and the formation of tungstades is inhibited, the passivation effect
disappears and the dissolution of cobalt occurglffreFrom the two phenomena above,
complexation and protonation, it can be ascertathat for the processing of cemented carbide
scrap, the combination of an organic chelating aged an inorganic acid may well be applied
to prevent tungsten passivation by complexatiorwall as to selectively dissolve the cobalt

binder phase by protonation, simultaneously.
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It is expected that, when subjected to the compgerigent-aided acidic leaching technique, the

phases in cemented tungsten carbide will undergdolfowing possible reactions:

(i) The WC aggregate phase:

2WC-Co + Qg + 4H — 2Cd* + 2WC + 2HO,, (3.2)
(ii) The cobalt binder phase (matrix):

2CQg) + Oy + 4H+— 2CT* + 2H,0; (3.3)
(iii) The ‘Co-W-C alloy’ binder phase (matrix)

2CQg) + Oyg) + 4H+— 2Cd" + 2H,0 (3.4)

3W(s) + 4Q(q) + 12H (4)S WO, + 6HOq + 2W* (g (3.5)

3WOy) + Oyg) + 6H (aq)S W2Os(5) + 3H.0p) + W'(q) (3.6)

2W,05(5) + Ozg) + 12H (aq)S 2WOs(5) + 6H,0) + 2W* o (3.7)

WOs3(5)+ H,0p S HWO; (S) (3.8)

The presence of the organic chelating agent wiliseathe cobalt binder phase to undergo a
complexation reaction, as shown beld#g.3.9), where ‘L’ is the organic ligand and ‘n’ is the

number of moles.

Co-W-C + Q + 4H" +nL s CoL,™ + WL,"™ +2H0 + C (3.9)

In this way,

* Precipitative tungsten reactions 3.2, 3.5 — 3.8im@néited or suppressed. What happens if
these reactions are allowed to proceed first aad thligand is added later on is not known.
What is known is that all the other tungsten oxittesned are unstable except for tungstic
acid which is formed through the last reaction, 3.8

» Formation of insoluble tungsten oxide films andgstic acid are prevented.

» Passivation and channel blockage are eliminatexdimimized.

» Possible oxidation and degradation of tungsten marade (WC) grains is prevented.

On the basis of these observations, the possilaikigts to design a technique wherein the Co is
selectively extracted whilst leaving the tungsteonocarbide (WC) intact. It is this possibility
which is the focus of this study wherein the pregesrameters, process kinetics and the physical
and chemical properties of cemented carbide dueaghing are investigated so as to develop a
recycling method which is energy and cost efficieartvironmentally-friendly and optimally

converts all the scrap metal constituents intoafaliel products.
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Thus, this study investigates the selective digsmiwf the Co binder metal and recovery of all
valuable constituents from binary-phase cementeoidma (WC-6%wt.Co). The study employed
an acid leach process that combines an inorgaidcaacl an organic chelating agent, in order to
provide the basis for overcoming the highlightesues. In order to achieve this, a statistical
Design of Experiments (DOE) method was employe@ assearch tool to obtain statistically
relevant data for modeling optimum leaching cowodi$. Factor range finding trials were
conducted in order to allow for a proper analysithe influence of process parameters. Reagent
selection trials were performed in order to finduatable lixiviant for selective and effective
cobalt dissolution. A conceptual kinetic model vdasived in order to describe the dissolution of
cobalt out of the hardmetal binder matrix. Furtheme precipitation, solvent extraction and
electrorecovery process techniques were employede&xh liquor purification and resource
recovery of WC, Co and W.

A flow diagram of the proposed complexing agenedidacid leach process is presented in

Figure 3.6.

H,SO, C,H.O,
4—‘ Cyane

NaOH X 272 Ca(OH),

Co Raffinate W
EVAPORATE PRECIPITATE EXTRACTION PRECIPITATION
Calcium

ORG
tungstate

WC Solid
Residue

Crush/Wash/ Dry

Tungsten —
carbide (WC) <— —_
Powder <— Ethanol

Impurity €— H,S0O,

Co
STRIPPING
(Cawo.)

Co
Cobalt (Co) ‘_L ELECTROWINNING ]

Fig.3.€: A flow diagram of the proposed process for reqyglcemented carbide secondary material
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The procedure for dosing the two acids, inorgamid arganic, entailed mixing the two acids

before adding them to the reactor vessel. Prewoaik regarding the practice of mixing an

inorganic and organic acid to form one lixiviantdecumented elsewhere (Cruywagen et al,
1993;Lin et al, 1995; Guedes de Carvalho and Neves,)1992

3.3 Materials

3.3.1 Cemented carbide (WC-6wt.%Co) buttons

The hardmetal used in the current study was puechftem Pilot Tools (Pty) Limited, Denver,
South Africa. It was WC-6%wt.Co production scraptbos, 9.8 mm long and 7.34 mm diameter

(Fig. 3.7).

$LA1

Fig.3.7: Production scrap cemented carbide buttons

3.3.2 Tungsten carbide (WC) powder

Tungsten carbide powdeFigure 3.8) purchased from Weartech (Pty) Limited, South @i
was used in the current study to investigate tepaese characteristics of WC grains to acidic
media. The powder was also used to compare to ¢thealgr which was generated during
recycling. The powder had a purity of 99.9 % argtan size of 1.13 + Oi#n. The powder was

used as received without further modification.

Fig.3.8: Cast tungsten carbide powder
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The leached WC residue was analyzed for tungsitt @&WO,) using Raman Spectroscopy.
Raman spectra were measured using the 514.5nmofliad.exel Model 95SHG argon ion laser
and Horiba LabRAM HR Raman spectrometer equippdti an Olympus BX41 microscope
attachment. The incident beam was focused ontsdhgple using a 100x LWD objective and
the backscattered light was dispersed via 600 /im@sgrating onto a liquid nitrogen cooled
CCD detector. The laser power at the sample wasl&ep(0.4 mW) to minimize the chance of

localized heating. Spectra were analyzed using pabS85 software.

3.3.3 Reagents

All reagents used were of analytical grade. Thgeats were purchased from Merck and Sigma
Aldrich and were used as received without furthenfization. Distilled water, analytical grade
sulphuric acid (98% w/w), lactic acid, tartaric dcmaleic acid, ethanol, Cyanex 272 extractant,
Shellsol D70/Shellsol 2375 diluent, Isodecanol (ified, NaOH, Ca(OH) and CaCl were used

in the leaching, solvent extraction, electrorecg\ard precipitation experiments.

3.4 Material Characterization
3.4.1 Metallographic Sample Preparation

The buttons were cleaned ultrasonically with ethaimo remove extraneous material. The
metallography and microstructure preparation analyais were performed as guided by the
ASM handbook volume 9 (Aliya, 2004). After cleanirtge cemented carbide button samples
were sectioned, mounted, ground and polished, fasuring the hardness and then etched to

study the microstructure.

3.4.1.1 Sectioning

Well cleaned buttons were sectioned into two hakash using a precision cutting machine
(Model: Secotom-10, Struers, Denmarligure 3.9 in preparation for metallography and
hardness testing.
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Fig.3.9: Precision cutting machine (Secotom-10, Struers)

3.4.1.2 Mounting

Using Polyfast resin, the sectioned buttons werentexl using a hot mounting press (Model:

Opal 410, ATA, Germany)Hgure 3.10 in preparation for grinding and polishing.

“7“‘ OrAL 410

=
= L]

Fig.3.10: Hot mounting press (ATA Opal 410)

3.4.1.3 Grinding and polishing

The mounted button samples were ground and polisisaty a semi-automatic grinder and
polishing machine (Model: Saphir 520, ATA, Germar({ifijgure 3.11). The samples were
ground using 220, 350, 500, 800 and finally 1200maper. The samples were rinsed with water
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to remove loose particles and then polished usipgnldiamond suspension for 5 minutes to

obtain a mirror-like finish.

-

-
-y

Fig.3.11: Semi-automatic grinder/polisher (Saphir 520)

3.4.1.4 Etching

The polished samples were etched with Murakamieneiafpr optical imaging and field emission

scanning electron microscopy (FESEM) analysis. @tmposition, preparation and use of the
Murakami etchant is listed ifiable 3.1(ASTM B657-05, 2010). After etching, the sampleseave

rinsed with distilled water and ethanol and thaediusing a blow drier.

Table 3.1: Compositions, preparation, and use of the Muraletotiant (ASTM B657-05, 2010)

Etching
Technique

Composition of Etchants

Conditions of Etching

Objetive of Etching

Freshly prepared mixture of equ
quantities of 10% (mass/mass) aque
solutions of kFe (CN) (Ill) (potassium
ferricyanide) and potassium or sodiy
hydroxide (K[Fe(CN)] in KOH). This
is generally referred to as the Muraka
solution. 10g of potassium ferricyanic
plus 10g of sodium hydroxide in 100m
of distilled water.

aEtch at approximately 20°C for
ptis 10 seconds. Flush the test-pig

section with water immediately,
mvithout removing the oxide layer.

Dry the surface carefully with
macetone or alcohol  without
leviping.
Is

2ldentification of n-

gehase.

Same as 1A

Etch at approximately 20°C for
to 4 minutes.

2ldentification ofa, B,

andy-phases.
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3.4.2 Metallographic Sample Analysis
3.4.2.1 Optical Light Microscopy

Three etched samples were analyzed for eta phasturdse by obtaining optical
photomicrographs of each sample. The analysis was dsing a GX50 inverted metallurgical
microscope and SC50 camera coupled with Olympusgilmga Analysis software. The
microscope is exhibited iRigure 3.12

Fig.3.12: Light Optical Microscope-GX50

3.4.2.2 Scanning Electron Microscopy (SEM)

High magnification imaging of the microstructuredaanalysis of the elemental compositions for
three button samples was done using a Field Emissoanning Electron Microscope (FESEM)
equipped with an Oxford X-act detector for Energisfd@rsive X-ray Spectroscopy (EDS)

(Model: Sigma, Carl Zeiss, UK). The average ele@@enomposition was calculated using

multiple EDS scans across different regions ofsample. The FESEM apparatus is shown in
Figure 3.13
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Fig.3.13: Field Emission Scanning Electron Microscope (Zegigma)

3.4.2.3 Grain size measurements

The average tungsten carbide grain size was c#dculasing the intercept technique as per
ASTM E112-13 [ASTM, 2013). Image J software versib8.0-112 was used in conjunction
with the FESEM images to determine the grain sifébe three etched button samples.

3.4.2.4 Rockwell Hardness

The hardness of three polished samples was meafuredrdness using a Rockwell Hardness
Tester (Model: 5JR, Wilson Mechanical Instruments @c., USA) Figure 3.14. A load of
100 gf was applied on the sample with a dwell toh&0 s. At the end of 10 s the hardness of the
material was read from the scale on the Tester.t@$tevas performed five times on one sample
in order to determine the average hardness. Crgsdmial pulverization of the button residue
skeleton in order to recover WC as recycled povd#grends on button hardness. The ability to

crush the button after leaching is an indicatdeathing success.

Fig.3.14: Rockwell hardness tester (5JR, Wilson Mechanicstriments)
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3.5 Design of Experiments

One of the key objectives of this study was to fdgmnd attempt to optimize the factors which
influence cemented tungsten carbide dissolutiorexiecute this objective, a statistical Design of
Experiments (DOE) method was employed as a resdaothto develop an experimentation
strategy. The use of DOE has several advantaghslds to determine important variables that
need to be controlled and unimportant variablet ey not need to be controlled and provides
insight over a range of experimental conditionstéis of interest are changed in a systematic
way so as to ensure reliability and a full evalmtiof individual and interaction effects.
Therefore, by using a DOE matrix, more precise aseful information is obtained about the
studied process. In this study, the factors idemtifto have a significant influence on the

leaching process were optimized and used in subsédpaching experiments.

In order to explore the possible factor influenae the response (cobalt extraction) and to
identify their appropriate upper and lower limifactors were screened (Chapter 6). A full 2
factorial design was employed in identifying thetéas with a significant influence on the
process. A statistical analysis of the experimengallts, using probability plots and Pareto

analysis, was used to evaluate the significan@aoh factor.

After factor screening, optimization of the factodentified as being statistically significant
(Chapter 7) was carried out with the purpose ofligteng the response values and identification
of the optimum response within the experimentalgeanThe optimization experiments were
done by using the response surface methodology (RfBMconjunction with the central

composite design (CCRD). The design procedure MRused in this study involved three
stages as follows: (1) Designing and conducting>gferiments (2) Deriving and developing a

mathematical model (3) Finding the optimal setxgdeximental parameters.

The central composite rotatable design (CCRD) veasl o design the optimization experiments
and the optimal set of parameters was determingghgrally using statistical software, Design

Experf11. In the CCRD method, the factorial designs agrented with axial designs.
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A quadratic response surface model of the form,

y:ﬁo"'zlgi)ﬂ +Zﬁii)§2+z Zﬁij)ﬁxj-"‘g (3.10)

i=1 =i+l
was fitted and solved using statistical softwaresign Expeft11.

In Equation 3.1, y is the predicted responsg; is the coefficient for intercepts is the
coefficient of linear effectf; is the coefficient of quadratic effecf; is the coefficient of
interaction effectg is a term that represents other sources of véitiabot accounted for by the
response function, k is the number of variablesndx are coded predictor variables for the

independent factors (Khuri and Cornel, 1987).

After determination of the coefficients of the reggion model, the adequacy of the model was
checked using the analysis of variance (ANOVA). do the analysis, ANOVA uses the
following methods:

» Fisher's variance ratio test (Bst), to test evidence of lack of fit and significance of the
regression model.

» Standard errors of model coefficientstédt), to determine significance of regression
coefficients of parameters; intercept term, linear terms, quadratic terms and interaction
terms.

« The coefficient of determination {R to check mode accuracy; comparison between
experimental results and predicted values obtained using the refitted model.

* The absolute average deviation (AAD),check model plausibility; if found plausible, then
the model can be used to predict response values at any regime in the interval of the

experimental design.

The coefficients of the regression model were esiah by fitting experimental results using
Design Expeft11 software.
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3.6 Recovery Process Stages
3.6.1 Preliminary 1- Factor range finding trials

Factors that influence a leaching process includgnperature, residence time, reagent
concentration, reagent type, solid to liquid ra#igitation rate, pressure, size of solids, etcs€he
factors in turn affect chemical kinetics, thermodsymcs, fluid mechanics, heat transfer and mass
transfer aspects of the leaching process. Duentitelil information, in literature, specific to the
treatment of binary-phase cemented tungsten calbédhing tests were performed to determine
appropriate factor levels using one factor at aetiapproach. The chosen factor ranges are
presented iMable 3.2.The upper limit for the temperature range was aset on the need for a
less energy intensive leaching process. The uppdérfbr the acid concentration range was set
based on previous work by Trent (1946) who fourat #cid leaching of cemented carbides
beyond 3M concentration could attack the hard darlpWwC) particles. The authors reported that
if the intention of leaching cemented carbidesogdcover hard carbide particles, then acid

concentration limits should be taken into account.

Table 3.2 Factor values for the range finding tr

Factor Low High
1 | Temperature (°C) 40 85
2 | Leaching time (h) 1 6
3 | Acid concentration (M) 0.01 3.00
4 | Solid-to-liquid ratio 1.6 1:18
5 | Agitation rate (rpm) 0 1000

3.6.2 Preliminary 2- Reagent selection

The insight gained from parameter levels determimethe previous stage was used to test
NaOH, HSO, and organic acids namely lactic, tartaric and madeid. The testing of NaOH

and HSO, was meant to identify a better leaching route betwthe basic and acidic method.
Organic acids were tested in order to identify aganic acid with a strong tungsten selectivity
and ability to form a soluble and stable tungstestaincomplex. The complexation of tungsten

by organic ligands is known to aid in suppressilogvsand precipitative tungsten reactions in
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acidic solutions (Cruywagen et al, 1993; Lin etl#l95). The precipitative reactions cause poor

diffusion and adversely affect mass transfer.

3.6.3 Preliminary 3- Factor screening and procesgptimization

A combination of insights from stage 1 and stageePe used to screen and identify factors that
have a significant influence on the cemented targsarbide leaching process with the aim of
optimizing them. For this, a full factor factorimodel involving 5 factors, i.e. temperature, time,
acid concentration, solid to liquid ratio and afjita rate was formulated and employed. Insights
gained from the full factorial design were utilizénl optimize the leaching process using the
central composite rotatable design (CCRD) in coction with the response surface

methodology (RSM) as described in section 3.5.

3.6.4 Resource Recovery

The recovery of WC was performed using optimum h@ag conditions obtained from stage 3.
An evaporative process was used to regeneratertteacted organic acid. Impurity removal
from the filtrate consisted of adding NaOH to fopprecipitates. Further purification and
upgrading of the cemented carbide leach liquor peaformed using solvent extraction resulting
in an advance electrolyte and raffinate solutiohe Ppulse electrodeposition method (Metrohm
Manual, 2019) was used to recover Co from the jariddvance electrolyte using a Potentiostat
208N. The recovery of tungsten from the raffinapduson consisted of adding Ca(OHyr
CaCl to form CaWaQ precipitate (scheelite).

3.6.4.1 Recovery of WC

The recovery of the hard carbide particles from ¢kenented tungsten carbide leach residue
buttons was carried out using a stainless steglaimd puck grinding seFigure 3.15 mounted

on a laboratory pulverizer (Model 1MZ-100, JXSGingixi, China). The residue buttons were
placed in between the rings and crushed to powadtrinva predetermined time. To prevent
oxidation, it was necessary to carry out the op@mainder a protective organic liquid, ethanol.
The pulverization conditions are listedTiable 3.3 After pulverization, the organic liquid was
removed by decantation and the recycled WC powaerdvied and characterized using FESEM
and XRD analysis. The pulverized WC material wasppred for XRD analysis using a back
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loading preparation method. It was analyzed witklavern PANalytical Aeris diffractometer
with PIXcel detector and fixed slits with Fe fileel Co-Ko radiation. The phases were identified
using X'Pert Highscore plus software. The relatplease amounts (weight %) was estimated
using the Rietveld method.

Lid

Puck

Rings

Fig.3.15: Ring and puck grinding set

Mounted ring and puck Vibratory pulverizer

grinding set

Fig.3.16: Laboratory pulverizeModel 1Mz-100, JXSC, Jiangxi, Chi

Table 3.3 Conditions for pulverization of WC residue butson

Parameter | Residence time| WC residue weight
(sec) per run

(9

Unit value 10-20 60-70

3.6.4.2 Reagent Regeneration

An evaporative technique using a distillation rgtavaporator mounted with a reflux condenser

(Figure 3.17 was used to perform evaporative recovery of ¢aatid from the process stream.
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The experiments involved placing the leach soluiitio an eggplant flask, lowering the flask
into silicon oil and heating at 125°C for a predet@ed period of time. The flask was rotated at
30 rpm. At the end of the experiment, the disellahd residue were collected and characterized
using UV-VIS UV-VIS spectroscopy (Model: UV-1800 i8tadzu Spectrophotometer, Kyoto,
Japan) and the regeneration efficiency was evaluatesorbance was measured at a wavelength
of 390nm against the reference solution of 2mL di.2% Fe( solution. The reaction acid
measurements were performed at 25+/-5°C. The ldigih conditions used are listed Tiable

3.4

Fig.3.17: Distillation Rotary Evaporator (Laborota 4000)

Table 3.4: Conditions for the evaporative recovery of laetbid

Parameter Residence Temp. Solution volume
time o
(°C) (mL)
(hrs)
Unit value 1-3 122 500

3.6.4.3 Precipitative purification

During leaching, Fe impurity levels in the cementwagsten carbide leach liquor are sometimes
noticeably higher than the industry tolerance liroft 1.5ppm required for advance cobalt
electrolyte (Sole et al, 2016). In the current giutie removal of Fe impurity from cemented
carbide leach liquor consisted of adding NaOH asing the pH to 3.0 - 7.5. The precipitation
technique was based on the Monhemius (1977) diadoarprecipitation of metal salts. The
precipitation conditions used are presente@iahle 3.5
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Table 3.5 Conditions for precipitation of Fe, Al and Mn inmities

Parameter Temp. Agitation
o Rate
pH °C) (rpm)

Unit value 3.0-75 25 750

3.6.4.4 Solvent extraction

Solvent extraction of Co from the cemented cardegch liguor was carried out using a
separating funnel and an Erlenmeyer flask. A Cyai&x extractant and Shellsol D70/Shellsol
2375, an organic diluent were used in the expermdrhe use of kerosene as a diluent was also
considered. The aqueous and organic phases werdmaitxa predetermined ratio, agitated,
settled and separated using the afore-mentionedrafos. The solvent extraction and stripping
conditions are shown ifiables 3.6and 3.7 respectively. The selection of the conditions was
based on literature (Blanchard, 1995; Morin et B996; Fisher and Pavlides, 1998; Sole et al,
2005).

Table 3.€: Conditions forsolvent extraction of Co

Phase
Parameter O/A pH Extractant Extraction | Separation| Temp Agitation | Extraction
conc Time Time °C rate (rpm) stages
% (VIV) (minutes (minutes
Level 31 5.0-5.6 15 60 15 35 150 3
Table 3.7:Conditions for strippin Ca
H,SO, Phase
Parameter A/O Eluant Stripping | Separation| Temp | Agitation | Stripping
Acid con Time Time °C rate (rpm) stages
(M) (minutes (minutes
Level 11 2 30 15 25 150 3

3.6.4.5 Co electrorecovery

Electrodeposition of cobalt on stainless steel 30dthode plates was performed using a three
electrode electrochemical cell as shown in thereeltie set-up irFigure 3.18 The surface pre-

treatment was achieved by grinding the surfacent®@ grit SiC surface finish and thereafter
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activated using a solution with composition 18.5.%0HNO; — 7.5 vol.% HF — 74 vol.%

for 12.5 minutes. The activation of the steel plateface with distilled water and acetone
(Sharma et al, 2005) was also considered. Theretdemical cell was connected to an Autolab
Potentiostat PGSTAT208N as shownFigure 3.19 The Potentiostat wasperated by Nova
version 2.1.3 software. Stainless steel plateDaird x 50mm x 1mm, placed in a conventional
sulphate-sulphuric acid bath comprising of Ce8bBLO at pH3-4 were used to electroplate the
304L stainless steel with cobalt at 60-65°C. Torione the conductivity of the electrolyte,
NaSQ (15gpl) was added (Sharma et al, 2005). The us®ig8Q, (1.6 — 12gpl) was also
considered. The distance between the cathode awikaglectrodes was maintained at 30mm
(Sharma et al, 2005). The Co electroplating coodgiare shown iMTable 3.8 The pulse
electrodeposition method was used to achieve thaltplating. A Ag/AgCI reference electrode
was used to measure the electrochemical potenti@pplying the cobalt plating with deposition
potentials of § equalling 5 seconds and a steady potential @ Wfollowed by a ¢, of 10
seconds and a potential equal to -0.3 V at platiimgs of 1, 2 and 3 hrs. The choice of the
electrochemical potential for plating was basedh@ncobalt reduction potential of -0.28V while
taking into account the ohmic over-potentials tleae associated with electro-reduction
processes. Ohmic over-potentials are due to thetaese to conduction of ions through the
electrolyte, cathode and anode electrodes andaeriiatween cell components.

Anode - graphite strip

Reference electrode - Ag/Ag /

\‘- Electrolyte
\j/

Fig.3.18: Schematic presentation of the electrochemicalipdtr the Co electroplating process

Cathode -304Lstainless steel
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Fig.3.19 (a): Potentiostat set-up (PGSTAT208N, Autolab, Metrohm)

Stainless steel wire connected
to the cathode working electrode

Ag/AgCl-Reference electrode
Temperature probe

GraphiteCounter electroc

Hot plate stirre
P Cobalt (Il) sulphate leach solution

Fig.3.19 (b): Cell se-up used in pulsed electrodeposition (P

Table 3.8: Conditions for pulse-electrodeposition of Co usingolab Potentiostat 208N

Parameter Curre_nt Temp | Co Feed Current Potential Pl_atlng
density °C) (gp) pH (A) V) time toft ton
(A/m?) (hrs) (sec) | (sec)
Unit value | 175-400 | 60-65 20 3-4 1-2 -0.28 1-3 5 1P

Surface (LXxWx2 surfaces< 0.05mx0.05mx2 = 0.005M
Area
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3.6.4.6 Scheelite synthesis

Synthesis of scheelite (CaVWWOwas carried out in a 1 L jacketed leaching vesseloverhead
stirrer fitted with an impeller and a thermostatit/water bath for external heating of the
leaching vessel. A predetermined volume of soluttontaining tungsten in form of sodium
tungstate (NaWQO,) was added to the leaching vessel. When the tetperreached the set-
point, a specific quantity of precipitant was addedhe leaching vessel. After a specified period
of time, the slurry was removed from the leachingssel, washed, filtered, dried and
characterized. Characterization of the slurry wasied out using FESEM equipped with an
Oxford X-act Energy Dispersive Spectroscopy (ED&gdtor (Model: Sigma, Carl Zeiss, UK).
The process conditions for scheelite synthesiswshim Table 3.9 were based on literature
(Martins et al., 2007; Fan, 1993; Wan et al, 2015).

Table 3.9: Conditions for scheelite (CaWsynthesis

Precipitant Residence time Temp. Ca(OH)dosage CaCldosage Agitation Rate
(minutes) (°C) [Ca(OHR:Na;WO,] | [CaCh:NapWO,] (rpm)
Ca(OH), 150 100 1.4 - 150
CacCl, 20 50 - 1.5-1.7 150

3.7 Leaching Experiments
3.7.1 Experimental Set-up

The leaching set-up consisted of a 2 L leachingelean overhead stirrer fitted with an impeller,
a 15 L/min vacuum pumpF{gure 3.20 for air supply and a thermostatic bath for exaérn

heating of the leaching vessel for the necessanpeeature.

o U
-

Fig.3.20: Vacuum pump (Model: NO22AN.18, KNF, Germany)
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3.7.2 Leaching Experimental Procedure

The leaching set-up consisted of a 1L capacitynegcvessel, an overhead stirrer fitted with an
impeller, a reflux condenser, a 15 L/min vacuum puor air supply and a 40 L thermal water
bath for external heating of the leaching vesB&l.8.21). Leaching consisted of first adding a
weighed amount of 15 whole buttons to the leackizgsel then leaching media and agitating the
mixture in a constant temperature water bath. Timtobs were sitted at the bottom of the
leaching vessel. The volume of leaching media addethe leaching vessel was as per the
desired predetermined solid-to-liquid ratio. Sepasahole button samples were used for each

allotted leaching condition.

The kinetic experiments were conducted at predetewchntemperatures accompanied with
intervallic aliqguot sampling of the leach solutiofhe process conditions for the kinetic study
consisted of experimental runs at 50°C, 70°C arf€82M H,SO, concentration; 1:10 solid to
liquid ratio, at an agitation rate of 500rpm. Tlkeadhed cemented carbide buttons were washed
with 200 mL deionized water. The wash water wasethiger mixed with the leach liquor and the
volume of the mixed solution was recorded. The mhigelution was analyzed for Co and W
using Atomic Absorption Spectrometry (AAS) and Iotively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES).

The pH profiles and redox potentials of the leaoluteon were measured using the Thermo
Scientific Orion Star A211 pH Benchtop Meter. Tleglox potentials readings were obtained
using the Ag/AgCIl/3M KCI reference electrode andsaquently converted to the standard
hydrogen electrode (SHE) by adding 210 mV (Friisalet 1998). After use the electrode was
washed with distilled water and then dried. Thetetele was then stored in 3M KCI solution to

prevent desiccation.

The leached sample residue was washed with 200 istllledl water. The wash water was
thereafter mixed with the leach liquor and theltetdume was recorded. The mixed liquor was
set aside for analysis. The WC residue was seé dsidmaterial characterization. Filtrates from
the leaching process were analysed for Co and Wetdration using Atomic Absorption
Spectroscopy (Model: Agilent 240FS, Agilent Teclogiés, USA) and Inductively Coupled
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Plasma-Optical Emission Spectrometry (ICP-OES) yamaal (Model: SPECTRO GENESIS,

Spectro Analytical Instruments, Germany). The expental set-up is shown Figure 3.21

J '_'f% Overhead stirrer

Reactor vessel
Reflux condenser

Vacuum pump Thermostatic water bath

Figure 3.21: Experimental Set-up

3.8 Data Analysis

The data collected from the experiments describedhis chapter was used to develop
relationships between Co and W extraction and tampeters tested. The tested parameters
included: temperature, time, acid concentratiohigdo liquid ratio and agitation rate etc. These
relationships and the observed results are disduss@e subsequent chapters of this thesis. The
extraction efficiency during the leaching of censehtcarbide buttons was calculated as a
percentage of Co and W in the liquid phase to thahe cemented carbide buttons (sample
calculations are illustrated in Appendix A). Allsidts from the experimental testing were
recorded. The data in Chapters 6 and 7 was stallgtianalyzed. Correlations between process

variables and conversions were determined graphicalalytically and empirically.

3.9 Summary

This chapter presented details on how experiments wet up and performed, the materials and

equipment used and analytical methods employelkirstudy.

The next chapter describes preliminary laboratestst and findings. In particular the chapter
focuses on reagent selection, factor range findirads and evaluation of cemented tungsten

carbide response characteristics.
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CHAPTER FOUR

PRELIMINARY LEACHING TESTS

4.1 Introduction

The study presented in this Chapter aimed at ifgastg parameters which promote cobalt
dissolution in the WC-6wt%Co button scrap matetialng an acid leach process. A brief
characterization of the material properties of liiétons is presented in the initial part of this
chapter. Response characteristics of the buttorieglleaching were investigated to understand

the limitations of the recovery process.

In order to explore the possible influence of faston the response (Co extraction) and to find
factor ranges (appropriate upper and lower levefsgliminary experimental tests were

conducted according to the procedure previouslycrde=d in Chapter 3 section 3.7. The

parameters investigated included leaching temperateaching time, acid concentration, solid

to liquid ratio and agitation rate.

With the intention of investigating the possibldluence of different leaching media on the
response and to select the appropriate lixiviaptgliminary reagent selection trials were
conducted. The lixiviants tested were sulphuridasodium hydroxide, lactic acid, tartaric acid
and maleic acid. The understanding obtained fraesedlpreliminary experiments was used as a
basis for the kinetic study, screening, optimizatipurification and recovery investigations that

follow in subsequent chapters.

4.2 Characterization of WC-6wt%Co scrap buttons

Figure 4.1 shows the microstructure of the buttons where stergis present in the cemented
carbide in the form of tungsten monocarbide grdiW€) and cobalt in the form of a metallic
binder matrix. The term “cemented” refers to thegsten carbide (WC) grains being captured in
the cobalt metallic binder phase and “cementedétiogy, forming a covalent bond between the
two phases (General Carbide, 2016). Using multifiléS scans across different regions of the
sample, the average elemental composition of cerdecdrbide was calculated as 85.95wt.%
tungsten, 8.77wt.% carbon and 5.28wt.% cobiabl(e 4.1).
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Cobalt (Co) Table 4.1: Cementedunasten arbidecomnositior
Binder Phase
(Matrix) Element Weight (%)
Carbon (C) 8.77
Cobalt (Co) 5.28
Tungsten carbide
(WC)
i Hard Phase Tungsten (W) 85.95
2 g N ® (Grain)
. B pesan Total 100

Fig.4.1: Microstructure of cemented tungsten carbide (WC:%@0)

Grain sizes of typical cemented tungsten carbidmkt@rades are presentedTiable 4.2 The
average WC grain size of the buttons used in theectstudy was measured as 1.13 suth2
and which falls within the ‘fine’ size classificati of the industry standard specification
reflected in Table 4.2 (Sandvik, 2005). The WC mgsize influences the distribution structure of
the cobalt binder phase matrix, which exists a®mtituous cobalt network with fluctuating
width of the branches widely described as the ‘mewsaar intercept’ or ‘mean free path’ (Exner,
1979). The average button hardness was measuréd.ast5.6 HRC. According to Sandvik
(2020), cemented tungsten carbide hardness isselerelated to the binder content and WC
grain size. Cemented carbide hardness increashsdefreasing binder content and decreasing

WC grain size.

Table 4.2: Cemented tungsten carbide (WC-Co) grain size (S&kng005)

Pilot Tools Cemented 1.13
Carbide Average Grain Size

(nm)

Industry Standard >0.2 0.2-05 0.5-0.9 1.0-1.3 1.4-2.0 2.1-34 3.5-5.0 >5.0

Grain Size @m)

Classification Nano Ultra-Fine Sub-micron Fine Medium Medium | Course Extra Course

Course
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Figure 4.2 shows the optical photomicrograph of an etchederged tungsten carbide sample.

Using Olympus GX51 microscope, results showedttiaeta) phase was absent.

Fig.4.2: Microstructure of cemented tungsten carbide (WG3&€0)
showing that etar)) phase is absent; light Murakami etching (10sP&5

4.3 Leaching Tests

The leaching tests consisted of reacting WC-6wt%@tbon scrap with different lixiviants. The
lixiviants tested included: alkaline, organic andnganic acidic solutions. A brief description of
the dissolution reactions possible with each lextiis given first followed by the experimental

results and analyses.

4.3.1 Alkaline leaching

The extraction of Co from cemented carbide usingstia leaching consisted of reacting NaOH
solution with cemented carbide button samples. pbssible dissolution of Co and W from
cemented carbide was based on the thermodynansibilés of hardmetals in aqueous alkaline
solutions as described by Chen (2013). The follgvére the possible reactions:

2C0g * Oz g *+ 40H 55 2Co(OH) +4¢ + 2HO) o
WC + O, + 40H 5 WO,Z + C + 2&+ 2H,0; 4-2)

4.3.2 Organic Acid Leaching

The extraction of Co from cemented carbide usingaoic acid leaching was carried out by
reacting lactic, maleic and tartaric acid solutioith cemented carbide button samples. The

dissolution of Co from cemented carbide was basedthe oxidation potential of metals
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(Bronsted, 1931) and the thermodynamic feasibdityrardmetals in aqueous alkaline solutions
as described by Chen (2013). Metal dissolution tgawic acid ligands is exemplified by the

complexation reaction of Co and W with a lacticdd@gand as shown iBqgns. 4.3and4.4.

Co + 2GHs05™ + 2H" + O, = G;H1¢Co0; + H,0 (4.3)

WO, + 2(GHa05*) = [WO,(CsH4O5)2] * (4.4)
4.3.3 Inorganic Acid Leaching

The extraction of Co from cemented carbide usingnanganic acidic solution was carried out
by reacting sulphuric acid solution with cementadb@e button samples. The dissolution of Co
and W metals was based on the oxidation potentfalmetals (Bronsted, 1931) and
thermodynamic feasibility of hardmetals in aqueacislic media as described by Garcia and co-

researchers (2008). The following are the possddetions:

2Cqg) + Oz g+ 4H 5 2CJ" + 2H,0 (4.5)
3WC +4Q + 12H 5 WO, + 6H,0 + 3C + 2W* (4.6)
3WO, + O, + 6H" 5 W,05 + 3H,0 + W* 4.7)
2W,05 + O, + 12H 5 2WO; + 6H,0 + 2W* (4.8)

4 .4 Results and Discussion
4.4.1 Cemented Carbide Dissolution Behaviour in Adic and Alkaline Media

Co and W dissolution as a function of acidic ansidanedia type is illustrated Figure 4.3
Experimental results iRig.4.3show that leaching of cemented carbide using swiplacid gave

a maximum Co extraction of 8.7% in 6 hrs compacet.13% Co extraction in NaOH. In acidic
solutions, W showed stable passivity, whereas Co readily dissolved; the situation observed in
alkaline media is vice versa. The results are ne@gent with Chen (2013) who suggests that W
passivates in acidic media due to formation of luisle tungsten oxides like WOW,0Os and
WOs. The insoluble oxides form a non-reactive layeat throtects W from further reactions.
Tomlinson and Ayerst (1989) made a similar obs@matbout W passivation in acidic solutions.
According to Garcia and co-researchers (2008)p#ssivation of cobalt in alkaline solutions is
due to the precipitation of cobalt to form cobajtifoxide (Co(OH)). The authors observed that
the cobalt precipitate hinders further cobalt rieas thus, causing passivation. Sulphuric acid

was found to have superior dissolution ability @w, whereas NaOH showed little effect.
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10 +
Solid to Liquid Ratio: 1:10

Leaching Temp: 75°C
Leaching Time: 6 hrs
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Fig.4.3: Co and W dissolution as a function of acidic aadib concentration

4.4.2 Cemented Carbide Dissolution Behaviour in Inganic and Organic Acidic Media
4.4.2.1 Inorganic Acid Leaching

The dissolution of Co and W as a function of sulphacid concentration is presentedrigure

4.4. Inorganic (mineral) acids extract metals by catitisplacement from the metal containing
particle. For hardmetals, €oion is displaced from the binder matrix and"Wén from the WC
aggregate phase. The hydroniuni)kbn reacts with Co and W, causing the metalsetcome
ionized thus inducing metal dissolution (Bronst&831). As seen in the figure, sulphuric acid
concentration has a much stronger effect on Cooldissn than it has on W. An increase in
sulphuric acid concentration dramatically enhanCedextraction from 2.6% to a maximum of
8.7% at 1.0M within 6hrs of leaching. Further irage in acid concentration beyond 1.0M did
not yield any significant change in Co dissolutidrhis could possibly be attributed to the
formation of some insoluble tungsten precipitategither test work discussed in section 4.6.6
entailed exploring the effect of acid solutionsraono tungsten carbide (WC) grains. The WC
grains, in form of powder, were reacted with sulh@cid. The Raman spectroscopy results
showed a substantial formation of tungstic acidisTiesult was found to be consistent with
similar observations suggested by some authorsn@&sdt et al, 2005; Chen, 2013; Osseo-Asare,
K., 1982; Bosung and Sunjung, 2016). The authorthdéu suggest that the tungstic acid
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precipitates create a blockage within the cemengetide channels hence hindering the mass

transfer of reactants and products.

The co-dissolution of tungsten was found to beaup maximum of 0.4% extraction, suggesting
that tungsten dissolution is inhibited in acidiczeanment. In acidic solutions W shows stable
passivity, whereas Co readily dissolves. Howeuag, ¢o-dissolution of tungsten is associated
with the formation of insoluble W precipitates agygested by several authors (Edtmaier et al,
2005; Chen, 2013; Osseo-Asare, K., 1982; BosungSamgung, 2016). These precipitates are

postulated to be a possible interference to Cmllisen rates.

=Y
o
J

Solid to Liquid Ratio: 1:10
Leaching Temp. : 75°C
S Leaching Time: 6 hrs

. Agitation Rate: 500 rpm
Airflow Rate: 15 Lmint

7 —e—Co

i —a—\V

% Co Extraction
O P N W M O O N 00 ©
1

KR
o
)

4-/.* -
0.50 1.00 1.50 2.00 2.50

Acid concentration (M)

Fig.4.4: Co and W dissolution as a function of sulphuriid @aoncentration

4.4.2.2 Organic Acid Leaching

Cobalt and tungsten dissolution as a function ghoic acid type at different acid concentrations
is presented ifrigures 4.5and4.6 respectively. Organic acids achieve metal exwachy the
anion (RCOO-) complexing with Ebor WP* cation through proton removal from the organic
acid and shifting the equilibrium in favour of theetal complex. Three types of organic acids,
lactic, maleic and tartaric, were tested at acitceatrations of 0.01M, 0.1M, 0.25M and 0.5M in
order to determine the ability of the acids to astrCo and W from cemented carbide hardmetal.

Results inFig.4.5 show that, within 6hrs of leaching, lactic, malamd tartaric acids were able
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to extract up to a maximum of 2.8%, 2.3% and 2.18&6r€spectively. The decrease in Co
extraction efficiencies with increasing acid cortcation might be attributed to excess acid
resulting in high solution viscosity and poor ddfon. Among the three organic acids tested,
lactic acid showed the strongest effect on Co tlisiem. The order of effectivity in Co

dissolution by the organic acids was found to lodamaleic>tartaric acid.

3
Solid to Liquid Ratio: 1:10
Temp. : 75 °C
2.5 Time: 6 hrs
Agitation Rate: 500 rpm
2 Airflow Rate: 15 Lmin!

15 —e—L actic
—e—Maleic
—e—Tartaric

% Co Extraction
'_\

0 T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Acid concentration (M)

Fig.4.5: Co dissolution as a function of organic acid type

Results inFigure 4.6 show that, within 6hrs of leaching, lactic, malaied tartaric acids were
able to extract up to a maximum of 0.16%, 0.10% @rid% W respectively. The order of
effectivity in W dissolution was found to be lacttartaric>maleic acid. Although lactic and
tartaric acids had a stronger effect on W dissofuthan maleic acid, lactic and maleic acid had
a wider acid range for tungsten dissolution comghaoetartaric acid. This characteristic might be
attributed to the possibility that lactic and melatid have a higher affinity for Wions over a
wide acid range where they form more stable tumgstenplex salts than tartaric acid. In terms
of tungsten complexation and tungsten salt comptekility, lactic acid was found to give the
best performance among the three organic acidswaas] therefore, adopted for use in all

subsequent experiments.
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Fig.4.6: W dissolution as a function of organic acid type

4.4.2.3 Organic vs Inorganic Acid Leaching: CobalDissolution

A comparison of cobalt dissolution as a functionaofd type is illustrated ifrigure 4.7. The
figure shows a comparison of sulphuric acid perfomoe against lactic, tartaric and maleic acid.
As seen in the figure, sulphuric acid has a muaotnger effect on cobalt dissolution compared
to all the three organic acids. The difference leetwinorganic and organic acid extractions
might be explained by the fact that inorganic aaddprotonate and dissociate more easily than

organic acids and are therefore more effective @taimonization (Housecroft, 2008; Earnshaw

and Greenwood, 1997; Bronsted, 1931).
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Fig.4.7: Co dissolution as a function of acid type

4.4.2.4 Organic vs Inorganic Acid Leaching: Tungste Dissolution

A comparison of tungsten dissolution as a functbracid type is exhibited ifrigure 4.8 As
seen in the figure, lactic, tartaric and maleicdacan solubilize tungsten to form soluble and
stable tungsten salts. The figure also shows thlpharic acid has a stronger effect on tungsten
dissolution compared to organic acids. Though highan the rest, tungsten extraction by
sulphuric acid, at 0.40% extraction, is quite lavd as not expected to have a significant adverse

effect on WC grains and therefore not a threat @ gk&in integrity.
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Fig.4.8: W dissolution as a function of acid type

4.5 Effect of Parameters on Cemented Carbide Dissdlon Behaviour in Acidic Media

Based on results from the foregoing preliminarycheag tests, the acidic route was found to be
the best approach for processing cemented carlithp anaterial. Therefore, in order to

investigate the effect of different parameters emented carbide dissolution, experiments were
performed using sulphuric acid. The studied pararsdhcluded: leaching temperature, leaching

time, acid concentration, solid to liquid ratio sagltation rate.

4.5.1 Effect of Leaching Temperature

Temperature is an important parameter that gowlnsate at which reactions take place. This is
because at higher temperature molecule collisiequiency is greater and the proportion of
molecules with sufficient energy to react is sigrahtly higher. Although collision frequency is

greater at higher temperatures, this alone conéghonly a very small proportion to the increase

in the rate of reaction (Housecroft, 2008; Earnshad Greenwood, 1997).

To investigate the effect of temperature on thesaligion of Co and W, experiments were

carried out from 40°C to 85°C. As shownkhigure 4.9 temperature has a strong effect on the
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dissolution of Co, whereas the effect on W dissotuts very little. With increasing temperature
from 40 to 85°C, the dissolution of Co dramaticaligreased from 3.8% to 9.6% extraction
within 6hrs of leaching time. This is because moles at higher temperature have more thermal
energy required for effective reaction. Howeveeg tlissolution of W increased marginally from
0.34% to 0.45% extraction. The highest Co extractb9.6% was observed at 85°C indicating
that, at this temperature, there’s a higher iormabf Co ions. On the other hand, the low
dissolution of V§* ions seems to indicate that high temperatureitikséffect on the ionization

of W ions. The resistance to W ionization could digibuted to the strong covalent bonds

formed by the 5d electrons in tungsten atoms (Lexsand Schubert, 1999).

12 -
Leaching Time: 6hrs
10 - Solid : Liquid Ratio: 1:10
H,SO, conc.: 1M
8 - Agitation Rate: 500 rpm
Airflow Rate: 15 Lmint
S 6
g 4
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©
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Fig.4.9: Co and W dissolution as a function of leachinggerture

4.5.2 Effect of Acid Concentration at Different Tenperatures

The concentration of hydronium ions in acid is lepartant factor to be considered for effective

metal dissolution.

To investigate the effect of acid concentrationddferent temperatures, experiments were
carried out from 0.01M to 3M acid concentration/&C and 85°C respectively. The results in
Figure 4.10 show that the dissolution of Co at 75°C increaskdrply from 0.01M to a

maximum of 8.7% at 1M. This is because the hydnonian reacts with metal causing it to
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undergo oxidation thus inducing metal dissoluti®@rofisted, 1931; Garcia et al, 2008). In
addition, the initial hydronium ions provide theceesary driving force needed to overcome the
resistances to mass transfer between the aque@se @imd the solid metal phase. When the
concentration of reactants increases, more molgeauigons interact to form new compounds,
and the rate of reaction increases (Levenspiel2;1RBdmar et al., 2010). However, beyond 1M,
Co dissolution slightly decreased with increasingaentrationThe decrease in Co dissolution
at higher acid concentration could be attributeshtoeased hydronium ion concentration leading
to intensified formation of insoluble tungsten asdand tungstic acid (Edtmaier et al, 2005;
Chen, 2013; Osseo-Asare, K., 1982; Bosung and 8gnR016). The insoluble tungsten oxides
or tungstic acid cause poor diffusion. It seemsdasing acid concentration produces two effects
simultaneously. An increase in the hydronium iohasces the dissolution of Co on one hand,
but intensifies the formation of tungstic acid ppg&ates on the other. The precipitates hinder

mass transfer within cemented carbide channelsdbasasing the rate of Co dissolution.

Further test work entailed exploring the effectamid concentration at a higher temperature
(Figure 4.10. Results showed a substantial increase in Caa&xtn of up to 17.9%. The
increase in temperature may have been helpful @aking down obstructive precipitates or

passivation layers due to elevated localized teatpers thus, enhancing the rate of Co

dissolution.
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Fig.4.10: Co and W dissolution as a function of acid conagitn at different temperatures
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4.5.3 Effect of Solid-to-Liquid Ratio

Solid-to-liquid ratio is an important factor thaahan effect on optimum contact between solids

and fluids. It is an important physical property éharacterizing a chemical reaction system.

The effect of solid-to-liquid ratio on Co and W stidution is presented iRigure 4.11 Results

for Co dissolution show a maximum solid-to-liquatio of 1:10 with much lower extractions on
either side. The solid-to-liquid ratio is a repmaseéion of the ratio of weight of solids to volume
of acid. A decrease in solid-to-liquid ratio thenef implies an increase in acid volume while the
amount of solids remains constant. Increased acldme creates a less dense mixture and
makes more surface area available for optimum cobitween reactants. An increase in surface
areas available for contact, in particular for hegeneous systems, leads to optimum reaction
rates. In this case, increased available surfaes far contact and increased hydronium ions due
to increased solution volume intensified the foriorabf tungstic acid precipitates thus, causing
poor diffusion. The decreased Co extraction duéntoeased solid-to-liquid ratio was likely
caused by the increased density of the reactartureixThe dense mixture may have deprived

the cemented carbide buttons sufficient hydronions ifor more Co dissolution.

The results for W dissolution presentedrigure 4.11show a different trend to that of Co. The
figure shows that W dissolution decreased withaase in solid-to-liquid ratio from 1.1% at

1:18 to 0.2% at 1:6. Lower solid-to-liquid ratiosesned to promote W dissolution. The upward
trend in W dissolution with decrease in solid-fguiid ratio was an indication that the metal’s

dissolution is not affected by the formation ofdsten precipitates in the same way that Co is.
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Fig.4.11: Co and W dissolution as a function of solid taldjratio

4.5.4 Effect of Agitation Rate

Agitation is an important parameter that promoteassntransfer. Whereas diffusion is a
movement of molecules within the bulk fluid, agwat moves the whole mass of the bulk fluid.
It is a mechanical mass transfer of the bulk flthét, in heterogeneous systems, enables

recurring solid-fluid surface contact (Levenspigy/?2).

Experiments were performed to study the effect gifation rate. The results iRigure 4.12
show that with increasing agitation rate, the digsan of Co improved from 7.4% to a
maximum of 9.3% at 750rpm. Upon further increasethe agitation rate, Co extraction
decreased slightly. High agitation rates enhancgsrtransfer in viscous solutions. In this study,
the solution was not viscous. Therefore, an in@@a®gitation seemed to have a limiting effect
on Co dissolution beyond 750 rpm. The agitationalde did not seem to have a significant

effect on tungsten dissolution.
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Fig.4.12: Co and W dissolution as a function of agitatiote ra
4.5.5 Effect of Leaching Time

Leaching time is an important factor that has dectfon the duration of a dissolution reaction. It
provides information of the minimum time requirent tonsiderable dissolution to take place. It
also provides information on the possible diffusmntrol mechanism for the metal ion as it

moves from the reaction surface to the bulk sotufleevenspiel, 1972).

To study the effect of leaching time on Co and \Akdiution, experiments were conducted at
leaching times ranging from 0.25 days to 10.5 d&.and W dissolution as a function of
leaching time is presented kigure 4.13.A Co extraction of 29.4% was obtained after 1 day
and 99.6% after 10.5 days. The data shows a relativgh Co extraction rate in the first 100 h
and a much lower rate thereafter. The reducedco@il possibly be attributed to the formation
of some insoluble tungsten oxides. The profileistethded by virtue of the fact that the reaction
follows a shrinking core model (SCM) of attack. l&aching progresses to the inner core of the
solid cemented carbide piece, there is less amsdaesilable unreacted surface area for contact
and reaction. The SCM profiles and the specifiesmt which they were taken are indicated in
Figure 4.13 The data further shows a W co-extraction of ud®% in 10.5 days. Tungsten
showed low dissolution and stable passivity, wher€a readily dissolved. This could be
attributed to the fact that tungsten, in its mostmon oxidation state of +6, has a higher
reduction potential of -0.09V (Charlot, 1971; Hagret al, 2017) compared to -0.28V for cobalt
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(Charlot, 1971; Haynes et al, 2017). In additioangsten readily forms a protective and
refractory passivation layer (Chen, 2013; Kellnerag 2009) which slows down prolonged

dissolution.
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—a— 104 \W Extraction
—e—10/C0 Extracion
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Fig.4.13: Co and W dissolution as a function of leachingetim

The cemented carbide leaching progression is ndted in the line-scan shown kigure 4.14

The two differently shaded areas of the line s¢awsevidence of progressive leaching from left
to right. The figure also shows three elementsntdrest, Co, W, C, and the effect on them as
leaching progresses. The results showed that 2fters of leaching, Co was depleted in the

light grey area but unaffected in the non-leachatk dyrey area, whereas tungsten remained

relatively the same throughout.
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___— Leached portion (Co-depleted region)

_____— Unleached portion (Co-rich region)

Carh‘onﬁ

ﬁCobaIt‘:'

' Tungster -

Fig.4.14: Line-scan of leached cemented tungsten carbider (@4t hrs of

leaching in 1M HSQy) using Field Emission Scanning Electron Microscope
(FESEM)

The cemented carbide leaching progression is dekiin the micrograph images shown in
Figure 4.15.The dark area is Co rich and the light areas arel€peted. The results in the

images show further evidence of progressive leactdrm the outer core to the inner core of the
cemented carbide button as per the shrinking caen

Leached portion (Co-depleted)

Unleached portic (Cc-rich)

@ (b) (0) (d) (e
Fig.4.15: Cemented tungsten carbide leached with 1J8®) after:

(a) 2days, (b) 2.5 days, (c) 3 days, (d) 9 dayd (epn10.5 days
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The XRD pattern of the WC residue is showrFigure 4.16 The XRD analysis was used to

confirm that Co was successfully leached out ofer@ed carbide after sulphuric acid leaching.
The peaks are characteristic of the WC also knosv@Quasongite. The figure further shows Fe
presence in the residue. This could have comerasudt of residue contact with reactor vessel
accessories. The XRD analysis also shows thathtemical composition of the residue is 99.0%
Qusongite. This therefore, confirms that Co wascessfully extracted from cemented carbide
through acid leaching.

Counts

40000 WITS_Alan_AS337 Exp-138
Qusongite 99.0 %
Iron - Alpha 1.0 %

30000

20000

10000

Position [°20] (Cobalt (Co))

Peak List
Qusongite; C1 W1 ‘

Fig.4.1€: An XRD pattern of WC powder residue leached at 1)8®}, and 75°C, 1:10 solid to liquid
ratio and agitation rate of 500 rpm.

The chemical composition of the leach liquor exedcwithin the 10.5 days leaching time is
shown inTable 4.3 The chemical composition showed Fe as the majpurity suggesting that
leach liquor purification was necessary beforetebeecovery of Co. The impurities are possibly
from the acidic contact with some metallic compdsedi the reaction vessel. The presence of W

suggested that its recovery was an important faotoonsider.
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Table 4.3: Chemical composition of cemented carbide (WC-6%waj}t.leach liquor

Element Al Ca | Co Cu Fe K Mg Ni w pH

Conc (ppm) | 0.4 | 0.1 | 130.8 0.4 58.4 0.4 1.0 7.8 1.3 1.0

4.6 Eh-pH Profiles for the Cemented Tungsten Carbid Leaching Process

The thermodynamic feasibility of hardmetals in amuse media requires oxidative acidic
conditions. To investigate and evaluate these tiondi, experiments were performed at a
sulphuric acid concentration of 1M, a temperaturéssC, a solid to liquid ratio of 1:10 for 6 h
while stirring at 500rpm. Atmospheric air, pumpetbi the leach solution mixture at 15Lrtin
using a vacuum pump, was used as the oxidant. BhpBnvalues were measured during the
leaching process and are presenteBigure 4.17. The results in the figure showed that, despite
a slight decrease over time, the Eh and pH valwee well within the required oxidative acidic
dissolution range of -0.5<Eh <1.8 and pH <4 (Gariaal, 2008) respectively. The slight
decrease in pH with increasing leaching time wislyidue to the increase in hydroniumgQ@)
ions resulting from the two-stage dissociation lvéha of sulphuric acid (Pavlov, 2017). When
mixed with water, sulphuric acid dissociates in tagrees. The first degree of dissociation of
H,SO, can be expressed by the equation (Pavlov, 2017):

H,SO, + H,0 = HO" + HSQY (4.9)

The first dissociation constant is equal tp=kix1C® as determined by Young (1951). This value
indicates that the first dissociated sulphuric asid strong acid and the equilibrium maintains,

but a very small amount of non-dissociate&8, (Paviov, 2017).

In the second degree of dissociation, the hydragdphate anion (kD4) dissociates further into
sulphate ions and even more hydronium ions. The@rgkadegree of dissociation can be
expressed by the equation:

HSO, + H,0 = H,O" + SQF (4.10)

The second dissociation constant is equal4e: k02 x16 (Pavljuk et al, 1972; Covington et al,
1965). Although in the second degree of dissoaiatithe acid behaves like a weak acid,

sulphuric acid is a strong acid and so it ionizasgletely with little or no chance of reversibility
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(Pavlov, 2017). In the second dissociation wherg”36ns are released to form cobalt sulphate,
more hydronium ions are equally released resulting decrease in pH. A comparison between
the two dissociation constants shows that the @iissociation releases more hydronium ions

than the second.

Based on the cobalt Pourbaix diagram (Garcia €2G88; Pourbaix, 1966), and as discussed in
Chapter 2 section 2.10, cobalt reduction is reprteskby the reaction:

Co™* + 26 = Cqy E>=-0.28V (4.1)
And the reaction for oxygen reduction is preseted

2H"+ 0.5Qyq) + 2€ = H,0 B’ =1.23V (4.12)
The overall chemical reaction for the thermodynastability of cobalt in agueous solution is,
therefore, presented as:

Co+0.5Q+2H =CF* + H0 E°=151V (4.13)

The above equation shows that cobalt dissolutidhdemodynamically possible under oxidizing
conditions (Pourbaix, 1966).

The results irFigure 4.17show a slight decrease in Eh with increasing lemctime suggesting
a decrease in the oxidative strength of the legcbystem. The decrease in Eh may have resulted

from a decrease in oxygen solubility in the solutimixture as leaching progressed.
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Fig.4.17: Eh and pH as a function of time
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To maintain an oxidative environment, atmosphericvaas pumped into the leach solution
mixture at 15Lmift using a vacuum pump. The dissolved oxygen in ¢aeH solution before
and after air supply is illustrated irable 4.4 The table shows an increase in dissolved oxygen
from 10.1% (0.92mg/L) to 62.4% (5.41mg/L) after supply. It was inferred from the results in
the table that the air supply at 15Liiwas sufficient to provide an oxidative environmest

confirmed by the results ihigure 4.17.

Table 4.4:Dissolved oxygen in 1M 80O, solution before and after bubbling atmospheric air

BEFORE AFTER
Temp (°C) 26.6 26.6
Oxygen conc. % mg/L % mg/L
Run 1 10.5 0.96 63.6 5.46
Run 2 9.7 0.88 61.2 5.36
Average 10.1 0.92 62.4 541

4.7 Investigating the Behaviour of WC Grains in Aallic Media

A study to investigate the possible formation afgstic acid (HWO,) within cemented tungsten

carbide channels during acidic leaching consistedeacting tungsten carbide powder with
sulphuric acid. The tungsten carbide (WC) powdedus the experiment had similar chemical
properties as the tungsten monocarbide (WC) graminthe cemented carbide button sample
described in Chapter 3 section 3.2.1. The posé$drieation of tungstic acid was based on the

thermodynamic feasibility of hardmetals in aqueauglic media as proposed by Osseo-Asare

(1982). The following are the possible reactioraliag to the formation of tungstic acid:

3WC +4Q + 12H 5 WO, + 6H,0 + 3C + 2W"* (4.14)
3WG0, + O, + 6H" 5 W,05 + 3H,0 + W** (4.15)
2W,05 + O; + 12H 5 2WO; + 6H,0 + 2W* (4.16)
WO; + H,0 5 H WO, (tungstic acid) (4.17)
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4.7.1 The Effect of Acidic Media on WC grains

To study the effect of acidic solutions on WC gsaitwo sets of experiments were performed at
a solid to liquid ratio of 1:10, an agitation rae500rpm and a leaching time of 6h. The first set
involved using 1M and 2.5M sulphuric acid concettres and leaching WC grains at 75 and
85°C. The second experiment consisted of adding(\8% lactic acid to 2.5M sulphuric acid

and leaching at 85°C.

The Raman spectra for the leached WC powder residupresented iRigure 4.18 The spectra
show certain characteristics about the WC powdenpsss leached at different conditions.
Leaching with 1M and 2.5M sulphuric acid concentratat 75°C and 85°C led to a more
crystalline phase characterized by broad and sheas (AS514B-g, AS516b and AS517b) that
could be ascribed to the presence of tungstic @&tid/O,).

Confirmation of the presence of tungstic acid ia lached WC residue sample was indicated by
peaks at 950cttRaman Shift which conformed to standard Raman epdot tungstic acid
(Suzuki et al, 2017). These findings support presip reported data (Edtmaier et al, 2005;
Chen, 2013; Osseo-Asare, K., 1982; Bosung and 8gnj2016). It is interesting to note that
with the addition of 5% (v/v) lactic acid to 2.5Milphuric acid leach solution, a diminished
tungstic acid peak (AS518-d) is observed. The dshied peak was associated with the addition
of lactic acid to the leach solution. The lactiddamay have reacted with %ions to form a
soluble and stable tungsten lactate salt comples, tsuppressing the tungstic acid forming
reactions. Tungstic acid is a precipitate and ah,sit tends to cause channel blockage when
formed inside cemented carbide solid pieces dueaghing. For this reason, the formation of

tungstic acid during leaching of cemented carbsdénidesirable.
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Fig.4.18: Raman spectra for leached WC powder residue

4.8 Summary

In order to identify suitable aqueous media fore&traction from hardmetal scrap, preliminary
leach tests were initially performed using alkalineganic and inorganic lixiviants. Follow up
preliminary tests were also conducted in ordendqaage the possible influence of factors on the
response (Co extraction) and to identify their appate upper and lower levels. The study also
looked at the possible occurrence of eta phaskdrcémented tungsten carbide scrap material,

the Eh and pH profiles as well as the effect ofliamedia on WC grains.

» Optical photomicrograph results showed no evideofceta ) phase occurrence in the
cemented tungsten carbide material used in thewrustudy.
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* Co extraction from cemented carbide is favouredemiar acidic than in alkaline media
whereas tungsten extraction is better in alkalvaa tacidic media.

* A comparison between acid and alkaline media shothatl the acidic media is a better
leaching route for the selective dissolution off@wn the cobalt binder phase matrix.

* A comparison between inorganic and organic acidvsldothat inorganic acid media had a
stronger effect on Co dissolution from cementedidar than organic acids due to better
inorganic acid deprotonation and dissociation prige Leaching with sulphuric acid gave a
maximum Co extraction of 8.7% in 6hrs compared .82 2.3% and 2.1% Co extraction
from lactic, maleic and tartaric acid respectiv8ylphuric acid was therefore adopted as the
pertinent leaching lixiviant

* Results showed that Co extraction from cementediaa buttons using sulphuric acid is
possible up to 99.6% in 10.5 days using 1Ms&,, at 75°C, 1:10 solid liquid ratio and 500
rpm agitation rate.

* A comparison among the three organic acids shohadlactic acid had the strongest effect
on Co and W dissolution thus showing stronger Gib \Whmetal complexation ability. The
order of effectivity for Co dissolution by orgamacids was lactic>maleic>tartaric acid and
lactic>tartaric>maleic acid for W dissolution. Lictacid was therefore adopted as the
pertinent complexation agent.

» The factor range finding trials revealed that &k tfive process parameters tested had a
noticeable influence on the Co dissolution procesl clearly identifiable lower and upper
levels.

* Results for Eh and pH profiles showed that appateroxidative acidic conditions for Co
dissolution within the region of -0.5<Eh <1.8 andi p<4.0 are both attainable and
sustainable.

* Raman spectroscopy results showed that WC graimsnwexposed to acidic media, react to
form tungstic acid (HWQO,) precipitates. However, a diminished tungstic qguak seemed
to indicate that addition of an organic ligand sappress the precipitate forming reactions.

In the next Chapter, an attempt is made to derigeereeptual kinetic model that describes Co

dissolution out of cemented tungsten carbide hatalme
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CHAPTER FIVE

KINETIC STUDY

5.1 Introduction

The purpose of a kinetic study, inter alia, is &edmine the predominant controlling reaction
mechanisms of a process. A kinetic study makesofiseathematical modeling of fluid-solid
systems using models like the shrinking core m@8EIM) to interpret experimental results and
to gain insight into reaction mechanisms (Leverisfii@72). The SCM is widely used to model
fluid-solid reactions such as the leaching of ngetedm minerals or metal-containing materials.
In the SCM, it is assumed that the solid partidespherical and it reacts with the fluid
isothermally. Also, the concentration of the reagtiluid is assumed to be constant or in excess
(Gbor and Jia, 2004). For heterogeneous systeadjor kinetics is based on the shrinking core
model (Levenspiel, 1972; Smith, 1981; Han, 2002)isTis the most widespread and realistic
model describing fluid-solid reaction kinetics @ge (non-porous) particles. Examples of fluid-
solid reactions include, the oxidation of sulphidmerals to yield oxides by reducing gases, and
the extraction of metals from ores using acids @respiel, 1972). One of the convincing ways of
finding out the mechanism controlling the shrinkagecesses is the use of activation energies
(Gbor and Jia, 2004). In order to gain a fuller enstanding of a process, some authors (Gurmen
and Friedrich, 2005; Potgieter, et al, 2006) hapted to use the SCM and activation energy

model jointly.

The main aim of this kinetic study was to derivee@nceptual reaction kinetic model that
describes the dissolution of the cobalt out ofttaedmetal buttons. The conceptual kinetic model
for the co-dissolution of tungsten was also derigad evaluated. The experimental kinetic data
for determining the reaction mechanisms was cateédity running kinetic experiments. The
factor levels used in this study were chosen basetthe findings from the preliminary leaching
tests discussed in Chapter four. The experimemntelgolure followed in this chapter is described

in Chapter 3 section 3.7.2.
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5.2 Shrinking Core Rate Controlling Mechanisms

The analysis of Co and W dissolution rates from @@%Co buttons was based on the
shrinking core model under the assumption thatrtta¢erial consists of homogeneous solid
particles that react isothermally with the fluid dree(Gbor and Jia, 2004; Levenspiel, 1972).

To determine the rate controlling regime for meliasolution, experimental results at different
temperatures were plotted in terms of the standgrdations of the shrinking core model. The
reaction kinetic models are displayedTiable 5.1 The models are represented by linear kinetic
equations, x = kt, for film diffusion control; 11)*® = kt, for chemical reaction control and 1-
3(1-xf” + 2(1-x) = kt, for product layer (ash) diffusionntrol, where x is the conversion, t is
the time (s) and k is the reaction rate constafit (ll the kinetic experiments were conducted
with 2M acid concentration and 1:10 solid-to-liquatio. The dissolution rates of both Co and
W were investigated with a view to understandirgdissolution characteristics of the hardmetal
buttons.

Table 5.1:Shrinking Core Models (Levenspiel, 1972)

Regime Liner Kinetic Equation
Film diffusion control x =kt
Chemical reaction control 1- (1% =kt
Product (ash) diffusion control 1-3(1%)+ 2(1-x) = kt

5.2.1 Cobalt Dissolution

The kinetic equations for Co dissolution, as a fiomcof time, at 50°C were plotted and are
presented ifrigures 5.1t0 5.3,
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Fia.5.3: Plot of - 3(1-x)?® + 2(1-x) versus time for Co dissolution at 5(

The kinetic equations for Co dissolution as a figmctof time at 70°C were plotted and are
exhibited inFigures 5.4t05.6

Page 166



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi
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Fig.5.4: Plot of x versus time for Co dissolution at 70°C Fig.5.5: Plot of 1- (1-x}* versus time for Co dissolution at 70°C
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Fia.5.6: Plot of 1- 3(1-x)*® + 2(1-x) versus time for Co dissolution at 7(

The kinetic equations for Co dissolution as a figmctof time at 85°C were plotted and are
illustrated inFigures 5.7t0 5.9.
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Fig.5.7: Plot of x versus time for Co dissolution at 85°C Fig.5.8: Plot of 1- (1-x}* versus time for Co dissolution at 85°C
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Fig.5.9: Plot of 1- 3(1-x§" + 2(1-x) versus time for Co dissolution at 85°C

From the analysis of the forgoing kinetic plotsyas found that the Co dissolution rate at 50°C,
70° and 85°C was well expressed by the rate equebased on thin film diffusion and a surface
reaction controlled process represented by thetikirgjuations x = kt and 1- (1% = kt
respectively. The strong correlation coefficient90.09%, 94.33% and 82.96% kigures 5.3,
5.6 and 5.9, respectively, indicate that a process controlledliffpision through surface layers,
though not dominant, is strongly associated (Tayd®00; Weber and Lamb, 1970; Mason et al,
1983) with the Co dissolution process.
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In their kinetic study, Gurmen and Friedrich (2008)nd that Co dissolution from cemented
tungsten carbide was a product layer diffusion adleid process. This is in contrast to results
obtained from the current study. The differencéhim two results may have arisen from the fact
that Gurmen and Friedrich (2005) used pulverizedernra whereas the material used in the
current study is a solid mass of button insertse mall particle size, higher surface area
available for reaction and mineral liberation magvé favoured a product layer controlled
process.

5.2.2 Tungsten Dissolution

To determine the reaction controlling mechanism fi@ngsten dissolution from the WC-

6wt%Co, experimental results at different tempeesuvere plotted in terms of the standard
equations of the shrinking core model. The kinetjcations for W dissolution as a function of

time at 50°C were plotted and are presentdelgares 5.10to05.12
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Fig.5.10: Plot of x versus time for W dissolution at 5( Fig.5.11: Plot of 1- (1-x)*® versus time for W dissolution at 5C
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Fig.5.12: Plot of 1- 3(1-x§* + 2(1-x) versus time for W dissolution at 50°C
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The kinetic equations for tungsten dissolutionwagcfions of time at 70°C were plotted and are

exhibited inFigures 5.13t0 5.15
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7 -
6 4
5 4
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1-(1-x)y8x10°
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5 10 15
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Fig.5.13:Plot of x versus time for W dissolution at 70°C

Fig.5.14: Plot of 1- (1-x}* versus time for W dissolution at 70°C
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R2=0.988

5 10 15
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Fig.5.15: Plot of 1- 3(1-x§® + 2(1-x) versus time for W dissolution at 70°C

The kinetic equations for tungsten dissolution &snation of time at 85°C were plotted and are

shown inFigures 5.16t05.18
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Fig.5.16: Plot of x versus time for W dissolution at 85°C

Fig.5.17:Plot of 1- (1-x}"® versus time for W dissolution at 85°C

1-3(1-xPR+ 2(1-x) x108

P NWHAOTO N OO
1

® Conversion at 85°C (W)

R2=0.9958
()

2 4 6 8
Leaching Time (hrs)

Fig.5.18: Plot of 1- 3(1-x§® + 2(1-x) versus time for W dissolution at 85°C

From the analysis of the forgoing kinetic plotswas found that the W dissolution rate at 50°C

was well expressed by the rate equation based ionfilm diffusion, a surface reaction

controlled process and a process controlled bysiidh through surface layers represented by
the kinetic equations x = kt, 1- (1%= kt and 1-3(1-x3° + 2(1-x) = kt respectively. At higher

temperatures (70-80°C), W dissolution was well egxped by the rate equation based on a

process controlled by diffusion through surfacesfayrepresented by the kinetic equation 1-3(1-

x)?® + 2(1-x) = kt. Film diffusion and chemical reactionechanisms were, by virtue of their

strong correlation coefficients (Taylor, 1990; Webad Lamb, 1970; Mason et al, 1983), found

to be highly associated with the W dissolution psscat all the three temperature levels.
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Gbor and Jia (2004) have suggested that the maigndfiactivation energy can provide a more
positive evidence for the reaction and diffusionteolled regimes. In the section that follows, an
attempt was made to use activation energy as @mnattve technique for examining rate

controlling reaction mechanisms.

5.3 Determination of Activation Energies
Activation energy models are often employed in gonfion with SCM in order to gain a fuller

understanding of the process being investigated.

A quantitative relationship between the rate cams{k) and temperature (T) is given by the

Arrhenius equationHg. 5.1) below:

k=AeR (5.1)

Where A is the frequency factor, 5 the activation energy, R is the gas consta@di3i4 (J -

mol . K™) and T is the absolute temperature in Kelvin (K).

For a process run at two known temperatures amaferconstant&quation 5.2 (Laidler, 1984,
Logan, 1982; Chang, 2005; Segal, 1975) may be wasdetermine activation energy.JE

Eaf1l 1
In kz_lhkl:?(?l_'r_j (5.2)
2

5.3.1 Cobalt dissolution

Kinetic experiments were performed according toghecedure described in chapter 3 section
3.7.2. Cobalt dissolution in the leaching process wonsidered to proceed according to the

following reaction:
2Co + Q + 2H,S0O; S 2CoSQ + 2H,0 (5.3)
The changing rate in cobalt dissolution was obskatehree different temperatures, 50°C, 70°C

and 85°C, by monitoring the concentration of colzllphate [CoSg) with change in time.

Figure 5.19shows the variation of cobalt sulphate concemtnadis a function of leaching time.
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Fig.5.19: Variation ofcobal sulphate CaSC,4] concentration with tin at different temperatur

The rate of reaction at any instant in time wa®eined by measuring the slopes of each curve

at that particular time using the graphsHmgure 5.19 The slope at any given point also

corresponds to the rate of reaction at an insthobicentration. The rates of reaction were then

plotted against concentration for each curve asveha Figures 5.20to 5.22 The three curves

depict a variation of rate of reaction as a funttad Co sulphate concentration at 50°C, 70°C

and 85°C.

Page 173



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

2.5 6 -
204 5. e R? = 0.9363
- ) Rz =0.9492 -
5 g4
x 1.5 - x D)
o 3
_ " °
3 1.0 35 | °
£ . £
0.5 - 1 -
0-0 T T 1 ! f !
> 4 6 0 5 10 15
[CoSO,molL "1 x10° at 50°C [CoSO,] molL1x102 at 70°C
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Fig.5.22: Variation ofrate of reaction with cobalt sulphate conc. at 85°C

From the slopes of the rate of reaction versus emnation shown irFigures 5.20to 5.22
cobalt dissolution rate constantsat 50°C, k at 70°C and kat 85°C were determined as 1.2 x
10°s, 4.7 x10°s* and 6.0 x10 s* respectively and were plotted against 1/T (Arrhsmlot)
presented irFigure 5.23 The plot shows the effect of temperature on #te constant for the
cobalt dissolution reaction. It can be seen fromitot that the cobalt dissolution rate constant
increased with increasing temperature from 50°Q 8Rto 85°C (358K).
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Fig.5.23: Variation of Co dissolution rate constant (k) wigmperature

From the slopes of the plot Figure 5.23 and using the Arrhenius relationshipg( 5.2, the
activation energy of the Co dissolution reactiog) (ias calculated as 56.50kJMdor the lower
temperature range (50-70°C), 21.07 kJhfor the higher range (70°C-85°C) and 44.70 kJinol
for the overall range (50°C- 85°C). Based on atiiwaenergies for rate controlling mechanisms
displayed inTable 5.2 (Habashi, 1969; Potgieter et al., 2006; Sohn arati3orth, 1979;
Gurmen, 2005), the results indicate that the Casalligion reaction was a mixed control of
chemical reaction and film diffusion. A chemicaaction controlled process is highly influenced
by temperature which aids the reaction rate (Lepiehsl972).

Diffusion controlled reactions are reactions thatw so quickly that the reaction rate is the rate
of transport of the reactants through the react@dium (Atkins, 1998). Under film diffusion
control, the formation of products from the actadtomplex is much faster than the diffusion of
reactants. In the case of fluid-solid systems, diftusion of reactants in a film diffusion-
controlled reaction can be enhanced by stirringgitation (Atkins, 1998; Levenspiel, 1972).
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Table 5.2 Activation Energies for Rate Controlling Mechanss(hlabashi, 1969; Potgieter et al., 2006; Sohnvdadsworth, 1979)

Regime Activation Energy
Product (Ash) diffusion control < 20 kJnfol
Film diffusion control 20 - 50 kJmdl
Chemical reaction control > 50 kJritol

5.3.2 Tungsten dissolution

From the kinetics experiment, W dissolution in $wipc acid solution was considered to
proceed according to the following possible reangio

3WC +4Q + 12H 5 WO, + 6H,0 + 3C + 2W" (5.3)
3WO; + O, + 6H" 5 W,05 + 3H,0 + W* (5.4)
2W,05 + O; + 12H 5 2WO; + 6H,0 + 2W* (5.5)

The changing rate in W dissolution was observatrae different temperatures, 50°C, 70°C and
85°C by monitoring the concentration of tungstersatution with change in time as shown in
Figure 5.24
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=
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Fig.5.24: Variation oftungsterconcentration wit time at different temperatur
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The rate of reaction at any instant in time wa®eined by measuring the slopes of each curve
at that particular time using the graphsFigure 5.24.The rates of reaction were then plotted

against concentration for each curve as shownguares 5.25t05.27.
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Fig.5.25: Variation of rate of reaction with tungsten coat50°C Fig.5.26: Variation of rate of reaction with tungsten coac70°C
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Fig.5.27: Variation of rate of reaction with tungsten coat85°C

From the slopes of the rate of reaction versus eanation shown irFigures 5.25t0 5.27, W
dissolution rate constants &t 50°C, k at 70°C and kat 85°C were determined as 5.5 x°¢§
6.25x10°s* and 10.41x18 s* respectively and were plotted against 1/T (Arrbenplot)
presented irFigure 5.28 The plot shows the effect of temperature on #te constant for the
reaction. It can be seen from the plot that the Méalution rate constant increased with
increasing temperature from 50°C (323 K) to 85°68(3).
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Using the Arrhenius relationshifeq. 5.2 and from the slopes of the plotskigure 5.28 the
activation energy of the reactionJBvas calculated as 5.7kJrifolfor the lower temperature
range (50°C-70°C), 42.13 kJrilolfor the higher range (70°C-85°C) and 17.87 kJmédr the
overall range (50-85°C). Based on activation emsrfpr rate controlling mechanisms displayed
in Table 5.2(Habashi, 1969; Potgieter et al., 2006; Sohn aad&Worth, 1979; Gurmen, 2005),
the results indicate that the W dissolution reacti@s a mixed control of product layer diffusion
and film diffusion.
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4
2 -4.15 -
—
-4.2 -
4251 E, = 5.70kJmol
-4.3 -
Temperature (1000/T) K

Fig.5.28: Variation of rate constant (k) with temperature

Product layer diffusion reactions are associateith wie formation of an ash layer around the
reacting solid particle. The ash layer tends tabimithe mass transfer of reactants. The mass
transfer of reactants in a product layer diffusocamtrolled reaction can be enhanced by stirring
or agitation (Atkins, 1998; Levenspiel, 1972). Taten reactions in acidic media have a
tendency of forming precipitates as suggested bgrakauthors (Edtmaier et al, 2005; Bosung
and Sunjung, 2016; Lin et al, 1995; Cruywagen et18P3). This was demonstrated and is
discussed in Chapter 4 section 4.7.1.

5.4 Summary
The main purpose of the kinetic study was to dedaveonceptual reaction kinetic model that

describes the dissolution of cobalt out of the aate: carbide hardmetal.
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The Co dissolution process in cemented tungstdmdmbuttons Kig.5.19 follows the kinetic
models x = kt and 1- (1-XJ = kt, and the apparent activation energy is detechto be
56.70kJmof for the lower temperature range (50°C - 70°QJ am.07kJmot for the higher
temperature range (70°C-85°C). This indicates ttateaching process of cobalt from cemented
carbide scrap is a mixed control of chemical reactnd thin film diffusion.Fig.4.12in the

preliminary results shows that agitation rate hasféect on the rate of Co dissolution.

Although the formation of a product layer is suggdsn earlier chapters and is strongly evident
in the kinetic study, the product layer was, howgvwet found to be in control of the Co
dissolution process. The W dissolution processemmented tungsten carbide buttoRgy(5.24)
follows the kinetic models x = kt, 1- (13 = kt and 1-3(1-§° + 2(1-x) = kt, and the apparent
activation energy is determined to be 5.70 kJhiot the lower temperature range (50°C - 70°C)
and 42.13kJmd! for the higher temperature range (70°C-85°C). Tihificates that the co-
dissolution of W from cemented carbide buttons isnixed control of thin film diffusion,

chemical reaction and product layer diffusion.

The next chapter is focused on the formulationaselof a full factorial model design in order to
identify factors which significantly influence tliemented carbide leaching process. The design

of the model is based on insights gained from prielary tests discussed in Chapter 4.
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CHAPTER SIX
IDENTIFICATION OF INFLUENTIAL FACTORS

USNG DESGN OF EXPERIMENTS (DOE)

6.1 Introduction

The success of leaching metals from minerals oakwemntaining materials largely depends on
the selection of suitable process parameters athwthe metal extraction efficiency, as a
measured response, is optimal. Experimental teaesidor obtaining optimum results require
the use of a combination of factorial designs aesponse surface methodologies. Factorial
designs, as described by Montgomery (2005) and & (1978), are diagnostic experiments
that are employed as a characterization or scrgeoiml for evaluating the influence of main

factors on a process.

Despite extensive studies on the various technigiie®cycling cemented tungsten carbide-
cobalt secondary material, literature is limitedaling leaching models that are specific to the
extraction of cobalt from these hardmetals usirighsuric acid. The main purpose of this study,
therefore, was to investigate and identify facttirat significantly influence the leaching of
cemented carbide hardmetal. The study employedtestgtal Design of Experiments (DOE)
method as a research tool to develop an experit@mtstrategy for determining the significant
factors affecting cemented carbide leachabilityhwsulphuric acid. The significance of each
factor and associated interactive effects wereuatatl using a two-level five-factor full factorial
statistical design of experiments®Y2and percent (%) cobalt extraction was taken a&s th
measured response or desired goal. Once the smmiffactors are identified, they can be
optimized while the non-significant factors are kep cost effective levels. Identification of

influential factors is essential for process optaion and cost control. The experimental

procedure followed in this chapter is describe@apter 3 sections 3.5 and 3.7.2.
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6.2 Factors and Factor Levels in Experiments

Statistical design of experiments (DOE) was empdoye study the leaching behaviour of
cemented tungsten carbide using’dufl factorial design. In this work, the choice faftors and

their levels was based on preliminary experiments.

Experimental design factors were classified asrotiat factors and held constant factors. The
controlled factors presented irable 6.1 were the factors selected for investigation. Tk&l h
constant factor such as oxygen flowrate is a fatttat may have an influence on the response
but is of no particular interest in the currentdstiso it was held constant at 15 LiirFactors
were studied with their codified values of -1 arild ¥he coded and physical values are given in
Table 6.2 The levels of controlled variables in coded urfB®x et al., 1978) were obtained

using the following formula:

X-Xo

coded value = 050-XD)

(6.1)

Where, X = physical value,p& mean, X = lowest, X% = highest

Table 6.1: Experimental factors ailevels for controlled facto

Controlled Factors Level 1 Centre Point (0) Level 2
(-1 (+1)
Temperature (°C) 68 75 82
Leaching time (hrs) 6 8 10
Acid Concentration (M) 1 15 2
Solid to Liquid ratio 1:10 1:12 1:14
Agitation Rate (rpm) 500 645 790

6.3 Methodology for data analysis

Experimental results were analyzed statistically usyng normal probability plot of effects,
Pareto chart, residuals analysis and centre p¢Démiel, 1959; Design Expétl manual,
2019).
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6.3.1 Pareto Chart

Plotting the effects on a Pareto chart (Tague, 2W&kinson, 2006) provides an alternative and
equally effective way of helping with selection @ignificant factors. The Pareto chart is based
on an algorithm that produces a statistically-baseckptance limit of significance represented
by horizontal bar graphs. The statistical technjdpzesed on the Pareto principle of the vital few,
is used for a selection of the “vital few” factdbsat produce the significant overall effect. The
critical value line that cuts across the bar grapdrves to separate the vital from the non-vital

effects.

6.3.2 Normal Probability Plot of Effects

In the assessment of effects from unreplicatedfads, occasionally real and meaningful higher
order interactions occur and therefore it is nemgs® allow for selection. A method (Daniel,
1959) by which effects are plotted on a normal pholity plot often provides an effective way
of helping with selection. If the effects had ocedr simply as the result of random variation
about a fixed mean, and the changes in levelseintlependent variables had had no real effect
at all on the aluminium extraction, then all the Bihin effects and interactions would be
distributed about zero (normal distribution). Theguld therefore, plot on a normal probability
plot as a straight line. To see whether they d®3th main effects are ordered in increasing order

and plotted with an appropriate scale. The scalebisined by employing the generalized

equation:
P=(i—0.5)*% (6.2)
Where,
m = total number of effects, P = Probapitibints, i = Order number

6.3.3 Graphical Residual Analysis

Normal plotting of residuals provides a diagnostieck for any tentatively entertained model
(Box et al., 1978). The normal probability plotstbé residuals for the data tests the theory that
the residuals have a normal distribution. This &hdoe a straight line if the residuals have a
normal distribution. A plot of residuals versus firedicted values (fitted model values) is a test

of the theory that the variations are the sameaohearoup. Studentized ‘deleted’ residuals were
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calculated for each run in order to remove undflaence from outliers. A Studentized residual,
therefore, is evaluated based on the predictedevahen the value itself is excluded from the

analysis. The residuals were calculated usingahewing equation:

Residual _ Ri,observed_ Ri,predicted (6 3)
Ojresidual '

Where, R observed)iS the i" observation (extraction) in the experimental d&aypredicted IS the
predicted value of the response from the fitted @hosl resiquariS the standard deviation of all

residuals from the regression analysis that delited observation.

6.3.4 Test for Curvature

The check for local planarity is supplied by comparY; the average of the factorial points,
with Y, the average at the centre of the design. Bitngnof the design as sitting on a saucer
like surface, it is seen that YY. is a measure of the overall curvature of the ser{8ox et al.,
1978). If Y. is the average cobalt extraction of total runtha centre and fthe average cobalt
extraction of the total runs at the factorial psinhder study, then, if the difference is smalhthe
the centre points lie on or near the plane pagsirggigh the factorial points and hence there’s no
guadratic curve and no curvature. However,sif Y. is large, then quadratic curvature is present
(Montgomery, 2005).

6.4 DOE Results
6.4.1 ldentification of Significant Factors

Cobalt extraction results from experimental runstfie 2 full factorial design with codified and

actual values are given irable 6.2

The cobalt extraction in the sulphuric acid leaghai cemented carbide presentediable 6.2
was calculated as a percentage of cobalt in leigeiorl to that in the unprocessed cemented

carbide.
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Table 6.2: Cobalt extraction results for thé fill factorial design

Standard | Random Co Extraction
OR;ggr Run Controlled Factors
Order (%)
A B C D E

1 5 o I I ! -1 7.0
2 1C +1 | 1 1 -1 -1 11%
3 15 -1 +1 -1 -1 -1 10.1
4 20 +1 +1 -1 -1 -1 18.2
5 1 1 -1 +1 -1 -1 8.3
6 30 +1 1 +1 -1 -1 17.6
7 14 a4 | o+ o+ -1 123
8 32 +1 | +1 | 41 | 1 -1 23.(
9 19 1 -1 -1 +1 -1 7.2
10 2 +1 1 -1 +1 -1 11.8
11 21 -1 +1 -1 +1 -1 10.8
12 29 +1 +1 -1 +1 -1 17.8
13 28 -1 -1 +1 +1 -1 8.1
14 7 +1 1 +1 +1 -1 154
15 3 1 +1 +1 +1 -1 12.8
16 27 +1 | 1| +1| # 1 230
17 26 e I A O A +1 6.5
18 31 +1 -1 1 -1 +1 8.2
19 9 1 +1 -1 -1 +1 11.2
20 4 +1 +1 -1 -1 +1 18.1
21 11 1 -1 +1 -1 +1 8.1
9 24 | a2l s1l| 4 +1 154
23 25 -1 +1 +1 -1 +1 13.4
24 29 +1 +1 +1 -1 +1 21.9
25 23 o I N I S +1 8.2
o6 17 | 1| al| w1 +1 113
27 16 -1 +1 -1 +1 +1 7.1
08 13 al v 1] = +1 114
29 12 -1 -1 +1 +1 +1 174
30 6 +1 1 +1 +1 +1 15.6
31 18 1 +1 +1 +1 +1 135
2 8 | 1| s w1 +1 224

The actual factor levels coded as values of (-d)(ah in the table are as follows:

A (Temperature): 68°C (-1) and 82°C (+1); B (Leachiime): 6hrs (-1) and 10hrs (+1);

C (Acid concentration): 1M (-1) and 2M (+1); D (8blLiquid ratio): 1:10(-1) and 1:14(+1)
E (Agitation rate): 500rpm (-1) and 790rpm (+1)
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6.4.1.1 Pareto Chart

The experimental data given Trable 6.2was used to estimate the main and interactiorctsffe
presented ifrigure 6.1

Pareto Chart
Legend

- = Critical Value

8 10
Standard?zed Effect Value

Fig.6.1: Pareto chart showing significance of main and attve effects o temperatureleaching time

acid concentration, solid-to-liquid ratio and atida rate

Standardized effect values at or beyond the critwadue line indicate that the terms are
significant and those below the line are not sigaiit. In this case the main effects A, B, C and
interaction effects AB, AE and BDE are significant.

6.4.1.2 Normal Probability Plot

The experimental data given irable 6.2 was also used to estimate the main and interaction
effects presented iRigure 6.2
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Fig.6.2: Normal probability plot

The main and interaction effects presenteHigure 6.2 were estimated using experimental data
and the normal probability plot of effects was usedetermine the significant effects. Analysis
of the figure showed effects which were roughlymak and were distributed about the zero
mean. They plotted on a normal probability grapla asraight line. Beginning with effects with
magnitudes close to zero, 16 of the estimategdfittasonably well on a straight line. Those
corresponding to temperature (A), leaching time, @)d concentration (C), temperature and
time interaction (AB), time and solid to liquid i@tinteraction (BD), temperature and agitation
rate interaction (AE) and time, solid to liquidicand agitation rate interaction (BDE) did not fit
on the straight line. The effects that did nowfit the straight are not easily explained as chance
occurrences, they are interpreted to mean thatdhetatistically significant (Box et al., 1978;

Montgomery, 2005).

A first order polynomial model between the factargl the response was developed to illustrate

the dependence of the response on the more s@mtifiactors. The model is expressed below as:

R =13.27 + 3.14X+ 2.17X + 2.24X% + 0.8937%X5 - 0.7188%Xe- 0.8562%XpXe (6.4)
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Where R is the cobalt extractiona XXg, Xc, Xp and X are predictor variables which take the
value of -1or +1 (low or high). I&q. (6.5) the positive signs in the prediction model intkca

that in order to maximize acid leaching of cemerdarbide, these factors must be kept at high
levels. The negative signs indicate that theseofaanust be kept at low levels. For example,

solid to liquid ratio and agitation rate must bgtkat low levels.

6.4.1.3 Test for Curvature

The cobalt extraction results for centre pointstfe full factorial design {3 are presented in
Table 6.3.

Table 6.3: Cobalt extraction results for center point repksator the 2full factorial

Cobalt
Run Control Factors .
Extraction
(%)
A B C D E
1 0 0 0 0 0 10.1
2 0 0 0 0 0 8.4
3 0 0 0 0 0 9.4
4 0 0 0 0 0 8.2
5 0 0 0 0 0 10.2
6 0 0 0 0 0 8.3
7 0 0 0 0 0 9.7

The actual factor levels coded as values of (@értable are centre point values and are as fellow

A (Temperature): 75° C (0); B (Leaching time): 8{0% C (Acid concentration): 1.5M (0);

D (Solid: Liquid ratio): 1:12(0); E (Agitation rgte645rpm (0)

The observed cobalt extractions at the seven cqdits were: 10.1%, 8.4%, 9.4%, 8.2%,
10.2%, 8.3% and 9.7%. The average of these pan®2%. The average of the 32 factorial
points of the 2 factorial design iffable 3.2is 13.3%. Since the two averages are not similar

(difference of 3.6%), it is clear that the planaodal may not be adequate. In other words
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curvature is most likely present. The presencerodproducts (significant interaction effects)

in the fitted model, ifeq. (6.5) further suggests the presence of curvature.

6.4.1.4 Graphical Residual Analysis

The normal plot of residuals is presentedrigure 6.3 All residuals lie on a straight line with a
correlation coefficiency of 92.45% as illustratedthe figure showing that the residuals were
distributed normally. A plot of residuals versugdgicted extraction presentedkigure 6.4is a
test of the assumption that the variations aresétmee in each group. All residuals fall within the
upper and lower boundaries. Since the residualse veistributed normally with constant
variance, mean zero and independently, as showkigare 6.3 and Figure 6.4, it can be

concluded thaEqg. (1.3)fitted the experimental data well.

140 -

120 1 R2=0.924

Normal % probability

0O
\v)

-3.00 /2./00 -1.00 0.00 1.00 2.00 3.00
-20

Studentised residuals

Fig.6.3: Normal plot of residuals
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Fig.6.4: Plot of residuals versus predicted extractions

6.4.2 Influence of Factors on Co extraction

The main effect of a variable should be individyaiiterpreted only if there’s no evidence that
the variable interacts with other variables. Wheeré’s evidence of one or more such interaction
effects, the interacting variables should be carsid jointly (Box et al., 1978). In this study the
interaction amongst all tested variables was fotente statistically significant except for acid
concentration. In the current study, both casedieppTherefore, all the factors were first

interpreted individually and the interacting vategwere interpreted jointly.

6.4.2.1 Effect of Leaching Temperature

The effect of leaching temperature is illustratedrigure 6.5 The figure shows Co extraction
as a function of temperature at 68°C and 82°C asldtw (-1) and high (+1) factor levels
respectively. Co extraction increased proportignalith increase in temperature. A higher Co
extraction of 15.3% was obtained at 82°C while ¥®.Was obtained at 68°C. The high Co
extraction at higher temperature could be explaméth reference to the activation energy

results obtained in the kinetic study in Chaptesestion 5.3.1. The lower activation energy

(21.07kJmol) barrier at higher temperature may have been tieipf breaking down any

obstructive passivation layer hence enhancingehetion rate of Co dissolution.
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Fig.6.5: Effect of temperature on Co extraction (from thi 2° factorial designs)

6.4.2.2 Effect of Leaching Time

The effect of leaching time is exhibited Higure 6.6 The figure shows Co extraction as a
function of leaching time of 6hrs and 10hrs as b (-1) and high (+1) factor levels
respectively. The dissolution of Co increased withrease in leaching time. A higher Co
extraction of 15.4% was achieved after 10hrs afHesy whereas 11.1% was obtained after 6hrs.
The increased extraction with longer leaching teigmified the fact that adequate leaching time
iS necessary to overcome resistance to mass traotfeeactants and products caused by

insoluble formations like tungstic acid that mayé&aaused obstruction.
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Fig.6.€: Effect of leaching time on Co extraction (from fi# 2° factorial design)

6.4.2.3 Effect of Acid Concentration

The effect of acid concentration is displayedrigure 6.7. The figure shows Co extraction as a
function of acid concentration at 1M and 2M as the (-1) and high (+1) factor levels
respectively. Results ifrigure 6.7 show that Co extraction increased proportionallghw
increase in acid concentration. A higher Co exinacbf 15.5% was obtained at 2M whereas
11.0% was obtained at 1M. This is in contrast webults obtained in Chapter 4 section 4.5.2,

for the effect of acid concentration on Co exti@ctat lower temperatures, but in agreement with
the results for the effect of acid concentratiomigher temperatures. As observed in Chapter 4,
high acid concentrations at low temperatures internke precipitative formation of insoluble
tungstic acid which cause low mass transfer rategaxtants and products thus decreasing Co
extraction efficiencies. However, in the currengesathe variation of temperature in the factorial
design of the screening experiments may have heipéte breaking down of any obstructive
tungstic acid precipitates hence increasing Coaetitm at higher acid concentration as
displayed inFigure 6.7. This suggests an interaction between temperanaeacid concentration
(AC) as displayed in the Pareto chartFigure 6.1 While the interaction was not picked up as
being statistically significant, it is, neverthedgscientifically important to the cemented carbide

dissolution process.
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Fig.6.7: Effect of acid concentration on cobalt extractffrom the full 2 factorial design)

6.4.2.4 Effect of Solid-to-Liquid Ratio

The effect of solid to liquid ratio is presentedrigure 6.8 The figure shows Co extraction from
cemented carbide at solid to liquid ratios of lalH 1:10 which are low (-1) and high (+1)
levels respectively. Higher Co extraction was atdiat the lower solid to liquid ratio of 1:14
than at the higher solid to liquid ratio of 1:1iJ is in contrast with results obtained earlier in

preliminary experiments discussed in Chapter digeet.5.3 which showed lower Co extraction

at lower solid to liquid ratio of 1:14. As observed Chapter 4, lower solid to liquid ratios
intensify the formation of tungstic acid precipdstthus causing poor diffusion which in turn
lead to decreased extraction efficiencies. Howewerthe current case, the variation of
temperature in the factorial design of the scregrémperiments may have assisted in the
breaking down of any obstructive precipitates, teakancing Co extraction at the lower solid to
liquid ratio as shown ifrigure 6.8 This suggests an interaction between temperatuesolid

to liquid ratio (AD) as displayed in the Pareto tha Figure 6.1 Although this interaction was
not picked up as being statistically significaritjg, however, scientifically important to the

cemented carbide dissolution process.
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Fig.6.& Effect of solid to liquid ratio on cobalt extramti (from the full 2 factorial design)

6.4.2.5 Effect of Agitation Rate

The effect of agitation rate is presentedFigure 6.9 The figure shows Co extraction as a
function of agitation rate at 500rpm and 790rpmtles low (-1) and high (+1) factor levels
respectively. Co extraction deceased slightly withrease in agitation rate. A higher Co
extraction of 13.4% was obtained at 500rpm whilel¥%3was obtained at 790rpm. High mass
transfer speed may not have allowed optimum sdliid-icontact with the unreacted part of the
bulk solution, thus adversely affecting leachinficefncies. Results obtained earlier,_in Chapter
4 section 4.5.4, are in agreement with this tréfite results indicate that there’s an optimum
agitation rate at which Co extraction occurs angobd which leaching efficiencies start

decreasing.
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Fig.6.S: Effect of agitation rate on cobalt extraction (frehe full 2 factorial design)

6.4.2.6 Effect of Factor Interaction

An interaction of factors is a relationship whehe effect that a factor has on the product or
process is altered due to the presence of one og faotors and often times, interaction effects

have more impact on the results than individuatioiasc

In the current study, factor interaction effects@vaormally distributed with mean zero and fell
along a straight line on the plot shown kigure 6.2 In the ranges studied, the interaction
between variables AB (temperature and leaching)tie (temperature and agitation rate) and
BDE (leaching time, solid to liquid ratio and agida rate), was observed to be statistically
significant. The three significant factor interacts are presented Iigure 6.10 below. The

interacting variables were interpreted jointly.
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Fig.6.10: Interaction effects of significant factors fronetfull 2° factorial
design.

6.4.2.6.1 Interaction effect of temperature (A) andeaching time (B)

A joint analysis of the effect of leaching temparatand leaching time presentedrigures in
6.5and6.6 shows that both factors had a similar positiveafbn Co dissolution. Therefore, the
combined effectvas a positive influence on Co dissolution as showFigure 6.1Q This means
that in order to maximize Co dissolution, both ldag temperature and leaching time must be

kept at high levels.

6.4.2.6.2 Interaction effect of temperature (A) andgitation rate (E)

A joint examination of the effect of leaching temgtere and agitation rate exhibitedRigures

in 6.5 and6.9 shows that the two factors had different effectsCm dissolution. Whereas high
temperature promoted Co dissolution, the negafffezteof a high agitation rate outweighed the
positive impact of temperature and the net effast,shown inFigure 6.10 was a negative
impact on Co dissolution. This implies that thabmder to maximize Co dissolution, temperature

must be kept at a high level and the agitationmaist be kept at a low level.
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6.4.2.6.3 Interaction effect of leaching time, sdali liquid ratio and agitation rate

A joint analysis of the effect of leaching timeliddo liquid ratio and agitation rate presented in
Figures 6.6, 6.8and 6.9 shows that the three factors have different effect Co dissolution.

Whereas long leaching time promoted Co dissolutioa negative effect of a high solid to liquid
ratio and agitation rate counteracted the positmpact of long leaching time as shown in
Figure 6.1Q Therefore, in order to maximize Co dissolutiagadhing time must be kept at a

high level whereas solid to liquid ratio and agitatrate must be kept at low levels.

6.5 Summary

The purpose of the screening or diagnostic twolldul factorial design discussed in this
chapter was to obtain experimental data to seribeadeginning step to the final optimization
that is presented in the next chapter (ChapteFive factors: temperature, leaching time, acid
concentration, solid to liquid ratio and agitaticate were screened. Using a full five factor
factorial design (9, all the five factors were tested and their iafiae on the Co dissolution

process was evaluated.

» Three main factors found to have a significantuefice on the Co dissolution process were
temperature, leaching time and acid concentratiimese three factors are key to the
optimization of the Co dissolution process.

» Three factor interactions found to have a signiftoaffect on Co dissolution were leaching
temperature and leaching time (AB); leaching terapge and agitation rate (AE); leaching
time, solid to liquid ratio and agitation rate (BPE

* The interaction variables, leaching temperature laadhing time (AB) had a positive effect
on the Co dissolution process. A joint analysighe interaction showed that both factors
must be kept at high levels in order to maximizedidsolution.

 Interaction variables, leaching temperature anthign rate (AE) had a negative effect on the
Co dissolution process. A joint analysis of theeiattion showed that, in order to maximize
Co dissolution, leaching temperature must be keptragh level and agitation rate at a lower
level.

» Interaction variables, leaching time, solid to ldjuatio and agitation rate (BDE) also had a

negative impact on the Co dissolution process.iAt janalysis of the results showed that, in
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order to maximize Co dissolution, leaching time trheskept at a high level whereas solid to
liquid ratio and agitation rate must be kept at lewels.

* Analysis of the normal probability plot and Parehart results revealed that temperature had
the strongest impact on the Co extraction processpared to acid concentration and
leaching time. It is evident from the results tlat dissolution from cemented carbide (WC-

6wWt.%Co0) is predominantly a temperature driven gssc

The next chapter is focused on the modeling ofnaytn conditions required for cemented

carbide (WC-6wt.%Co) leaching based on the thrgeifstant factors identified in this chapter.
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CHAPTER SEVEN
OPTIMIZATION OF SGNIFICANT FACTORS

USNG RSM AND CCRD

7.1 Introduction

Designing systems and products requires a deeprstadding of influences that achieve a
desirable performance. Based on this understandimageling and optimization of system
influences to increase performance efficiency igeerely important. This, coupled with the
need for an efficient and systematic decision-mgdpproach, drives the need for optimization
strategies (Biegler, 2010). Optimization may berdef as finding an alternative with the most
cost effective or highest achievable performancdeurthe given constraints, by maximizing
desired factors and minimizing undesired ones. Miaé objective in process optimization is
maximization of yield, minimization of variabilitgend overall process improvement (Design
Experf11 manual, 2019).

The main aim of this study was to determine anduata the conditions that maximize the

recovery of Co from hardmetals. In this study,aistically-based optimization approach called
response surface methodology (RSM) was used inunotipn with the central composite

rotatable design (CCRD) in order to model and opémhardmetal leaching conditions.

Response surface methodology is a famous techuisge to find optimal conditions by using a
guadratic polynomial regression model and is appditer diagnostic or screening experiments
(Box et al., 1978). The CCRD is an experimentaligfesised to collect data for building a

second order (quadratic) model for the responsahblar This chapter used insights gained from
the diagnostic or screening experiments conductehapter six to optimize the process
conditions for cemented tungsten carbide-cobalsaligion. The factors identified as being

statistically significant in the screening expemise leaching temperature, leaching time and
acid concentration were separated for optimizagiot the non-significant factors, solid-to-liquid

ratio and agitation rate, were kept constant. Btpeeemental procedure followed in this chapter
is described in Chapter_3 sections 3.5 and 3.7.2.
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7.2 Derivation of the model

Experimental results shown Trable 7.1were collected by using the central compositetabla
design (CCRD). The results were used for fitting fiecond order response and estimating the

coefficients of the regression model.

Table 7.1: Observed values for the Co extraction

Factor Levels
Coded Actual
A B C A B C Co Standard
Temp Time Acid Conc Temp Time Acid Conc Extraction Run
(°C) (hrs) (M) (%)
-1 -1 -1 65 6 1 6.9 1
+1 -1 -1 82 6 1 13.0 2
1 +1 -1 65 10 1 114 3
+1 +1 -1 82 10 1 21.1 4
-1 -1 +1 65 2 8.4 5
+1 -1 +1 82 2 16.9 6
-1 +1 +1 65 10 2 13.6 7
+1 +1 +1 82 10 2 245 8
-1.682 0 0 60 8 15 8.7 9
+1.682 0 0 87 8 15 216 10
0 -1.682 0 74 4 1.5 7.6 11
0 +1.682 0 74 12 15 217 12
0 0 -1.682 74 8 0.6 10.7 13
0 0 +1.682 74 8 2.4 16.6 14
0 0 0 74 8 1.5 15.0 15
0 0 0 74 8 1.5 14.2 16
0 0 0 74 8 1.5 15.6 17
0 0 0 74 8 15 15.0 18
0 0 0 74 8 15 15.3 19
0 0 0 74 8 15 14.8 20

The fitted second order model was obtained as:

¥ =14.98 + 4.17x; + 3.60x, + 1.53x3 +0.750x,x, + 0.450x,x3 + 0.025x,x3 + 0.064x3 — 0.113x3 — 0.467x3 (7.2)

Where,

X,= temperaturex, = time andx, = acid concentration

Within predictor variable limits:
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Wherex are coded predictor variables ang 29 = 1.682(for k = 3, q = 0) is the distance of

the axial points from the centre of the CCRD thiaeg the limits of the valid region under

experimentation.

7.2.1 Checking the Adequacy of the Developed Model

The adequacy of the fitted model was carried outguthe analysis of variance (ANOVA)

shown inTable 7.2.

Table 7.2: ANOVA for Quadratic model

Sum of Degrees of Mean
Source Terms Squares Freedom Square F-value P-value

Model 455.23 9 50.58 80.67 <0.0001
X, 237.03 1 237.03 378.02 <0.0001
X, 176.62 1 176.62 281.69 <0.0001
X, 32.05 1 32.05 51.12 <0.0001
XX, 4.510 1 4510 7.18 0.0231
XX, 1.62 1 1.62 2.58 0.1391
XX, 0.0050 1 0.0050 0.0080 0.9306
X2 0.0582 1 0.0582 0.0929 0.7668
X2 0.1847 1 0.1847 0.2946 0.5992
X2 3.14 1 3.14 5.01 0.0492

Residual 6.27 10 0.6270

Lack of fit 5.14 5 1.03 5.46 0.0608

Pure error 1.13 5 0.2257

Cor Total 461.50 19

For each source of terms, the probability (P-valwey examined to see if it fell below the
chosen statistical significance level. For a dfias significance with a confidence level limit of
95%, the probability (P-value) was examined againéictor of 0.05 (5%). P-values less than

0.05 indicate model terms are significant. In tbése,x;, X,, X;, XX, X;2 were found to be

significant model terms. Values greater than Odlcate model terms are not significant.

The Model P value of <0.0001 and Model F-value@b8 implies thanodel is significant.
The Lack of FitF-value of 5.46 implies the Lack of Fit is not significatMon-significant Lack

of Fit is good. It shows that the model fits.
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To obtain a simple and yet realistic model, theeditmodel was re-fitted using only the variable
terms that were significant and is presente@iahle 7.3

Table 7.3: ANOVA for the re-fitted Quadratic model

Sum of Degrees of Mean
Source Terms Squares Freedom Square F-value P-value
Model 454.96 6 75.83 150.70 <0.0001
X, 237.03 1 237.03 471.06 <0.0001
X, 176.62 1 176.62 351.01 <0.0001
X, 32.05 1 32.05 63.70 <0.0001
XX, 4.50 1 4.50 8.94 0.0104
XX, 1.62 1 1.62 3.22 0.0960
X2 3.14 1 3.14 6.23 0.0268
Residual 6.54 13 0.5032
Lack of fi 5.41 8 0.6766 3.00 0.1209
Pure error 113 5 0.2957
Cor Total 461,50 19

The lack of fit for the re-fitted model was examidnasing the probability value (P-value), given

as 0.1209 in the table. This is greater than Gréécating that the model does not present any
evidence of lack of fit. The significance of thefitéed regression model was also examined
using the probability value (P-value). The obtainatlie of <0.0001 is less than 0.05, indicating
that the regression model is significant at a aerfce level limit of 95%. In this casg, X, X,,

XX, X;2 are significant model terms. Values greater thah ifdicate model terms are not
significant. The model term x, is less than 0.1. It is within acceptable limitslaherefore it is

retained based on the experimenter’s discretion.

The Fit Statistics for the re-fitted model aredigin Table 7.4.
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Table 7.4 Fit Statistic: for the refitted mode

Std. Dev. 0.7094 R? 0.9858
Mean 14.63 Adjusted R? 0.97934
C.V% 4.85 Predicted R 0.9598

Adequacy Precision 44.2946

The Fit Statistics, presentedTiable 7.4 show a low standard deviation value of 0.71 ahdja
R-squared value of 98.58%. This indicates thatntioglel is statistically plausible to define the
true behaviour of the experimental system. The aaey precision ratio measures the signal to
noise ratio. A ratio greater than 4 is desirablee Tatio of 44.29 indicates an adequate signal and
therefore this model can be used to navigate tlsgulespace. This means that the cobalt
extraction values at any regime in the intervatha experiment design can be calculated from
Equation 7.2

Final Equation in terms of coded factors

The final equation of the re-fitted model in teraisoded factors is:

§=14.95+ 4.17x; + 3.60x, + 1.53x3 +0.75x,x, + 0.45x,x3 - 0.46x3 (7.2)

The equation in terms of coded factors can be tsedake predictions about the response (%
Co extraction) for given levels of each factor. Bguation 7.2, the negative sign in the
prediction model equation indicates that in ordemtaximize leaching of Co from cemented
carbide, these factors must be kept in low levEl® positive signs mean that the factors must be
kept at high levels. The coded equation is usefuldentifying the relative impact of the factors
by comparing the factor coefficients. The coefintiestimate represents the expected change in
response per unit change in factor value when ataining factors are held constant. The
intercept is the overall average response of allrtins. The coefficients are adjustments around
that average based on the factor settings (Desiger€11 manual, 2019).
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Final Equation in terms of actual factors

The final equation of the re-fitted quadratic moikeierms of actual factors is:

¥ =—6.605—0.022(Temp) — 1.445(Time) + 0.829(Acid conc) + 0.044(Temp)(Time) + 0.106(Temp)(Acid conc) —
1.849(Acid conc)?2) (7.3)

Equation 7.3 in terms of actual factors can be used to makdigtiens about the response for
given levels of each factor. Here, the levels sticag specified in the original units for each
factor. For example, temperature (degrees cenggratme (hours); acid concentration
(Molarity). This equation should not be used toed®mine the relative impact of each factor
because the coefficients are scaled to accommdldatenits of each factor and the intercept is

not at the centre of the design space.

7.2.2 Statistical Properties of the Model
7.2.2.1 Normal Plot of Residuals

A residual is the difference between the observadesand the predicted value. The normal
probability plot of residuals is a graphical tedue to identify substantive departures from
normality. This includes identifying outliers, skewetc. If the plot is close to a straight lineg th
data is normally distributed. Deviations from aagjht line suggest departures from normality
(Design Expeft11 manual, 2019).

Figure 7.1is a normal plot of residuals. As illustrated ir thigure, all residues lie close to the
straight line with a linear correlation coefficienft 95.63%, which shows that the residuals were

distributed normally.
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Fig.7.1: Normal plot of residuals

7.2.2.2 Residuals vs Run

Figure 7.2is a plot of residuals vs run number. The plotlocarused to check on runs that appear
to be outliers (Design Exp&tl manual, 2019) like the run highlightedrigure 7.1 Although
the highlighted run does differ more from its poted value than any othd¥jgure 7.2 shows

that there’s no cause for alarm because it is witte upper and lower control limits.

-5 - Run number

Externally Studentised residuals
i
=

Fig.7.2: Residuals vs run
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7.2.2.3 Predicted vs Observed

Experimental results and predicted values, obtairs#ag the re-fitted model, are givenTable
7.5. The relationship between experimental and predi€o extraction is presented Figure
7.3. The figure shows that the predicted values amsaeably comparable to the experimental
values with the linear correlation coefficientRf 0.9858. Statistically, this means that 98.6 %

of the sample variation can be explained by thepeadent variables.

30

25 A R2=0.9858 e

20 -

15 -

10 A

% Co extraction (predicted)

0.0 5.0 10.0 15.0 20.0 25.0 30.0
% Co extraction (observed

Fig.7.3: Relationship between experimental (observed) aedigted cobalt extraction
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Table 7.5: Observed and predicted values for cobatraction

Cobalt Extraction
(%)
Factor Levels Standard
Run
Coded Actual
A B I A B I Observed Predicted
(Temp) (Time) Acid Conc Temp Time Acid Conc
(M) (°0) (hrs) (M)
-1 -1 -1 65 6 1 6.9 6.4 1
+1 -1 -1 82 6 1 13.0 12.3 2
-1 +1 -1 65 10 1 11.4 121 3
+1 +1 -1 82 10 1 21.1 21.0 4
-1 -1 +1 65 6 2 8.4 8.6 5
+1 -1 +1 82 6 2 16.9 16.3 6
-1 +1 +1 65 10 2 13.6 14.3 7
+1 +1 +1 82 10 2 24.1 25.0 8
-1.682 0 0 60 8 15 8.7 7.9 9
+1.682 0 0 87 8 1.5 21.6 22.0 10
0 -1.682 0 74 4 15 7.6 8.9 11
0 +1.682 0 74 12 15 21.7 21.0 12
0 0 -1.682 74 8 0.6 10.7 111 13
0 0 +1.682 74 8 2.4 16.6 16.2 14
0 0 0 74 8 1.5 15.0 15.0 15
0 0 0 74 8 1.5 14.2 15.0 16
0 0 0 74 8 1.5 15.6 15.0 17
0 0 0 74 8 1.5 15.0 15.0 18
0 0 0 74 8 1.5 15.3 15.0 19
0 0 0 74 8 1.5 14.8 15.0 20

7.2.2.4 Perturbation Plot

A perturbation plot Kigure 7.4 shows all variable factors on one response gibe plot
provides silhouette views of the response surfeioeresponse surface designs, the perturbation
plot shows how the response changes as each faotas from the chosen reference point, with
all other factors held constant at the referendeeval he reference point is at the middle of the
design space, coded zero level of each factor ¢ReSkperf11 manual, 2019). In this case, at
the center point, it can be seen that factor Cd(aoinc.) produces a relatively small effect,
compared to factor A (temperature) and factor Bi€)i, as it changes from the reference point.
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This is in agreement with the earlier observatiadein the preliminary tests in section 4.6.3.1
Figure 4.4 where it was noted that increase in acid conceotradid not yield a significant

change in Co dissolution.

25

20

15 |

%Co Extraction

10

A — Temperature

5 _| B - Time

C — Acid concentration
| |

| | |
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Fig.7.4: Perturbation plot for factors A (temperature) titng¢) and C (acid conc.)

7.2.2.5 Three-Dimensional Surface Plot

A response can be displayed in a three-dimensi@l view. The 3D surface plot shows how
the response (Co extraction ) varies as a funafdamwo factors, A and C, ifrigure 7.5 (a) A

and B inFigure 7.5 (b) The surface plot displays coordinates as actuabded design points.
The 3D response surface plot presents a compefliogire of how the response (% Co
extraction) can be maximized. In both 3D views, e response varies as a function of two

factors, temperature showed a much stronger ingrattie Co extraction efficiency.
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Fig.7.5 (a): 3D surface plot (acid conc vs temp)
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Fig.7.5 (b): 3D surface plot (time vs temp)

Page 210



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

7.3 Determination of Optimum Conditions

The major objective of the study described in thapter was to determine the conditions that
maximize cobalt extraction from the binary-phasmeeted carbide (WC-6%wt.Co). After the
model was checked for adequacy of fit in the reglefined by the coordinates of the design and

was found to be adequate, the model was usedateltioe point of maximum response.

For quadratic regression models, the point for Witlee response is optimized is the point at

which the partial derivativegaxi,:%,.... :Ty, are allequal to zero. This point is called the
1 2 k

stationary point. The stationary point may be a point of maximuspo®nse, minimum response
or a saddle point. These conditions are easy tttifgian the case of two factor experiments, by
the inspection of contour plots. When more than timotors exist in an experiment, a
mathematical or numerical solution for the locatafnthe stationary point can be used (Khuri
and Cornell, 1987. In the current study, a numésoblution was employed in locating the points

at which the response was optimum.

7.3.1 Numerical Optimization

Numerical optimization will maximize, minimize, diarget a desired response by setting
optimization criteria for all variable factors arlde response. Factor ranges are restricted to
coded factorial levels of +1 to -1. This is theiosgfor which this experimental design provides
the most precise predictions (Design Expkttmanual, 2019). Response ranges are based on the
experimenter’'s discretion. For process yield, resporanges are often set close to 100% but

could be lower depending on process limitations.

Figure 7.6is the numerical optimization view for optimum @i factor levels and optimum Co
extraction response. Factor desirability levelst thi@e the optimum response are shown in
Figures 7.7 (a) and 7.7 (b)Desirabilities range from zero to one for anyegiwvesponse. A
value of one represents the ideal case. A zercatek that the response falls outside desirable
limits.
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65 82 6 10
A:Temperature = 82 B:Time = 10
1 2 6.9 245
C:Acid Conc = 2 Co Extraction = 24.9777

Fig. 7.6: Numerical optimum levels for factors A, B, C ané o extraction response
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Fig.7.7 (a): Factor desirability levels (acid, temp) Fig.7.7 (b): Factor desirability levels (time, temp)

Factor desirability levels that give the optimuragense were found to be 0.941, in both cases,

suggesting that the levels were well within dededimits.

Analysis ofFigure 7.6 shows that the coded values &fe 1, for optimum temperature; = 1
for optimum time ands = 1 for optimum acid concentration. The actual valaes 82°C for

optimum temperature, 10hrs for optimum time andf@hMboptimum acid concentration.
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Using coded values iBquation 7.2,
Predicted Co extractiofy,= 24.99% ~ 25.0%
Using actual values iBquation 7.3,
Predicted Co extractiong = 24.98% ~ 25.0%

7.3.2 Confirmatory Experiments

In order to test the validity of the optimized cdimhs given by the model, replicated
experiments were carried out with parameters sugddsy the model. The conditions used in
the confirmatory experiments were as follows: terapge (82°C), time (10hrs) and acid

concentration (2M).

The Co extraction after leaching at a solid toiliqratio of 1:10 and agitation rate of 750rpm
was found to be 24.13% éble 7.6, which is consistent with the model. With an em@argin of
0.90% between the predicted value and the conforpatest value, the model fits the

experimental data very well, and can thereforedresiclered to be acceptably valid.

Table 7.6: Cobal extraction at optimum leaching conditit

Parameter Temperature (°C) Time Acid Concentration % Co

(hrs) (M) Extraction
Model 82 10 2 25.0
Confirmatory tests 82 10 2 24.13

The optimum cemented carbide leaching conditioesillrstrated inTable 7.7and modeled in
Equation 7.4 Theseconditions represent an optimized sulphate systemlefaching binary-
phase cemented carbide. The model can be usedradietive tool within the limits of the valid
region. The model shows the predicted respongg the intercept, the linear effect, the

interaction effect and the quadratic effect.
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Table 7.7: Final optimum Leaching conditio

Temperature 82°C
Time 10hrs
H,SO, concentration 2M
Solid to Liquid Ratio 1:10
Agitation Rate 750rpm
Predicted Co Extraction 25.0%
2
Y =14.95+ (4.121 + 3.60(2 + 1.53(3) + (0.75<1x2 + 0.45<1x3) - 0.46x3 (7.4) (Predictive model)

Although the above model may not be used to makdigrons outside its valid region, the
optimum conditions could be employed to test thieatfof lactic acid dosage,,8, dosage, HCI
dosage, HN@ dosage and effect of higher temperature. In theent study, the optimum
conditions were used to determine the extent oéxmction and associated recycle time, effect

of lactic acid dosage and effect of higher tempeeat

7.4 Testing the sulphate leaching system
7.4.1 Extent of Co dissolution and recycle time

To study the extent of Co dissolution and recycteetunder optimum conditions, experiments
were carried out at optimum leaching conditionpldiged inTable 7.10and compared against
the Co extraction profile obtained under non-optimconditions. The results are displayed in
Figure 7.8 The figure shows that, undeon-optimum conditions, 97.8% Co was extracted in 9
days whereas 97.6% could be extracted in 4.2 dageruoptimum conditions. The results
demonstrate that under optimum conditions, almwestsame amount of Co could be extracted in

approximately half the time required under non+opiin conditions.
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Fig.7.8: Co dissolution as a function of time

7.4.2 Effect of lactic acid dosage

To investigate the effect of lactic acid dosage Gm dissolution under optimum conditions,
experiments were performed usiaglactic acid dosage of 5% (v/v) and 10% on thelsate
system. The results are exhibitedRigure 7.9 The figure shows that 5% lactic acid dosage
performed better than the 10% dosage but bothclaatid dosages were outperformed by
sulphuric acid leaching without any dosage. Analysithe figure shows that when dosed with
lactic acid, the organic ligand has a noticeabfecefin the initial stages. Lactic acid at 5%
dosage the system performed better than sulphaiicadone in the first 1 hour. At 10% lactic
acid dosage, the system performed better in tee30 minutes. The initial good performance of
the lactic acid dosed system seems to indicatethieabrganic ligand was more effective on the
surface of the cemented carbide solid pieces boarbe ineffective as leaching progressed

below the surface region into the inner core. Therelase in Co extraction efficiencies with
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increasing time might be attributed to high solatidscosity and poor diffusion in the minute

channels within the solid mass of cemented carnbielees.

30.0 -
5% (v/v) lactic acid organic ligand in control imetfirst 1 hour
25.0 -
20.0 -
c
£ 15.0 -
3 —e—H2S04
I‘_I‘;J —+—H2504+5% Lactic Acid
8 10.0 - —@—H2S04+10% Lactic Acid
X
5.0 -
0-0 T T T T T T 1
0.00 2.00 4.00 6.00 8.00 10.00 12.00
Leaching time (hrs)

Fig.7.9: Leaching Profiles of k60, vs [H,SO, + 5% (v/v) Lactic Acid]

7.4.3 Effect of higher temperature

To investigate the effect of leaching at differdetnperatures under optimum conditions,
experiments were carried out from at 82°C and 94%& results irFigure 7.10show that the
dissolution of Co at 92°C using sulphuric acid omgreased sharply and gave a Co extraction
of 31.7% compared to 25.0% at 82°C. Results furdtew that higher temperature did not
improve Co extraction much for the leaching solutiaith a 5% lactic acid dosage. It is evident

that temperature has a stronger effect on Co didrathan lactic acid dosage.
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Fig.7.10: Leaching Profiles at different temperatures

7.4.5.4 Co extraction and associated recycle times

A comparison of Co extraction efficiencies and asded recycle times for the current study and

other cemented carbide leaching systems is preseniable 7.11 Projections from the current
study show thatelatively higher Co extractions within shorteryele times are attainable with

the sulphate system and could even perform béider dther systems shownTable 7.8

However, this might require much lower lactic ada@bages as clearly seerFHigure 7.9
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Table 7.8: Co extraction efficiencies and associated recycleéching) time

AlShemi

AS

AS

Co Associated
Processing Method Temperature Extraction recycle time Material Type
(°C) Efficiency (days)
(%)
Acetic acid system 40-80 85.0 4.6 Ternary phasesoéed carbide-solid mas
(Edtmaier et al, 2005)
Acetic acid system 80 - 21 Zinc recycling procesgeats-solid mass
(Freemantle and Sacks, 2015)
HCI system 110 - 1 Hardmetal scrap
(Kojima et al, 2005)
HNO; system 25 91.5 0.08 Cemented carbide scrap-pdwéénm)
(Gurmen and Friedrich, 2005)
Malic acid system 70 98.0 6 Pre-treated WC-Co gttbol scrap-solid
mass (Seo and Kim, 2016)
H,SO, system 82 97.6 4.2 Binary phase cemented carbide-solidm
(current study)
H,SO, system 92 98.0 15 Binary phase cemented carbide-solidm
(current study)
7.5 Summary

In this chapter, insights gained from the diagrosti screening experiments were used to model

optimum cemented carbide leaching conditions. Thaetors identified as being statistically

significant and earmarked for optimization were pemature, time and acid concentration.

Optimization involved the use of RSM in conjunctiwith CCRD.

A second order model representing Co extractiomesged as a function of the three variables

was developed by quadratic programming using DeSigrerf 11. The derivation of the model

was estimated by fitting experimental results.

The adequacy of the fitted model was carried outguthe analysis of variance (ANOVA) and

was found to be statistically plausible to defihe true behaviour of the experimental system.
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The statistical properties of the model were testdg the normal plot of residuals, residuals vs

run, predicted vs observed values, the perturbatioinand the three-dimensional surface plot.

The optimum leaching conditions determined usirgrthmerical optimization technique were
found to be 82°C, leaching temperature; 10hrs, hieac time and 2M, sulphuric acid

concentration.

The validity of the model was tested using confitong experiments. The model prediction for
Co extraction using the optimum conditions was 2%1and the extraction obtained
experimentally was 24.9%. Within an error marginess than 5% between the predicted value
and the confirmatory test value, the model fittb@ e&xperimental data very well and was

therefore considered to be acceptably valid.

Using the optimum conditions, the sulphate leaclsiygtem was used as a basis to evaluate the
extent of Co extraction and recycle time as weltheseffects of lactic acid dosage and higher

leaching temperature.

Projected results from the current study showetiupao 98% Co extraction from a solid mass
of cemented carbide hardmetal is possible withthdhys. This is relatively better performance

than known systems currently documented in liteeatu

The lactic acid dosage of 5% (v/v) showed bettefopmance compared to sulphuric acid leach
solution within the first hour of leaching but, deased with increasing leaching time. The
decrease in performance was attributed to highnicgacid viscosity leading to poor diffusion
within channels of the inner core of the cementathide solid mass.

Higher leaching temperature resulted in a markecease in Co extraction from 25% to 31.7%
within 10 hrs of leaching indicating that temperatus the key driving force to effective
cemented carbide dissolution. Results further glabthat temperature had a stronger effect on

Co extraction compared to the effect of lactic atndage.
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The study in this chapter is a culmination of thiegeding preliminary and screening tests as
well as a precursor to subsequent purificationemegation and recovery processes that follow in

the next chapter.
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CHAPTER EIGHT

RECOVERY OF WC, Co AND W
FROM CEMENTED TUNGSTEN CARBIDE
SECONDARY MATERIAL

8.1 Introduction

Binary-phase cemented tungsten carbide contairsdeaand cobalt, typically: WC (85-95 wt
%), Co (5-15 wt %). This chapter discusses the vegoof these valuable resources using
insights gained from Chapters 1-7. The recoverycgse was undertaken in six stages: (1)
Leaching of cemented carbide scrap button insertthe selective extraction of Co into solution
and recovery of the WC residue in powder form.R2generation of the unreacted organic acid.
(3) Precipitative purification of the leach solutioq4) Solvent extraction of Co from the leach
solution. (5) Electro-recovery of the dissolved @etal. (6) Precipitative recovery of the
dissolved W metal as scheelite. The experimentadgqature followed in this chapter is described
in Chapter 3 sections 3.6.4 and 3.7.2.

8.2 Resource Recovery Stages
8.2.1 Recovery of tungsten monocarbide (WC)

The recovery of the WC hard phase from cementedsten carbide button inserts involved
selective dissolution of the Co binder from thedmaetal. The Co was dissolved chemically,
leaving the WC hard phase intact. The possibletigree (Ghandehari and Schussler, 1980;
Suzuki and Kubota, 1966; Kellner et al, 2009; Viswanadham et al, 1983; Exner, 1979) are

presented as:

(i) The WC aggregate phase:

2WC-Co + Qg + 4H — 2Cd* + 2WC + 2HO, (8.1)
(ii) The cobalt binder phase (matrix):

2CQg) + Oy + 4H+— 2CT* + 2H,0;, (8.2)
(iii) The ‘Co-W-C alloy’ binder phase (matrix)

2Cag) + Oyg + 4H+— 2Cd" + 2H,0) (8:3)

3W(S) + 4Qq + 12H (a5 WOy + 6HOy) + 2W* g (8.4)
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8.2.2 Reagent Regeneration

Distillation, which involves evaporation and condation, was used in the regeneration of the
lactic acid organic reagent. Evaporation and cosaléon are physical processes which do not

involve a chemical reaction. The processes areepted as:

heatin(

C3HgOs3 (ag) - CsHeOs (g) (8.6)
cooling

CgH603 (@) g QHGO:; (aq) (87)

8.2.3 Impurity removal from leach liquor

The precipitation of iron was based on the Monhen(i®77) diagram for precipitation of metal
salts. The most widely employed flowsheets use esgtipl metal hydroxide precipitation to
remove impurities from the Co stream (Sole et@,9. The Co solution is first bubbled with air
and SQ in order to oxidize iron to the 3+ state. Fe (I§)removed from the Co solution using
lime or sodium hydroxide at pH 3-4.5 (Sole et &1%2). The possible iron (lll) precipitation

reaction is presented as:
Fe" + 30H S Fe(OH)) (8.5)

8.2.4 Solvent extraction

Solvent extraction was conducted after reagent negéion and iron precipitation. The
extraction of Co from the aqueous phase using Gyaii2 extractant proceeded according to the

reaction:

2RHorg) + CF a5 ReCO(0rg) + 2Hag) (8.8)

The stripping of Co from the organic phase usiniplawic acid proceeded according to the

reaction:
R,Co(0rg) + 2Haq)S 2RHorg) + CF g (8.9)

Where, R represents the Cyanex 272 organic exiriacta
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8.2.5 Electrorecovery of Co metal

Electrodeposition of Co takes place at the cathdte. main cathodic reactions are represented
as (Sole et al, 2019; Moskalyk and Alfantazi, 2000)

Co** +2e=Co E°=-0.28V (8.10)
2H +26=H, E° = 0.00V (8.11)

At the cathode, hydrogen evolution is in competitrath the cobalt depositiofien. 8.11). This

is not desirable because it represents a lossroérduusage and it must be kept to a minimum.
Therefore, the use of a high Co concentration & é¢lectrolyte, high temperature, and high
current density can reduce the tendency for théstien to occur. Other process conditions,
including pH control and the addition of organicd&r inorganic additives, allow efficient
current utilization (Sole et al, 2019; Moskalyk ahifantazi, 2000).

At the anode, water is oxidized to produce oxygena sulphate system, the main anodic

reaction is represented as (Sole et al, 2019):
2H 0= Oy + 46 +4H  E°=-1.23V (8.12)
The overall cell reaction is represented as:

2CoSQ + 2H,0 = 2Co + Q + 2H,SO, E°=-1.51V (8.13)

8.2.6 Precipitative recovery of tungsten (W) by saelite synthesis

Dissolved W may be precipitated as scheelite (CaW®ing Ca(OH) or CaC} as precipitants
(Wan et al, 2015; Martins et al, 2007). The possgaheelite synthesis reactions are represented
as:

NapWOy(ag) + CaCls) S CaWQy)+ 2NaClyg (8.14)

NaQWO4(aq) + Ca(OH)(S) S CaWQ(S)+ 2NaO Haq) (815)
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8.3 Resource Recovery Results

8.3.1 Cemented tungsten carbide leach solution

The cemented tungsten carbide leach solution isvishia Figure 8.1. The leach solution is
cobalt (Il) sulphate. It is a hexahydrate metal cagecomplex consisting of octahedral
[Co(H.0)e]?* ions associated with $®ions from which it gets its pink colour (Elerma88).
The chemical composition of the leach solutionisget in Table 8.1. The table shows a
concentration of <0.05 ppm for Al, 10.3 ppm for, @483 ppm for Co, <0.05 ppm for Cu, 62.3
ppm for Fe, 3.67 ppm for Mg, 1.0 ppm for Mn, 5.0rpfor Ni, <0.001 ppm for Pb, 1.0 ppm for
Zn and 9.37 ppm for W. The chemical compositionvgh&e as the major impurity. The reactor
vessel and accessories could have been a possibeef the impurities observed in the leach
solution. Atypical chemical composition of a Co stream frowoaper-cobalt feed sample leach

liquor before purification (Sole et al, 2016) i8m inTable 8.2

Cobalt (1) sulphate solution

Fig.8.1: Cemented tungsten carbide leach solution

Table 8.1: Chemical composition of cemented tungsten careaideh liquor

Element | Al Ca Co Cu Fe Mg| Mn| Ni Pb Zn| W pH
Conc <0.05 10.3 | 1483| <0.05 623 3.67 1p 50 <0.001 1.9.37| 0.49
(ppm)

Table 8.2: Typical composition of a cobalt stream before fication (Sole et al, 2016)

Element Al Co Cu Fe Mn

Conc (ppm) | 1000 | 2000-3000| 200-500 1000-2000 1000
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8.3.1.1 Recovery of WC Powder

An image of the recycled WC powder obtained froachkeng cemented tungsten carbide button
inserts is shown ifrigure 8.2. The FESEMcharacterization results of the recycled powder and
‘virgin’ powder are displayed ifrigures 8.3aand 8.3b respectively. The micrograph image of
the recycled powder showed that it was well faceted fine grained with irregular WC particles
whereas the ‘virgin’ WC powder was well facetedhesical and coarse grained. The grain
integrity of the recycled powder compares relativekll with that of the virgin powder. The
morphological difference between the two powdel® c®@nsequence of two different methods of
production processes employed in the making of W@ders as explained by Kurlov and Gusev
(2007) and Lassner and Schubert (1999). The authgisin that irregular WC powder grains
are produced either by intensive mechanical treattrard annealing or by hydrogen reduction.
Spherical WC powders are produced by melt atonaratising various methods, such as gas
stream atomization, centrifugal atomization or plasspheroidization. It is evident, from image
observation, that the recycled powder was prodficed the first method and the virgin powder

from the later method.

The chemical composition of the two powders iselisin Table 8.3. The composition of the
recycled powder is shown as: 57.95%wt.W, 37.02%wt36%wt.O, 1.25%wt.Fe and
0.32%wt.Si. The composition of the ‘virgin’ powdsrshown as: 47.13%wt.W, 45.49%wt.C and
7.39%wt.O. The presence of Fe and Si observedeingbycled powder may have been picked
up from the grinding media during pulverization.eThecycled powder might require carbon
adjustment and the removal of Fe and Si beforeait be re-used. Although the ‘recycled
powders’ might not be suitable for manufacturing fame grade of mining tools as those from
‘virgin’ powders, the ‘recycled powders’ might firmbmmercial application elsewhere where the
presence of Fe and Si is not a big concern. Theeleat powders could be adjusted as necessary
to increase the cobalt content to produce tougtesteg, which can be used for applications that
require tools that possess a high fracture toughreeseh as milling media, shims and possibly

coal and hard-rock mining (Morrison, 2015).
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Pulverized recycled WC powder

Fig.8.2: Recycled WC powdaecovered from cemented tungsten carbide buttamrtss

Fine ancirrequla Coarse and spheri

&t

2pm EHT = 2000kV Signal A = inLens Date: 17 Sep 2020 p— EHT = 2000 kV Signal A= InLens Date: 17 Sep 2020
WD= 7.1mm Mag= 10.00K X Time: 10:54:33 WD= 7.6mm Mag= 1000KX Time: 9:38:27

Fig.8.3: FESEM images of (a) recycled WC powder and (b)iniyC powder
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Table.8.3: Chemical composition of WC powder

Element Recycled ‘Virgin’
(Wt.%) (wt.%)

Tungsten (W) 57.95 47.13

Carbon (C) 37.02 45.49

Oxygen (O) 3.46 7.39

Iron (Fe) 1.25

Silicon (Si) 0.32

Total 100 100

8.3.2 Reagent Regeneration

The initial solution for leaching cemented tungstarbide contained 5% (v/v) lactic acid and 95
% (v/v) 2M H,SO,. After 10 hrs of leaching, the lactic acid concatibn in 500 mL of leach
solution decreased to 0.00055% (v/v) as unreaatetl Bue to the low concentrations in the
leach solution, lactic acid had no adverse impactCo electro-winning. However, due to the
sensitive nature of electro-winning processes, drighctic acid concentrations, which might
build up over a period of time, could have an dffaed should be avoided. Therefore, it was
deemed necessary to recover the remnant unreaatigc dcid from the leach solution. The acid
was regenerated by evaporatory means. The regemegabfile is exhibited inFigure 8.4
Experimental results showed that 28.9% of lactid a@s recovered after 0.5 hrs, 36.2% after 1
hr, 39.6% after 1.5 hrs, 46.0% after 2 hrs and %6dter 2.5 hrs. The rate of regeneration
increased considerably after 1.5 hrs. The findidaacid concentration in 300 mL of the residue
solution was calculated as 0.00030% (v/v) and tha200 mL of the distillate solution was
calculated as 0.00092% (v/v).

The regeneration of the organic acid was inevitagigompanied by a solution volume decrease
from 500 mL to 300 mL. The solution pH also decesbom pH 0.49 to pH 0.01 after 2.5 hrs
of distillation. Further evaporation beyond 2.5 hesulted in the formation of Cog@rystals.
Therefore, to avoid further crystal formation andexrease in pH, the duration of 2.5 hrs was

adopted as the pertinent residence time.
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Evaporation Temp.: 125 °C
Regeration Time: 2.5 h
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Fig.8.4: Lactic acid regeneration as a function of evaporatime

8.3.3 Precipitation

The precipitation of Fe from cemented tungstenidarbeach liquor is illustrated iRigure 8.5
The profile shows precipitation of Feand Fé&" species between pH 3.5 and 7.5. Unlike
crystallization which is a physical process, priéaipn is a chemical process involving a
chemical reaction. Therefore, hydroxide precipiatof metals depends on the concentration of
hydroxide and metal ion species in solution. Thecimitation of F&" occurs at pH~7.5. This is
too close to the precipitation of Co which occurshe pH range of 6.5 — 8.5. Therefore to avoid
possible Co losses, air was bubbled in the solutiodure in order to oxidize Béto F€*, then
Fe* was precipitated at a lower and safer pH range®f 4.5. To avoid the oxidation of Edo
Co®*, leach solution conditions were maintained wittia conditions favourable for the stability
of Co** (-0.5<Eh <1.8 and pH <4 (Garcia et al, 2008))iasubsed in Chapter 4 section 4.6. The
pH adjustment was done by using NaOH. The addaioNaOH has the advantage that it forms
NaSOr which improves the electrical conductivity of the Electrolyte during electro-wining.

The iron concentration in the leach solution deseddrom 62.3 ppm to 4.2 ppm. Generally, iron
hydroxides, especially ferric hydroxides are gelatis and difficult to filter. However, in this

study, filtration proceeded without much difficultyiltration lasted between 20 and 30 minutes.
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Fig.8.5: Fe precipitation as a function pH variation

Characterization of the precipitate showed thapmazipitation of other metals other than iron
had occurred. The Fe and co-precipitated metalsddrinsoluble phases. Examples of iron-
based phases formed were: hematite,@g}e calcium-iron-oxide, calcium-iron-manganese
oxide, calcium-iron-hydride and calcium-iron-alumim oxide. Al co-precipitated as aluminium
hydride; Ca, as calcium-magnesium-oxide; Mg, asmasgim hydride and MgNiO (OH); Mn,
as manganese oxide. W precipitated as magnesiugstaia (MgWQ), calcium-nickel tungstate
and tungstic acid (W§H,0). Co co-precipitated as cobalt-hydrogen-tungstade hydrate and
copper-cobalt oxide. The co-precipitation of Co nhaye resulted in minor Co losses estimated
to be less than 1%. The low precipitation pH raofy8.0 — 4.5 may have assisted in preventing
significant Co losses to the precipitate. The iéaie material was not processed further in this

study.
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8.3.4 Solvent extraction

Solvent extraction was done after reagent regeaparaand iron precipitation. Co was
successfully extracted in three stages at an dxiraefficiency of 99.98%. The loaded organic
phase is shown iRigure 8.6 and the chemical composition of the raffinate sotuis listed in
Table 8.4 The notable elements in the raffinate solutioroider of significant concentration
were W at 24.76 ppm, Ca, 8.18 ppm; Mg, 3.38 ppm3NI ppm; Fe, 2.7 ppm and Co, 0.2 ppm.
The low Co concentration in the raffinate solutierevidence of effective extraction due to the
strong affinity of the Cyanex 272 extractant for @etal. The W in the raffinate solution could
possibly be recovered by precipitation using Ca(0dt)CaC} reagents as precipitants (Wan et
al, 2015; Martins et al, 2007).

Loaded organic phase

Raffinate solution

Fig.8.6: Solvent extraction o€o using Cyanex 272

Table 8.4: Chemical composition craffinate solutiol

Element Al Ca Co Cu Fe Mg Mn Ni Pb Zn W

Conc (ppm)| <0.05| 818 | 0.2 11 27 3.38 <0.T5 30 .08D | <0.05| 24.76

8.3.5 Stripping

Co was successfully stripped in three stages dtippig efficiency of 99.96%. The strip
solution is displayed ifrigure 8.7 and its chemical composition is listedTiable 8.5 The Co

concentration was upgraded to 20 gpl by increasiegO/A phase ratio during stripping as
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suggested by Jackson (1986). The typical compos@fdCo advance electrolyte feed to electro-
winning (Sole et al, 2016) is listed Trables 8.6 The occurrence of W in the strip solution may
have been as a consequence of co-extraction alithgGe. At appropriate concentrations of

100-150gpl, the W present in the strip solution barrecovered by precipitation using Ca(@H)

or CaC} reagents as precipitants (Wan et al, 2015; Maetirad, 2007).

Stripped organic phase
Strip solution

Fig.8.7: Stripping of Co using sulphuric acid

Table 8.5: Chemical composition of strip solution

Element Al Ca | Co Cu Fe Mg| Mn Ni Pb Zn| W pH

Conc (ppm) | <0.05| 40.0f 20,000 <0.05 3.4 150 3,350 <005 <0.00mL15| 54.3 | 54

Table 8.6: Typical composition of advance cobalt electroliged to electro-winning (Sole et al, 2016)

Element Al Ca | Co Cu Fe Mg Mn Ni Pb Zn pH

Conc (ppm) | 2.5 710 | 20,000 <1 1.50 6,000 3,350 66 60 <25 58
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8.3.6 Electro-recovery of Co

Figures 8.8 (a) and 8.8 (bshow electrodeposited Co metal. The electrodepasiwas done
using a Co tenor of 20 gpl within 3hrs of residetioee.
8.3.6.1 Physical Quality

The deposited Co metal appeared to peel off thelats steel cathode plate. The peeling effect
may have been due to hydrogen evolution which mayehbeen in competition with Co
reduction due to hydrogen’s higher reduction pa&ii0.0 V) compared to Co (-28 V) (Sole et
al, 2019; Moskalyk and Alfantazi, 2000). This isistrated in section 8.2.5.

Cello tape, used to limit metal
deposition to a specific size of
cathode surface area

Cathod-304Lstainless steplate

Thin sheet of electrodeposited Co
metal

Cello tape, used to limit metal
deposition to a specific size of
cathode surface area

Cometal deposit on 304L stainless steel plate

Fig.8.8 (b): Image ofelectrodeposited Co metgddack side)
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The physical quality of the electrodeposited Coahshown inFigures 8.8andFigure 8.9 is

consistent with metal Pulse electrodeposition (PEDality. The on and off process in PED
allows for better levelling of deposit, grain szentrol, minimizes porosity and nodular growths
(Chandrasekar and Pushpavanam, 2008). Sierra dlabarators (2017), in agreement with
other PED researchers, noted that Pulse currectraieposition is a technique of special
interest due to the advantages it has like easyatipme, low cost, high control in the amount

deposit and homogeneity of the deposited material.

Image showing controlled nodular
growth due to PED effect

EHT = 20.00 kV Signal A= NTS BSD Date: 1 Dec 2020
WD= 7.8 mm Mag= 500X Time: 7:42:20

Fig.8.9: SEM image of electrodeposited Co metal (x500)

8.3.6.2 Chemical Quality

Using multiple EDS scans across different regidih® Co metal sample, the average elemental
composition of the metal was calculated as 98.0owfo and 2.0 wt.% Ferable 8.7). Much

more stringent measures for eliminating Fe, asessigg by Ferron and Turner (2000), would be
required in order to meet the chemical specificafar premium and standard Co metal grades

shown inTable 8.8 The deposited Co metal was not purified furthethis study.
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Table 8.7: Chemical composition of the electrowon Co metal

Element Co Ni Fe Cu Cd Zn Mn Mg Pb Sio

(%) 98.0 - 2.0

Table 8.8: Specification for premium and standard grade dabatal

Element Co Ni Fe Cu Cd Zn Mn Mg Pb Sio
LME Premium (%) 99.83 <0.10 <0.005 <0.003 <0.00p <0.005 <0.002 GdD.0 <0.003| <0.001
LME Standard (%) 99.73 <0.15 <0.010 <0.005 <0.00p <0.010 <0.005 G®.0 <0.006 | <0.002

8.3.6.3 Current Efficiency Calculations

The following parameters were used as a basis dmulating current efficiency for the Co

electro-winning process:

« Cathode Surface Area = 1.7cm x 1.7cm x 2 = 5.78 cm
« Current Density: 175 A/fn

» Deposition Time = 3 hrs

» Cobalt Deposit =0.306 g

Current efficiency was calculated as a percentdgbeoactual current used to produce the Co

deposit divided by the theoretical current:

ﬁ)m_F _( 2 )0.306x96500
M~ t 58.93 3x60x60

Actual current, | =0.0928 A

Theoretical current, | = Current density x surfacea :175%) X 5.78 crA X —™_, = 0.101A

10000cm?

Current efficiency = (0.0928/0.101)*100 = 91.9%

Industrial or commercial current efficiency valas normally>90% (Sharma et al, 2005).
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8.3.6.4 Spent Electrolyte Effluent

Table 8.9shows the chemical composition of spent electeogffluent after Co electrowinning.
The composition of the effluent did not differ muitbm the composition of the strip solution
before electrowinning except for Co and Fe conegioin which were directly affected by the
deposition process. The Co concentration in thetrellyte decreased from 20,000 ppm to 19,100
ppm due to the electrorecovery of 0.306 g of Cae @bncentration of Co remaining in the spent
electrolyte was high due to the short time of eteginning. However, this is in line with in
industry practice. Electrolyte depletion resultslomv current efficiency and a poor physical
quality of the deposited metal (Sole et al, 201@skalyk and Alfantazi, 2000). According to
Roux and collaborators (2007), for a plant runrang current density of 310 Afielectrolyte
depletion is avoided by plating cobalt to a finpést electrolyte concentration of about 30 g/L.
The Fe concentration decreased due to co-depasiti@spent electrolyte could be recirculated
back to the solvent extraction unit until enoughis\built up for precipitation of scheelite

through a bleed stream. The spent electrolyteesifl was not processed further in this study.

Table 8.9: Chemical composition of spent electrolyte

Element Al Ca | Co Cu Fe Mg| Mn Ni Pb Zn| W

Conc (ppm) | <0.05 | 40.3| 19,100 <0.05 1.2 152 <0.05 <005 <0.00L25| 54.5

8.3.7 Recovery of W

Dissolved W can be recovered by precipitation &eslite (CaW@) using Ca(OH) or CaC} as
precipitants. According to Wan et al (2015) and tutaret al (2007), the required condition for
this reaction to occur is that the concentratioMbin a solution should be 100 to 150 gpl. The
raffinate solution in this study contained 24.76mp@/ and spent electrolyte effluent, 54.5 ppm.
An attempt to react the raffinate solution usingcGand Ca(OH) as precipitants did not yield
any fruitful results. It was observed that the diged W concentration may have been too low
for the precipitation reaction to occur. The radfi@ solution was not processed further in this

study.
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However, in order to demonstrate the possibilitZWéfrecovery, 150 gpl of sodium tungstate
solution was prepared, in place of the raffinateutsan, using a NaWO, salt. The prepared
sodium tungstate solution was then reacted with|C#&Cobtain scheelite using precipitation
conditions described in_Chapter 3 sect®f.4.6 Table 3.9 The results of this reaction are
displayed inFigures 8.10and8.11

Synthetic scheelite powder

Fig.8:1C: Image of scheelite (CawPpowderobtained by precipitation

An XRD pattern of the scheelite precipitate showirigure 8.10is displayed inFigure 8.11
The XRD analysis was used to confirm that W wasassfully precipitated out of the sodium
tungstate solution. The broad shaped peaks areatkéstic of the amorphous nature of the
CaWQ, precipitate. The figure also shows halite (NaGiJl aalcium in the precipitate. The
presence of halite and calcium may have occurreal r@sult of occlusion during precipitation.
The XRD characterization data shows that the natésicomposed of 82.9% scheelite. This
confirms that W was successfully converted intcestite by precipitation and also demonstrates
that a precipitative recovery of dissolved W fronhighly concentrated tungstate solution is
feasible. However, this may require a pre-concéintisstep before subsequent precipitation and
recovery of W.

A comprehensive route for W recovery from raffinatdution is suggested and showrfFigure
8.12 Spent electrolyte from electrowinning could beineilated back to solvent extraction. The
raffinate solution could undergo lon Exchange tresit to extract and separate W using D309
resin (Lu and Liao, 2014) or Triton X-100-(¥&6O-H,0)(Zhang et al, 2016). The extracted W
could then be reacted with Ca®@ produce scheelite (CaWand NacCl for sale.
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Fig.8.12 A flow diagram of the suggested process for redogeVV from raffinate solution
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8.4 Summary

The overall purpose of employing selective dissofutof Co from the binder phase was to
develop and propose a process route for the primthuof tungsten carbide (WC) powder, Co
metal and scheelite (CaW)Ofrom cemented tungsten carbide scrap metal. @bavery process

route entailed six unit stages.

In the first stage, cemented carbide scrap butiere leached to produce WC residue and leach
solution. The recovered WC residue skeleton wasyedisintegrated and pulverized into WC

powder.

In the second stage, an attempt was made to redenenreacted lactic acid from the leach
solution initially dosed with 5% lactic acid. Theperiment yielded an organic acid regeneration
efficiency of 66.9% after 2.5 hrs of residence tiffike concentration of unrecovered lactic acid
in the distillate was 0.00030% (v/v).

In the third stage, impurities were precipitated aamoved from the leach solution by adjusting
the leaching solution pH to a range of 3.5-4.5 gsheOH as a precipitant. The impurity

removal process yielded a significant decreasmimgoncentration in the leach solution.

In the fourth stage, the leach solution was furfheified and upgraded using solvent extraction.
The solvent extraction process produced a Co tigh solution and a Co poor raffinate solution
at an extraction efficiency of 99.98% and strippéfficiency of 99.96%.

In the fifth stage, Co was electro-recovered from €o rich strip solution at a current density of
175 A/nf after 3 hrs of electrodeposition time. Using Fasasl law, the Current efficiency for

the Co electro-winning process was calculated 3981

In the sixth stage, an attempt was made to recdv&om a raffinate solution by precipitation.
Precipitative tests revealed that the W concewtnati the raffinate solution was not adequate for
the precipitation reaction to occur. However, aisodtungstate salt was used as an alternative to
produce scheelite thus, indicating that W recoveosgn a highly concentrated tungstate solution

is feasible. A comprehensive route for the recowdW from raffinate solution is suggested.
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The next Chapter discusses flowsheet developmedttachno-economic evaluation of the

cemented tungsten carbide recycling process.
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CHAPTER NINE
PROCESS FLOWSHEET DEVELOPMENT

AND TECHNO-ECONOMIC EVALUATION

9.1 Introduction

Results presented in the previous chapter demdedtthat binary-phase cemented tungsten
carbide secondary material can be optimally recytderecover Co and WC using an acid leach
process. The recovered Co and WC products maintam&phological integrity. The current
chapter presents flowsheet development and tecbmmsenic evaluation of the recycling
process. This involves the general flow of unitqg@sses and equipment used. The results from
experimental tests were used to simulate the latryracale process using SuperPro Desfgner
version 10 (Canizales et al 2020). The process rigisn, cost analysis and economic

evaluation of the simulated recycling process @&eussed.

9.2 Process Development and Description

The process scheme for recycling cemented tungséebide scrap metal is as previously

described in Chapter Big. 3.6and fully discussed in sections 3.6 and 3.7.

9.3 Process Flowsheet Simulation

In this study, the recycling process was modeledi simulated using SuperPro Desighén
order to evaluate the commercial-scale productibrCo and WC from cemented tungsten
carbide secondary material. The flowsheet was dedigand simulated based on results from
experimental laboratory tests and technical liteeafTable 9.1shows the main unit operations,
operation parameters, equipment properties and ossd in the simulation. The corresponding

flowsheet for the simulated process is showRigure 9.1

The modeling of a commercial-scale recycling predesolves several stages. These steps are
described below:
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Table 9.1 Operation parameters, equipment properties asts ¢or the cemented carbide recycling process

Time = 1.25 hrs

Filtrate flux = 0.2r/m?-h

Number =1

Unit Process | Equipment Type Process Key OperationdPameters Equipment properties Equipment costs ($huit)

P-1 R-101 Leaching Temperature = 82°C Volume =40 L 11,800
Time = 36.25 hrs Number =1
Acid conc. = 2M

pP-2 NFD-101 Filtration Temperature = 25°C Surface area = 1m 18,900
Time = 1.5 hrs Filtrate flux = 0.2m/m?-h

Number =1

P-3 V-101 Distillation Temperature = 122°C Volume =40 L 7,600
Time = 2.75 hrs Number =1

P-4 R-102 Precipitation Temperature = 25°C Volume =40 L 11,800
Time=1hr Number =1

P-5 NFD-102 Filtration Temperature = 25°C Surface area = 1m 18,900
Time = 1.25 hrs Filtrate flux = 0.2riVm?-h

Number =1
P-6 MSX-101 Solvent Temperature = 35°C Volume = 96 L (Mixer) 17,600
extraction )

Time = 1.25 hrs Volume = 24 L (Settler)
Extraction stages = 3 Number =1

p-7 MSX-102 Stripping Temperature = 25°C Volume = 96 L (Mixer) 17,600
Time = 0.5 hrs Volume = 24 L (Settler)
Stripping stages = 3 Number =1

P-8 R-103 Electrorecovery  Temperature = 63°C Volume =40 L 11,800
Time = 25.3 hrs Number =1
Current density = 175 A/m

P-9 NFD-103 Solid-liquid Temperature = 25°C Surface area = 1m 18,900

separation

Acid leaching Reaction — Dissolution of the Co Birngl Phase Step (‘P-1’"in ‘R-101’)

The unit process ‘P-1' takes place in a reactod@®: and involves the dissolution of the Co

binder phase. Atmospheric air is used as an oxggence. The hydronium ion reacts with the

Co metal, causing the metal to become oxidized thdscing metal dissolution (Bronsted,

1931). The stoichiometry of the reactions is fudlscribed and discussed in Chapter 2, section

2.5. After the leaching reaction, the contents @lewed to settle and then transferred to the

Nutsche filter (‘NFD-101") for solid-liquid separah using unit process ‘P-2’.
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Filtration and WC Recovery Step (‘P-2’ in NFD-101")

Unit procedure ‘P-2’ takes place in a Nutsche fitelFD-101") and involves recovery of WC
product as a solid residue which can easily bentdigrated into powder form. The Co (Il)

sulphate liquid phase is transferred to the diidh vessel for further processing.

Distillation - Reagent Regeneration Step (‘P-3"inv-101)

Unit process ‘P-3’ takes place in a distillatiorssel ‘V-101'and involves reagent regeneration
of lactic acid. The organic acid is vaporized amehtdistilled. The distilled acid is recovered as a

distillate. The leach solution is transferred taater vessel ‘R-102’ for further processing.

Precipitation - Impurity Precipitation Step (‘P-4’ in ‘R-102’)

The unit procedure ‘P-4’ takes place in a reack®102’ and involves a precipitation reaction

step. Impurities are precipitated and the solusanansferred to the next step and filtered.

Filtration and Impurity Removal Step (‘P-5" in ‘NFD -102’)

Unit procedure ‘P-5’ takes place in a Nutsche ffi{tBlFD-102’) and involves impurity removal.

The precipitates formed during the precipitatioacteon are discharged as impurity.

Solvent Extraction Reaction Step (‘P-6’ in ‘MSX-107)

Unit procedure ‘P-6’ takes place in a mixer-settd6X-101" and involves an extraction step.
The leach solution is contacted with an organicsphahe C% ion reacts with the organic
extractant and moves into the organic phase. Thel€pteted aqueous phase is discharged as

raffinate.

Stripping Reaction Step (‘P-7 in MSX-102)

Unit procedure ‘P-7’ takes place in a mixer-settd8X-102’ and involves a stripping step. The
organic phase is contacted with sulphuric acidtamiu The C8" ion in the organic phase reacts
with the hydronium ion and moves into the aqueduasp. The Co depleted organic phase is
now stripped organic. The loaded aqueous phaseansferred to reactor ‘R-103’ as advance

electrolyte for further processing.
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Electrorecovery Step (‘P-8’ in ‘R-103’)

Unit procedure ‘P-8’ takes place in a reactor ‘R8’1énd involves electro-recovery of Co metal

from Co (ll) electrolyte.

Filtration and Co Metal Separation Step (‘P-9’ in ‘NFD-103’)

Unit procedure ‘P-9’ takes place in a Nutsche ffil(@NFD-103’) and involves solid-liquid

separation of Co metal and spent electrolyte.

9.4 Material Balance

The material balance for the input and output stiseare shown ifTable 9.2 The composition

of raw materials, outputs from the vital unit ogeras, main product (MP), and by-products are
reflected on the process flowshe€iglre 9.1). Cemented carbide is the raw material; Co metal
is the main product; WC residue and raffinate sotutre by-products. The total number of

batches for the recycling process per year is Zl& simulation predicts 7.04 kg/batch,

equivalent to 1,513 kg of Co metal per year produtem 135 kg/batch of cemented tungsten
carbide scrap metal. The 135 kg/batch of scrap Inetequivalent to 29,160 kg per year. The
simulation further predicts a production of 28, 2&y per year of WC residue which can be
pulverized into WC powder. The resulting raffindteproduct is 9,653 kg per year. This could

be processed to recover residual tungsten.

Table 9.2 Stream summary of the cemented tungsten carbeling process

Output Streams
Stream Stripped | C3HsO3(R) Raffinate| WC Vapour Spent Co Total
Name Organic Residue Electrolyte | metal
Kg/batch 73.27 0.0011 44.69 13148 41.292 64.16 470 361.933

Input Streams

Stream | Air Cemented | CsHsOs H.SO, H,SOu(1) H20 NaOH Organic | Wash Wash Total
Name Carbide Phase water-1 | water-3
Kg/batch | 42.377 135.00 0.04 13.4 50 0.1 13.86 235.8 | 0.402 20.934 361.933
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9.5 Cost Analysis and Economic Evaluation

Simulation with SuperPro Designer® can be donedesign mode’ or ‘rating mode’. The
settings in ‘rating mode’ are set by the user. tlesign mode’, the settings are done
automatically. In this study, the simulation was &e ‘design mode’. Therefore, equipment
sizing and costing was done automatically basedhenprocessing conditions and parameters
obtained from the experimental results. It's therefexpected that, due to possible experimental
error, a deviation in the economic cost could oaghien doing this commercially. A number of
economic evaluation parameters were assumed ase dne presented Trable 9.3 The year of
analysis and construction is 2021 with a projdetime of 15 years. The recycling plant will run
216 batches in 365 days. A batch size of 135 kgpofented tungsten carbide secondary material
was assumed for the recycling process. The 135akchbsize was based on the scrap metal
production capacity of a known local South Afrideardmetal processing company. However, if
more scrap metal becomes available, the simulatezkeps could be replicated accordingly. The
main primary product for the total stream, refertechs MP, is Co metal. The selling price for
the Co metal was set at 41.3 $/kg which is theerurselling price of Co on the London Metal
Exchange (LME, 2021) (www.Ime.com). The sellingcprior the WC residue was estimated at a
modest value of 150 $/kg which is about 60% of ZBd®urrent selling price of virgin WC
powder (www.weartech.co.za). An average labour 06s8.8 $/h was used to estimate labour
costs for the process. Other costs of utilities aodsumables are shown Trable 9.4 The
utilities are steam, cooling water and electric powlhe consumables are Air, lactic acid,

sulphuric acid, NaOH, Cyanex 272 organic extracéaat Shellsol D diluent.

Table 9.3 Economic Evaluation parameters

Parameter Value
Construction period 30 months
Start-up period 4 months
Project Lifetime 15 yrs
Inflation 4.0%

NPV 7%
Salvage value 5%
Corporate Tax (SA) 28%
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Table 9.4 Cost of utilities and consumables

Utilities $/kg
Steam 12$/MT
Cooling water 0.05%/MT
Electric power 0.1$/kWh

Consumables

Lactic acid 8.3%//kg
Sulphuric acid 3.2%/kg
NaOH 6.7%/kg
Cyanex 272 45.1%/kg
Shellsol D 0.4%/kg

9.5.1 Capital cost estimation

SuperPro Design&ruses a factor-based method to estimate the capitabtment associated
with each section of a process. The total capitastment was based on start-up and validation
cost, working capital, direct fixed capital (DFChda equipment purchase cost (PC). The
equipment purchase cost, determined by the equipmaterial type and size, directly affects
the direct fixed capital which in turn affects tbperating cost. In this study, the equipment
purchase cost estimates were based on local SduitaA suppliers as well as the Matche
database (www.matche.com 2021). Section-basecdestistates such as piping, instrumentation,
insulation, electrical facilities, buildings, yaithprovement and auxiliary facilities tended to
inflate the total capital investment cost of theyaing project. Therefore, section-based factors

were set to zero and the equipment-based factaes mwaintained at the default value of 1.0.

9.5.2 Operations cost estimation

The operation cost consisted of facility-relatedtsplabour-related costs; laboratory costs and

costs related to quality control, quality assurazeé utilities.
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9.5.3 Techno-economic analysis results

The cost analysis and economic evaluation calamatfor the recycling process were performed
using SuperPro Desigrfesoftware (Canizales et al 2020). The economicugtin parameters
used are presented ifable 9.3 The main product from the recycling plant is Cetah
Although Co is shown as the main product for theyebng plant, WC residue is also a revenue
stream contributing to the total revenue of thenpld@he cost analysis results for the recycling
plant producing 1,513 kg of Co metal per year (appnately, 7.04 kg per batch) are presented
in the summary in the section that follows.

9.5.3.1 Executive summary

The executive summary provides an overview of th&lteconomic impact of the plant,

including the total capital investment, annual rexes and rate of return.

Executive Summary

Capital Investment Charged to this Project 331982

Annual Operating Cost 3,103,787 $lyr
Revenues 3,429,223 $lyr
Unit production Rate 1,513.40 kg MP/yr
Unit production cost 2,050.88 $/kg MP
Unit Production Revenue 2,265.91 $/kg MP
Gross margin 9.49 %
Return on investment (ROI) 70.58 %
Payback time 1.42 yrs

IRR (after tax) 9.14 %

NPV (at 7% interest) 189,048 $

MP = Total Flow of Stream ‘Final Product-Co Metal’

The techno-economic results posted a positivemagarinvestment (ROI), payback time and net
present value, indicating that the cemented tungsaebide (CTC) plant is a profitable venture.
Furthermore, the internal rate of return (IRR),9at4%, is much higher than the prime bank
interest rate currently estimated at about 7.09%o0nth Africa, suggesting that investing in the

recycling project would give a better yield thae thank.
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9.5.3.2 Summary per cost item

The operating cost summary table of the itemizest ogport is shown iffable 9.5 The table
provides a cost breakdown per cost item of thel @taual operating cost over all process
sections of the recycling process. The itemized oggort (ICR) helps with identification of
cost-sensitive sections, notably, the economicspots of the process. For instance, the ICR in
Table 9.5reveals that the largest cost in this processtibated to facility-dependent expenses
that account for roughly 51% of the annual opetptinst. Approximately, another 31% of the
annual operating cost is associated with raw nadgeriThis is mainly attributed to the cost of
cemented tungsten carbide scrap metal, the feeld gidhe recycling process. The other cost of

about 18% is a labour related expense. Labour eaaduced through increased automation.

Table 9.5 The operating cost summary table of the itemizest report

$lyr $/batch $/kg MP %
Materials 964,060 4,463 637.02 31.06
Facility-dependent 1,566,661 7,2%3 1,035{20 50.44
Labour-dependent 565,091 2,616 373{39 18.21
Laboratory/QC/QA 5,651 24 3.78 0.18
Utilities 47 0 0.03 0
Other (waste treatment/disposal, 2,286 11 1.51 0.07
transportation)
Total Annual Operating Cost 3,103,787 14,369 2.850. 100

9.5.3.3 Sensitivity analysis

A sensitivity analysis study on the impact of thghput on the profitability of the plant was
performed in order to evaluate risks associateth Wit variations in technical and economic
parameters. The sensitivity analysis was monitanethe range of 6.25 to 7.2 kg/batch of Co
metal throughput. This translated into 1,350 kd. %50 kg/yearFigures 9.2and9.3 show the
analysis of the sensitivity study. Figure 9.2 shdleat the unit production cost decreased with
increasing plant capacity. FroRigure 9.3 it is observed that the profitability indices, Rahd
IRR, increase as the plant capacity is expandeeréeftre, it can be surmised from this
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sensitivity analysis that the recycling plant sliolde run at the highest capacity that is

technically and practically possible.
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9.6 Summary

The purpose of the study undertaken in this chapésrto determine the cost implications of the
cemented tungsten carbide recycling process. Aunstnidl-scale process for the recovery of Co
and WC from cemented tungsten carbide secondargri@atvas designed and simulated. A
combination of leaching, distillation, precipitatiosolvent extraction and electro-recovery unit
processes was employed in recovering the Co angkvducts.

The techno-economic evaluation carried out by ushuperPro DesignBrshowed that the
cemented tungsten carbide recycling process isomemally viable. However, the issue of
procuring cemented tungsten carbide secondary mmlateuld be a challenge. This is because
the global tungsten supply chain remains opaquandastry outsiders. If one considers the
limitation of recyclable WC-Co scrap volumes andemtion issues, the minimum design feed
capacity could probably be estimated at 135Kg/3éich.

From the simulation, the leaching step took theyést time and hence the process bottle neck.
Therefore, to improve the techno-economics of tleegss, technology to reduce leaching time

is imperative.

The next chapter presents conclusions and reconatiend of all the work carried out in the
research study.
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CHAPTER TEN
CONCLUS ONSAND RECOMMENDATIONS

10.1 Introduction

The ability of acidic media to leach and collecttatiec species from tungsten-based secondary
material is based on one mechanism: metallic bidasolution. This is because members of the
iron group, namely, Fe, Ni and Co, when used addmgin cemented carbide, wet the grains of
tungsten carbide (WC) making it very difficult temnove them from between the grains during
reclamation. The main objective of this work waseiplore this concept in order to investigate
the possibility of designing a technique whereie Bo binder phase is selectively extracted
whilst leaving the tungsten (WC) hard phase infBctary-phase cemented tungsten carbide was
used in this study. The binder phase is reactivkeisiacid soluble whereas the WC hard phase
tends to passivate due to formation of insolublegstien precipitates such as tungstic acid
(H2WO,). A review of literature suggested a possibiliatt the Co binder dissolution could be
enhanced by ensuring that the formation of inseluoingsten precipitates is eliminated or
minimized. This would allow Co dissolution and d#fon to occur freely and in turn promote its
extraction. It is this possibility which was thects of this study wherein the physical and
chemical properties of cemented tungsten carbidenglleaching was investigated so as to
understand the possibilities and limitations of @ipproach. Therefore, this chapter highlights the

findings made and presents recommendations forgugsearch.

10.2 Conclusions

This section presents the findings and conclustmasvn from the experimental work done to

fulfil the aim of the research project.

The behaviour of WC grainsin acidic media

The behaviour of WC grains in acidic media was isithiéh 1M and 2.5M sulphuric acid at 75°C

and 85°C, and the following conclusions were drawn.
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1. WC grains, when exposed to acidic media, reacbmm ftungstic acid (FWQO,) precipitates.
However, the addition of 5% (v/v) lactic acid t&@®l sulphuric acid solution suppressed and

diminished the formation of tungstic acid considdya

Characterization of cemented tungsten carbide secondary material

Characterization was focused on production scrapeoéed carbide buttons. The following

conclusion was drawn from the etching characteanaest:

1. Optical photomicrograph results showed no evideoteta |) phase occurrence in the

cemented tungsten carbide secondary material.

Preliminary leaching tests

Preliminary leaching tests entailed factor rangedifig trials and reagent selection. The

following conclusions were drawn from the experita¢mork:

1. The factor range finding trials revealed that &k ffive process parameters, temperature,
leaching time, acid concentration solid-to-liquidtio and agitation rate, tested had a
noticeable influence on the Co dissolution procesh clearly identifiable lower and upper
limits. The factor range finding trials establisheshges within which to test the effect of
process parameters as 40-85°C for temperatureg f.5 days for leaching time, 0.01-3 M

H,SO, acid concentration, 1:18-1:6 for solid to liquatio and 0-1000 rpm for agitation rate.

2. A comparison between acid and alkaline media shatlvet sulphuric acidic was a better

leaching reagent for Co dissolution from the binplease.

3. Among lactic, tartaric and maleic organic acidstitaacid gave better performance in terms
of transition metal complexation to form solubldtsaThe order of effectivity for W
dissolution was found to be lactic>tartaric>mala@d and the order of effectivity for Co

dissolution was lactic>maleic>tartaric acid.
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Kinetic study

The main purpose of the kinetic study was to dedveonceptual reaction kinetic model to
describe the dissolution of Co out of the cemegtatiide hardmetal. The following conclusions

were drawn from the kinetic experiments:

1. Co dissolution in cemented tungsten carbide buttol@wved the kinetic models x = kt and
1- (1-x)*® = kt, and the apparent activation energy was oeted as 56.70 kJ/mol for the
lower temperature range (50°C - 70°C) and 21.0m&Dfor the higher temperature range
(70°C-85°C). Therefore, dissolution of Co out ofmsmted tungsten carbide is a mixed
control of chemical reaction and thin film diffusioegimes.

2. Although the formation of a product layer was sglgrevident, the product layer regime was
not in control of the Co dissolution process.

3. W dissolution in cemented tungsten carbide butfoliews the kinetic models x = kt, 1- (1-
x)"® =kt and 1-3(1-¥% + 2(1-x) = kt, and the apparent activation enewgg determined as
5.70 kJ/mol for the lower temperature range (5070°C) and 42.13 kJ/mol for the higher
temperature range (70°C-85°C). Therefore, W diggwiun cemented tungsten carbide was

a mixed control of thin film diffusion, chemicalaetion and product layer diffusion regimes.

Identification of influential factors

Using a full factorial design ¢, five factors, temperature, leaching time, aahaentration,
solid-to-liquid ratio and agitation rate were screg and their influence on the Co dissolution

process was evaluated. The following conclusiongweawn from the experimental work:

1. Temperature, leaching time and acid concentratiath & significant influence on the Co
dissolution process. In order to maximize Co dissoh from cemented tungsten carbide,
these three factors should be kept at high levdis. order of influence from strong to weak
was temperature>leaching time>acid concentratiandiSsolution from cemented tungsten
carbide is a temperature driven process.

Page 255



Recycling of Tungsten Carbide-Based Scrap Metal Al&hmemi

2. The interaction between temperature and leaching t{(AB) had a positive influence.
Therefore, in order to maximize Co dissolution, pemature and leaching time must be kept

at high levels.

3. The interaction between temperature and agitateie (AE) had a negative influence.
Therefore, in order to maximize Co dissolution, pemature must be kept at a high level and

agitation rate at a lower level.

4. The leaching time, solid-to-liquid ratio and agiat rate (BDE) interaction had a negative
influence. Therefore, in order to maximize Co digson, leaching time must be kept at a

high level whereas solid-to-liquid ratio and agdatrate must be kept at low levels.

Optimization of significant factors

Three factors, temperature, leaching time and aoitcentration, identified as significant in
screening experiments, were used as a basis tol mgptiimum leaching conditions. Optimization
involved the use of response surface methodolo@MRin conjunction with central composite

rotatable design (CCRD). The following conclusievese drawn from the experimental work:

1. Three significant factors, temperature, leachimgetiand acid concentration were optimized
and the leaching conditions modeled as: 82°C, lagctemperature; 10 hrs, leaching time
and 2 M, sulphuric acid concentration. Using canétory tests, the model fitted the

experimental data very well and was therefore c@rsid to be acceptably valid.

2. Using optimum leaching conditions, up to 24.13% Was optimally extracted from the
cemented tungsten carbide binder phase whilstrigatie tungsten (WC) hard phase largely
intact. Using the same optimum conditions, an iaseeof leaching time from 10 hrs to 102
hrs (4.2days) yielded a Co extraction of up to 9.6

3. Using optimum leaching conditions, a lactic acicalge of 5% (v/v) enhanced Co dissolution
better than sulphuric acid alone within the firsiechour of leaching time. The lactic acid
complexing agent was more effective in enhancingdSeolution on the cemented tungsten

carbide solid surface than in in the inner cor¢hefsolid mass. The decrease in performance
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on the inner core was attributed to high organid &scosity leading to poor diffusion within

the inner channels of the cemented carbide solgbma

Recovery of WC, Co and W from cemented tungsten carbide secondary material

The purpose of employing selective dissolution offdm the binder phase was to develop and
propose a process route for the production of temgsarbide (WC) powder, Co metal and
scheelite (CaWg) from cemented tungsten carbide scrap metal. dh@afing conclusions were

drawn from the experimental work:

1. Cemented tungsten carbide scrap buttons were légohproduce WC residue and Co (Il)
sulphate leach solution. The recovered WC residedeton was easily disintegrated and

pulverized into WC powder.

2. Unreacted lactic acid can be regenerated from cederarbide leach solutions. A lactic acid
dosage of up to 5% (v/v) can be regenerated a@Geficiency within 2.5 hrs of residence

time.

3. Cemented carbide leach solution can be purified @pgraded using solvent extraction.
Solvent extraction efficiencies of up to 99.98% atdpping efficiencies of up to 99.96%

using Cyanex 272 extractant and sulphuric acidrgssolution are attainable.

4. Electro-recovery of Co from cemented carbide lesalation is possible at a current density
of 175 A/nf and a current efficiency of 91.9%.

5. Precipitative recoveries of W from dilute raffinagelutions as low as 26 ppm is not

attainable. However, W recovery from W concentraiof up to 100-150 gpl is feasible.

Techno-economic evaluation

Based on experimental results, an industrial-spedeess for the recovery of Co and WC from
cemented tungsten carbide secondary material wagnel and simulated. The unit processes
employed in the simulation were leaching, distitlaf precipitation, solvent extraction and

electro-recovery. The following conclusions werawin from the simulation:
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1. The cemented tungsten carbide recycling processosomically viable. However, the issue

of procuring cemented tungsten carbide secondatgrrmbcould be a challenge. This is

because the global tungsten supply chain remaiaguegfor industry outsiders.

From the simulation, the leaching step took thegést time and hence the process bottle
neck. Therefore, to improve the techno-economicghef process, technology to reduce

leaching time is imperative.

10.3 Research Highlights

This section presents findings from the researchkwioat have been rarely reported by other

authors. These findings are:

In the recycling of cemented tungsten carbide sgdmgnmaterial, the focus is mainly on WC
and the other metal constituents are often igndfesvever, this work has demonstrated that
Co metal other than WC is a valuable componenteafiented tungsten carbide that can be
electro-recovered. The Co metal was electro-reeavet a high current efficiency and it

maintained good physical quality and morphologictgrity.

. Most reported recycled WC powders suffer from otimtadegradation. However, this work

demonstrated that the oxygen content in the redyptevders at 3.46% was lower compared

to 7.39% in a known virgin WC powder.

10.4 Contribution to scientific knowledge

This study has added a new dimension to the pateati developing an alternative process

technology for the recycling of binary-phase ceradritingsten carbide and recovery of WC, Co

and residual W. The possible recovery of theseald&iand strategic materials from cemented

tungsten carbide secondary material will resutheachievement of specific outcomes such as:

Contribution of innovative methods and new cemetiegdsten carbide recycling technology
to the intellectual property of the scientific connnity.
Development and provision of a potential cementetysten carbide hardmetal processing

flowsheet.
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* Provision of a fundamental background and vitabinfation to stimulate further study on

the acid leaching of different types of cementadysien carbides.

10.5 Implications of utilizing cemented carbide semdary material
10.5.1 Technical

Through this research, innovative methods of ceetehingsten carbide scrap metal utilization

can be found, thus providing the means of conwgitie scrap into value added products.

10.5.2 Environmental

Through this work, the tailings waste disposal pgobcan be alleviated at the source thus,

providing environmental protection as well as pmyn@source preservation.

10.5.3 Societal

Through this research work, employment creationenxmhomic empowerment can be realized.

10.5.4 Economic

Through this research study, there’s a high felityilof the project being transformed into a
viable commercial venture thus, realizing savingsnf cuts on import and raw material costs.
Secondary tungsten resources have the potentiatdoce, to a considerable extent, South

Africa’s dependence on foreign supply of tungstem materials.

10.6 Recommendations

Although the results obtained in this researchqutoyvere remarkable and encouraging, more
work is necessary to maximize the benefits of recp\of strategic and valuable commodities
from cemented tungsten carbide secondary matéhal following may be considered for future

study:

10.6.1 Recycling of ternary-and quaternary-phase ceented tungsten carbides

The current study has shown that recovery of WC @adconstituents from binary-phase
cemented carbide (WC-6%wt.Co) is feasible. Furitaedies could be extended to ternary-and

guaternary-phase cemented tungsten carbides.
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10.6.2 Cemented carbide grain size

Cemented carbide grain size has an effect on the af distribution channels inside the
cemented tungsten carbide solid mass. The WC gizgnused in the current study was w3

Further studies could be extended to WC grain ssz#side this range in order to evaluate the
effect of grain size on cemented tungsten carbidsotiition characteristics. This would add

valuable information to the cemented tungsten darbecycling database.

10.6.3 Cobalt products

The current study has shown that recovery of Caahfedtm cemented tungsten carbide leach
liquor is feasible. Further studies could be exéehtb investigating the possibility of producing
other products like cobalt sulphate crystals, dobaalate, cobalt hydroxide and cobalt oxide
which are useful in the battery and pigmentatiatustry.

10.6.4 Fabrication of metal alloy tools and compomgs

The current study has demonstrated that WC anda@de recovered from cemented tungsten
carbide using an acid leach process. The recycl€d pdvders and Co recovered from this
recycling process could be evaluated to ascertesm suitability for re-use in the fabrication of

metal alloy wear tools and components.

10.6.5 Galvanic interaction in cemented tungsten daide

The current study showed that Co and W responditbcaenvironments, albeit, differently. In

acidic solutions, the Co metal was found be mota@athan tungsten due to the difference in
their reduction potentials. Tungsten has a higleeluction potential and is therefore more
passive compared to cobalt. Literature has sugddbit synergistic effects due to galvanic
coupling between the Co binder and WC hard phaseleate Co dissolution while hindering
WC dissolution in the hardmetal. Further studiesld¢danvestigate the occurrence of galvanic
interaction between WC and Co in cemented tungstdnides and how it affects the dissolution

behaviour of cemented tungsten carbides in aqusadusons.
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APPENDIX A
SAMPLE CALCULATIONS

% Metal Extraction

The % metal extraction during the leaching of ceteeémcarbide was calculated as a percentage

of the metal in the liquid phase to that in the eatad carbide.

Example

Co Extraction

Basis of calculation:

Cemented carbide buttons weight before leaching 10Gy

% Co content in cemented carbide (SEM analysis) 5.28 wt%

Co molecular weight = 58.93grflol
Calculations

Co content in cemented carbide 10%2?)'28 =528¢g
After Leaching:

Leach liquor volume = 650 mL (650*Faitres)
Coin leach liquor (ICP analysis) = 2900 ppm (29aD*Ypl)
Co content in 650 mL = 160500(;51900000 = 1.89g

.. % Co extraction l'sii*; 9 = 35.7%

Co content in residue-cemented carbide = 5.28-1.89 = 3.39g
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Determination of Activation Energies

Example

From the kinetics experiment, Co dissolution inpbuiric acid was considered to proceed

according to the following reaction:
Co + 0.5Q + H,SO, — CoSQ + H,O

The changing rate in Co dissolution was observedjfferent temperatures, by monitoring the

concentration of Co sulphate (Co§O

* Therate of reactionat any instant of time was determined by measuttregslope of the
curve at that time. This also corresponds to the mef reaction at annstant of
concentration

* From therate of reactionat aninstant of concentration the rates of reaction versus
concentrationswere determined and plotted.

» The slopes from the plots odites of reactionversus concentrationgave the values for the
rate constants k k. and ks as 1.21 x 18s*, 1.47 x10-58 and 1.60 x10s" respectively at
corresponding temperatures Qf 350°C= 323K, 7=70°C=343K and 3= 85°C=358K.

Using the Arrhenius equation previously derivecimapter 5 section 5.3.2 (Chang, 2005; Segal,
1975; Laidler, 1984; Logan, 1982),

E, 11 1
logk, — logk, = 5 303R [Fl—T—Z

And,

logk, = log1.21x1075 = —4.92,
Logk, = log1.47x107> = —4.33,
logks = log1.60x1075 = —4.22.
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At,

T, = 50°C = 323K,
T, = 70°C = 343K,
T, = 82°C = 358K.

Activation energy betweem Bnd Tis calculated as follows:

~433 - (-492) = —= [ - 1|,

2.303x8.314 1323 343

0.59 = 0.052 x E, x 0.0002,
- Ep =56.5kJmol™!
Similarly using above Arrhenius equation forand T we have,

logk; — logk, = i[1 —i],

2303RIlT, T3

And activation energy between dnd Tzis calculated as follows:

Egq 1 1
—4.33 - (-4.22) = 2.303x8.314 [% - ﬁ]’

0.11 = 0.052 * E, * 0.0001,
~ E, = 21.1kJmol™ 1.

Similarly using above Arrhenius equation farand & we have,
logks; — logk, = i[i — i]

2303RIlT; T3l

And activation energy between dnd T is calculated as follows:
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Egq 1 1
—4.22 - (-4.92) = 2.303x8.314 [% " 3580

0.7 = 0.052 x E, * 0.0003,

~ Eq = 44.7kJmol 1.
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Design of Experiments

Main Effect

An effect is the difference in response averagatdhe applicable to the levels of a factor. The
effect of factorA on the response can be obtained by taking therdiite between the average

response wheaA is high and the average response whes low.

Effect of factor A = Average responsefatigh — Average response Atjow

Example
Replicate 1 Table C2

Average response at iy, is given by averaging the results obtained bying experiments 2,
4,6, 8, 10, 12, 14 and 16, and average respomsg,atby averaging the results obtained from
running experiments 1, 3,5, 7, 9, 11, 13 and 15.

Average extractions at Aigh = (10.3 +14.0 + 16.2 + 20.3 + 12.0 + 11.7 + 13.0 + 18.1)/
8 =14.45

Average extractions at Ay = (11.7 +13.5+ 164+ 18.0+ 114+ 13.4+ 178+ 17.3)/8 =
14.94
Difference =14.45 — 14.94 = —0.49

.. Effect of factor A =—0.49

Effect of factor A is also referred to as a maifeetf.

Interaction Effect

An interaction is a cross product of two or moretdas. The net sign of the interaction is also a
cross product of the individual signs of the fastdrhe identity of an interaction comes from the
identity of the individual factors involved in tloeoss product. A cross product of facforand

factorB yields a two factor interactiofB.
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An interactive effect is the difference in respoaserages that are applicable to the levels of the
interaction. The interactive effect of interactidB on the response can be obtained by taking
the difference between the average response WiBers high and the average response when

AB is low.

Effect of interaction AB = Average response at fjs— Average response at AR

Example

Replicate 1 Table C2

Average response at ARy, is given by averaging the results obtained by experiments
2, 4,6, 8, 10, 12, 14 and 16, and average respand8 o, by averaging the results obtained
from running experiments 1, 3, 5, 7, 9, 11, 13 45d

Average response at An = (11.7 + 14.0 + 16.4 + 20.3 + 114 + 11.7 + 17.8 + 18.1) /8 =
15.18

Average response at Agy = (10.3+ 13.5+16.2+ 18.0+12.0+ 13.4+ 13.0+ 17.3)/8 =
14.21

Difference =15.18 — 14.21 = 0.97

.. Effect of interaction AB $©.97

Applying the same approach as above to the resteofactorial design in replicate 1 Table C2
the main and interactive effects are calculated @mahged in ascending order of magnitude as

shown in Table Al.

Table A1 Main and interactive effects

Order 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number

Effect -0.77 -0.74 -0.70 -0.60 -0.49 -0.46 -0.16 -0.01 50.3] 0.40 0.91 0.97 1.05 2.14

=

Identity AD ACD D BD A CD ABD AC BCD BC ABCD AB ABC B

of effect
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Normal probability plots

Normal probability plots are a plot of probabiliB= 100(i —%)/15 fori=1,2,3,4,.m

wherem = the number of effects under consideration, eloly the average, on the y-axis

against effects ifable Al on the x-axis.

Computing P = 100(i—%))/15 fori=1,2,3,4,..15 and adding the obtained values to

Table Al gives the effects for normal probability plots &swn inTable A2.

Table A2 Normal probability plots
Order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number
i
Effect -0.77 -0.74 -0.70 -0.60 -0.49 -0.44 -0.16 -0.01 50.3| 0.40 0.91 0.97 1.05| 2.19 | 4.91

Identity AD ACD D BD A CD ABD AC BCD BC ABCD AB ABC B C

of effect
P=100(i- 3.3 10 16.7 23.3 30.0 36.7 43.3 50.0 567 63.3 70.076.7 83.3 90.0| 96.7

1/2)/15

Modeling the significant effects for extraction prealiction

Beginning with effects with magnitudes close toozdr3 of the estimates fit reasonably well on a
straight line. Those correspondingBoandC do not fit on the straight line. It can therefde
concluded that the effects B and C are not eag{ijased as chance occurrences. This suggests
that all effects with the exception of the averag&action 14.68, B= 2.19 and C = 4.91 can be

explained by noise.

Therefore Extraction,Y = Y + (g) Xp + (g) X
Where,Y represents the average of all the data for the (Ue. average of all extractions) and

Xgand X are the predictor variables (i.e. +1 or -1), B @ndre effects.

The coefficients that appear in the equations afé the calculated effects because a change

from x = -1 to x = +1 is a change of two units @dhe x-axis.
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Therefore,

Predicted extraction,

Y = 1468 + 22 Xp + == X,

= 14.68 + 1.09X + 2.45X,

The predicted extraction is calculated by substitutan appropriate predictor variable in a

particular run.

Example

Replicate 1 Table C2

In runl, the predictor variables arg X -1, Xc = -1
Predicted extraction £4.68 — 1.09 — 2.45 = 11.14%

The positive signs of the variables of the predittmodel equation indicate that in order to
maximize the acid leaching of CFA, these factorstne kept in high levels.

Residual
This is the difference between the actual extractiod the predicted extraction for each run.
Example

Replicate 1 Table C2

Actual extraction = 11.7, predicted extraction =1¥1

Residual =11.7 — 11.14 = 0.56
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Electrodeposition Procedure using Potentiostat 2088nd Nova 2.1.3 Software
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File Edit View Measurement Help
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Al&hemi
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File Edit View Measurement Help

Al&hemi
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