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Preface

Globally, e-waste is the most raded hazardous wasie on the planet.

This book provides an up-to-date review of recyeling technology of electronic
waste (e-waste} and waste printed circuit boards (WPCEs), which are rich in base
and precious metals, and the essential component of end-of-life (EoL) electrical and
clectromic equipment (EEE). From the economic and environmental perspectives,
the efficient recveling of WPCBs is of great imporiance. For the extruction of metals
from WPCBs, a large amount of research siudy has been done to establish an
environmentally fmendly and economic way 1 recover metals from WPCBs based
on physico-mechanical, pyrometallurgical, and hydrometallurgical processes.

Mowsdays, population increases, rapid economie growths, echnobogical inmova-
tions, living standard improvemenis, shortened lite spans of EEE, and consumer
attinide changes have resulted in significant increases in the amount of wasie
electrical and electronic equipment (WEEE) that needs to be safely managed,
which contains a considerable amount of metal resource with higher metal contents
than found in primary ores, The handling of e-waste, including combustion in
incinerators, disposing in landfill, or exporting overseas, is no longer permitied
due 1o environmental pollution amd global legislatons, The WPCE 15 oot only a
dangerous toxic wasic but st the same time a rich secondary resource for
polymetallic and oonmetalle: maenals, Developing new, clean, and economical
technologics for recycling of WHCBs is a significant challenge. Processing of the
waste should both optimize recovery of metals and nonmetals and minimize final
waste volume and processing cmissions.

This book deals with the outline of e-waste problem; its diverse categonies,
composition, and management; and vamous recycling processes especially the
green eco-friendly ones with unigue atention wward extraction of both valuable
metals and cheap nonmetals. Here, various WHPCH treatment methods and WHPCH
recyeling fechnigues, which can be classified into conventional and advanced
recveling wehnodogies, are comprehensively revised omd analveed based on their
advantages and disadvantages. At present. there are a lod of technigques of recycling

v
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WPCBs in the world. Researchers have proposed many methods, including
physico-mechanical  separation, pyrometallurgical  method,  hydrometallurgical
processing, biotechnology, microwave treatment, supercritical foid technology,
ete., i recyele WRCES from different point of view. However, physico-mechanical
proceszing + hydrmometallurgical processing is still the most competitive technology
for WPCB recyeling, and it will be the most commonly used technology o recycle
WPCHs globally, This book al=o indicates the future research direction of WHRCE
recyeling should focus on a combination of several technigues or in series recycling
I masamize the benefits of process,

Keywords: Electronic waste (e-waste); WEEE: Printed circuit boards, Recyeling
technigues; Pyromeallurgy; Hydrometallurgy: Mechanial separation; Precious
metals cxtractions; Base metal extraction

Eskisehir, Turkey Muammer Kaya



Introduction

Twentieth-Century 'Waste AMunagement Policy

“How diov we zea vicl of our waste efficiently with minimum dansige w0 pablic keahh and
the environment ™

Tweny-Firs-Ceniury Resource Maragemeni: Circular Ecomomy Podicy

“Haw dio we handle our ducarded resources inoways which do mol deprive Tutune
generations of some, i mot all, of their value™”

The Green and Circular Economy (GCE) Inttiative, set up by the United Mations
Environiment Programme {LINEP}), spearheads the transformations needed o create a
viable Tuture for generations toocomse, s am s 0 shape an economy “that resulis m
improved human weel-being and social equity, while significantly reducing envi-
ronmental risks and ecological scorcities, In ps simphest expession, o green economy
can be thought of as one which is low carbon, resource efficient and socially
melusive”, The circular economy (CE) comcept was developed as a sirategy for
reducing the demand of its economy upon natural resources, as well as for mitigating
environmental damage, It refers w reducing, reusing, and recyeling (3Rs) activities
conducted in the pmocess of prodection, circulation, and consumption. The CE
approach w efficient resource use integrates cleaner production and industrial
coology in broader systems. The production and use of metals play a crucial role
in creating that future economy. According 1o the Green Economy Initiative Bepor,
the muin =ources of fulure economie development and growth will be renewable
cnergy  technologics, resource- and energy-cfficient buildings and  eguipmend,
low-corbon public transpor systems, infrastructure for fuel-efficient ond clean-
encrgy vehicles, and waste management and recycling facilities. All of these rely
heavily om metals, Metals wathin prodocts are selected w Tulfill specific functions.,
The incressing complexity of this functional demand hes led o the wse of an
increasing number of elements, Mealfelement use intensity in products increased
significantly in the twenticth century. Metals are used as chemical compounds, as
components in alloys, or in some cases as pure metal, Global metal needs will
incresss three o nine tmes than all the metal used in the world today., The growth of
demand for some metals is much faster than the others. There is an accelernted
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demand for and potential scarcity of some elements and resources. As a global
demand For many metals continues 1 rise, more low-gquality ores are mined, leading
o an overnl] decrense in ore grades, Recyeling is in fact one of the most immediate,
tangible, and bow-cost invesiments available for decoupling economic growth from
environmental degradation and escalating resource use |1, This is one of the main
reasons for writing this hook.

The development of the ekectronic industry 15 associated with an increpsed
demand on metals, especially more preciows metals (PMs) and more scarcefrare
metals, and leads w mereased growth of WEEE. The demand of EEE hos increased
dramatically with the rapid advancement in information and communication iech-
nobogy (ICT) Draste moovations on the elecineal and ebectronic wechnologies
turther shorened the life and thus enhanced the generation of waste from WEEE.
E-waste consists of WEEEs or goods which are not fit for their onginally intended
use. Half of the e-waste i= coming from elecirical appliances and the rest from
electronic goods [2], There are four main sources of e-waste: smalllarge home
apphionces, hospital medical equipment, office mochines (ICT and ebecom equip-
ment}, and industrial eguipmentfmachines. Consumer and lighting equipment, elec-
trical and electronie ools, enteramment devices, wys and spods equipment, ol
maonitoring and controlling equipment are also imporant source of c-wasie. In the
last three decades, ICT restructures societies and economies, EEE= can become
c-wiste due o rapid advancement in technology; development in society; change
in stybe, fashion, and status; greater demands on EEE: nearing the end of their useful
life span. and not taking precaution whike handling them. The replacement of EEE
becomes more frequent, which resulis in large quantities of e-waste that need o be
disposed [3]. E-waste covers a wide range of compositions depending on s
respurces, processing, amd management procedures, According 1o the Association
of Plastics Manufacturers in Europe (APME], the material composition of EEE is
A% fermmous metal, 28% nonferrous metal, [9% plastics, 4% glass, 1% wood, and
105 others [4], E-waste processing and homdling covse immediote impacts on the
cnvironment and human health.

EEE contains o range of components made of o wide vamation of metals, plastis,
and other substunces, Modem electronics can contain up o 80 different elements;
many are valuable (precious metals (Au, Ag, Pd, Pr, Bu, Rh, and Ir), special metals
(Co. In and 5b) (5Ms), and base metals (Cu and Snj (BMs)). some are hazardous
{halogens, Hg amd Cd), and some are both (PR [3]. Mobile phopes contain more
than 40 elements [1]. The most complex mix of substances is usually present in
FCBa. Metal fraction (MF) constitutes the most valuable and easiest-to-recyvele
materials from WEEE, There are ample capocities and markets avarlable for recyeled
metals. Current recycling processes are capahle of recovering <%5% of the in-feed
metals, Addionally, the presence of PM: mokes e-woste recycling aliractive eco-
nomically. & major challenge for metal recovery is the heterogencity and complexity
of WPCBs, which imcludes metal diversity and their beration, Generally, WHPCEB
recyeling process involves soring, dissssembly, upgrading, and refining. Disassem-
bly is used for separation of target electronic components (ECs), particularly metals,
from their organic substance. Upgrading  includes  physico-mechanical,



Imireclucting xi

prrometallurgical, and hydrometallurgical trepiments, Befining i= a finad step o get
high-purity metals, Despite all legislative efforts o establish  recyvele  and
environment-friendly waste management efforis, the majority of resources today
are lost. Several causes can be wlentified as follows: first, insufficient collection
efforts; second, partly inappropriate recycling technologies; and third, and above all,
large and often illegal expons of waste inie regions with no or inappropriaie
recveling imfrastructures i ploce. Large emissions of haeandous substances are
associated with this.

Exther WHPCEB can be dinectly treated, which includes land 611 and incineration, or
the recyeling of WPCE by various kinds of technologics is also an aliemative.
Compared wo direct treptments, recyeling = more Tavorable due to both environmen-
tal and economic consideration given the enrchment of materals in WPCB. It is
regarded as a secondary resource since the concemration of PMs and organic resins/
polymers in WPCH is normally ten times higher than rich nonrenewable (sometimes
even hundred times higher). Therefore, recyeling is ot simply a reduction of waste
but o rewse of resources with beter economic feasibiliny and bess environmenital
impact [6].

The three e-woste recycling technigues that ome most commonly vsed are chem-
ical, metallurgical, and physical processes. Chemical recyeling methods include
prrolysis, posifcation, combustion, supereritcal  DQuid  depolymenzation,  amd
hydrogenolytic degradation. However, the acids and gases produced during hydro-
metallurgical and  pyrometallurgical  technigques  make them  unsuitable  for
coo-friendly recycling (green technology ). The phy=sical and mechanical recycling
technigues, which are easier to perform and are more friendly 1o the environment, do
not wse any chemicals and eliminate also the problems of secondary pollution.
Among these techniques, the mechanical processing of WPCBs is a recycling
technigue that may involve comminution, size separation, magnetic separmtion, air
classification, density scparation, and electrostatic separation o conceniraie metals,
being an acceptable economically and environmental option, These technigues foces
on scparsting the metallic fractions {(MF) from the nonmetallic fractions (MMF)
based on the differences m the inirnse propertes of mealbc ond sonmeallic
components such as density, size, elecincal conductivity, response io magnetic
field, surface properties, et

In this book, vanous WPCH tresptment methods and WPCE recycling technigues.
which can be classified into conventional recycling technologies (i.e., direct ireat-
ment (landfill and incineration) and physico-mechanical separation) and advanced
recycling technologies (.e., pyrometallurgy, hydrometallurgy, biometallurgy, elec-
trometallurgy, vacoum metallurgy, supercateal Suids, ol recovery of nonmetallic
fraction (MNMF), ctc.), are comprehensively reviewed and analyzed based on their
advantages and disadvamtages Trom indusinal applicaton point of view, Unforuo-
naicly, despiie the fact that many effons o develop recyeling technologics have been
endeavored, these echnologies are sull rather exclusive and insdequate because of
the intricacy of the c-waste system. Hence, the demerits of cach process ane debated
and discussed from the viewpoint of technical advancement and environmental
profection. Also, industnal application possibilities (e, commercial extent) and
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the recycling technigue evaluation critena are discussed including economic, envi-
ronmental, and marketabiliny point of views,

Recveling has long been known to be an environmentally friendly sirategy and an
appropriate way o manage WEEE sireams, The proper technologies w recycle
metals and nonmetals from e-waste without negative effects to the environment
and human healih are urgent and essential. The diverse types of secondary resources
recyveled from WEEE con potentially reploce an equivalent quaminy of materals that
would otherwise need 0 be produced from primary resources. Moreover, with the
development of eco-design, extendedfndividual producer responsibiliny (EPE) sys-
tem, and sustainable supply chain management, resources and  components
comtained in WEEE are hikely o be wsed i the electromics indusiry, forming a
closed-loop system of resource supply. Theretore, it 15 possible o achieve seli-
sufficiency of respurces in the electronics indusiry using secondary resources
recveled from WEEE. E-waste recycling can effectively provide a solution to the
new poem of resource consteaint faced in the world [7].

Recveling s prmanly an economic indusimial activity with o strong environmsen-
tal and social implication. Metal recycling is increasingly promoted as an effective
winy o sddress resource scorcily and miligate environmental impacts associated with
metil production and use; but, there is lilthe systemic information available regarding
recveling performance and sl Jess on the true recyeling mates that are possible amd
how 1o do betier considering the sysicm in its iodality. The development of the
recyvcling technologies for WEEE has entered a new stage. The WEEE disposing
technologies have evolved from simple disassembly, classification, and soring to
high value-added wiilization technologies, Among all these WEEE, WPCBs are
considered ns the most valuable components due to PM contmined. Previous studies
found that the presence of PMs are richer in WPCBs than in ivpical metal mines,
which are driven recycling PMs from WPCBs to a profitable business without proper
pollution conirols in developing countrics. However, recovering Phs from WHPCBs
15 i challenge because WPCEB= are both valuable and hormiful simulianeously, which
are caused by their complex materials makeup. Hence, the proper techrologices o
recyvele metals from WPCBs without negative elfects o the environment and human
heealth are urgent and essential.

I this book, the revised and discussed technobogies are current, state-of-the-ar,
and best available technologies (BAT) that are currently used in the e-wasie/'WPCH
recyveling indusiry, Then, the integrated technological Aowsheets, including MFs and
MNMFs ennchment and PM recovery which are WPCB technigues, are put foreard.
Recycling iransforms WEEE into a resource allowing the recovery and reuse of the
metallic amd nonmetalbic components and mitgating the environmental impacis
This book reveals opgortunities for research and policy 1o reduce the nsks from
accumulating e-waste and melfective reeveling,

In Chap. |, the definitions, compositions, and classifications of e-wasies are
desenbed, In Chap, 2, PCB structures, charactenstcs, sources, and assembly struc-
ture, methods of fastening ECs and joining ECs in PCBs, and solders, soldering
methods, and desobdering are covered. Chapier 3 covers WPCB recyveling chain and
treatment options, dismantling, size reduction, and separation and punfication pro-
cesses. In Chap, 4, dismantling, desoldering, sensing, and active disassembly
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systems are extensively covered. Chapler 5 contains traditeonal and advanced WHPCH
recvcling technologies. The separation of metals from e-waste using physico-
mechanical processing and  hydrometallurgical and pyrometallurgical rowtes 15
critically analyzed, Pyrometallurgical moutes are comparatively economical and
cco-efficient if the hazardous emissions are controlled. In industrial e-waste
recyeling, cumrently, pyrometallurgical routes are used initially for the segregation
and wpgrading of PMs (A and Ag) ot BMs (Cu, Pb, and Ni) followed by
hydrometallurgical and electrometallurgical processing for the recovery of pure
BMs and PMs, But, hydrometallurgy 15 a promisng treatment due toos low capital
cost, high selectivity, and lower environmental impact. Chapter 6§ involves WPCH
sie reduetion and clesihcaron equipment, In Chap. 7, physical properses of
WEEE are given. WPCB sorting and sepamtion technologies and eguipment are
covered. In Chap, &, current industrial-scale e-waste™WPCB recyeling lines are
included. Chapter 9 invelves recycling of NMF technologies from WPCHs. In
Chap. 10, state-of-the-art hydrometallurgical recovery of metals is covered. This
book emphasizes the recyeling of WPCBs by physico-mechanical omd hydrometal-
lurgical treatments. Chapier 11 comprises hydrometallurgical recovery of critical
REEs and special metals from WEEE. In Chap, 12, the perspectives of WHPCB
recyeling are exiensively covered. Finally, conclusions are given in tabulated form in
Chag. 13.

To develop a clean and cnvironmeni-fricndly  green iechnology for resource
recovery from WHCBs as soon as possible is not only o raise the utilization rate
of natural resources bui also 0 reduce pollution, o protect environment, and o
achieve energy saving and emission reduction. Therefore, this work is of great
significance for nationa advaniages, and ab the same tme, it can bring economic
benefits 1o the enterprise.
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Chapter 1 ' @'
E-Waste and E-Waste Recycling S

“We de mot faherir tee Bttt fromw ome ancexiors; we borrow i
Jram aer efeildren,
~Mative American Priverh

Abstract This chapier introduces the definition, classification, and fundamentals of
e-waste, which is the fastest growing waste stresin in the workd and grows three fimes
fuster than the municipal waste. Significance and charecteristics of waste electrical and
ekectronic equipment (WEEE) and e-waste, which contain both valuable inorganic!
organic materials and hazardows substances, are clanfied. Harmitul effects ol oxic
material and possible adverse healih effects are covered. History and cormersiones of
e-wpsle problem and recyehing are reviewed, Representative sample preparation,
sampling, and analysis for e-wasie are described. Lifecycle of electronics and
e-waste mansgement hieromchy are given, Life cycle assessment and Iife cyele man-
agement principhes, steps, and iools are defined. Objectives of wasie printed circwit
board (WPCB) amnd e-waste recveling opportunities are presented. General driving
torces, concems, and challenges for e-wasie processing ane expressed. E-woaste
recycling profects environment, saves energy, amd conserves resources.

Keywords E-waste - WEEE - EEE - WPCEs - Recvele - Reduce - Reuse

1.1 Definition and Classification of E-Waste

There is no standard definition for WEEE or e-waste. They comprise various fonms
of EEE that have no value o their owners, Any howsehold or business ilem with
circuitry or electricalfclecironic components with power or battery supply is defined
EEE sccording w Solving the E-Waste Problem (SIEP) Inivative White Paper, The
reporied definitions of e-waste in literature are described below:

0 The Minerals, Merals & Maerials Sochery 201% |
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hirpscitdod ongs 10, JOOTATE-2-030-26543-9_]
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Fig. 1.1 EEE ia e-wasie with reuse flow

Evropean WEEE Directive: “Electrical or electronic equipment which is waste. . .
including all components, sub-assemblies and consumables, which are part of the
product af the time of discording.” WEEE or e-waste 15 divided into ten categories
based on European WEEE directives [1. 2.

Basel Action Metwork: “E-waste encompasses o broad and growing ronge of elec-
tronic devices ranging from large houschold devices such as refrigerators, air
conditioners, cell phones, personal stereos, and consumer elecironis © com-
puicrs which have been discarded by their users.” [3]

SIEP: “E-waste 15 o term used w cover items of all types of EEE and s parts that
have been discarded by the owner as wasic without the intention of reuse.” [4]

Figure 1.1 shows the EEE o e-waste with reuse Qow, Delinitions of the temms i
Fig. [.1 are given in Tabbe 1.1,

1.2 Fundamentals of E-Waste and E-Waste Recycling

It i= cssential o understand the fundamenial issues undedying e-wasie and s
recyveling, These are independent of the recyeled motenal, the device, and recyeling
location or region and address the:

= Bignificomce of e-waste Tor resource momagement and ioxie control
*  Cheneral sinecture, main sieps, and interfaces of recycling chain

*  Objectives o achieve

*  Ceneral frame conditions, which impact process selection



1.} Fundamentals of BE-Waste and E-Wisie Recveling i

Tahle 1.1 Defniion of the terms in Fig. 1.1

Mamifscture | The pﬁ;].u: af the EEE prodluct lifecyvels where in s manufacoared

Ciscaird | The decision by the owser o discard or not discard produce.
Discarding midicates il becomes e-wiaste, whereas il discanding
| ardl routing v rewse indicate i is nol wosie

Reisse Rewsse of EEE or is comgonents is tocontinue the wse of it for the
same purpase for which it was conceived. beyond the point ot
which s specifications fail o mesi the requirements of the
cumenl ower and the owner his assed wse of the product.
Proclucts coulid be donated as charity or treated before or in this

| phase
Preparalim for neuse by Preparalion [or reuse comprises any aperalion performed 1o bring
repairrefurbishing wsed EEE ar s components inss 8 condition o meet the
2 W __| mequirements of the mext poential owner . s
Riecycle The pliase of the prodluct Eleevele whene doe po lack of func-

tiomality, cosmetic candition, or nge the product is broken down
inpe component meerials and recvcled inte raw maenials for use
in the manufaciure of new EEE or other producis. Wasie-in
malerial and weste-to-prochuct ore kinds of recycling

Dispasal Materzl that camnol be recychad mbo rw materials for s in
manafacture of mew EEE or alther products would need o be
disposed of wsing oiher meihods, sach ns erergy recovery (wisie-
teenergy ) or kandfill, Tens thal are disposed of an heasehald ban
may e directly in this phase svokling any oppomumity af

| e of reoveling

1.2.1  Significance and Characteristics of WEEE and E-Waste
Recycling (Amounis and Compositions)

E-waste is one of the fasiest growing waste streams in the world, and it has been
estimated that these tems already constitute about 8% of municipal woste [5], There-
fore, e-waste represents a rapidly growing disposal problem worldwide, According
i the United Mations University Instituce for the Advances Sudy of Sustainability
{UNI-IAS), the Global E-Waste Monitor Beport, 4 1.8 Mt e-waste was produced, and
arpund 6.5 M of e-waste was reported as formally rreated by national take-back
systems in the world in 2004 [6]. 1t is expected that the amount of e-waste will reach
49,8 Muin 2018, In 2014, average e-waste generated per inhabitant was 5.9 kg in the
world, The rate of e-waste generalion 15 increasing by 0% every vear [7], Most of
the e-waste was generated in Asia: 16 Mi in 2004, This was 3.7 kg for cach
inhabitant, The highest per inhabitamt e-waste quantity (15.6 kg inh. ") was gener-
ated in Europe, The whole region {including Bussia) gencrated |16 M The lowes:
quamtiny of e-woste was generated 0 Oceonia and was 006 ML However, the per
inhabitant amount was nearly as high as Europe’s (15.2 kg inh. "), The lowest
amount of e-waste per inhabitant was generated in Africa, where only 1.7 kg inh, '
wis genersted in 2004, The whole continent generated 1.9 Mt of e-wasie, The
Americas generated 11,7 Mt of e-wasie, which represented 12.2 kg inh.™' [6]. In
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Eurcpe, e-waste is generated with a resultant increase by 16-28% every 5 years.
E-waste amount is 3-30 kg per person per vear and grows at three times Faster than
the municipal waste [5—10]. In the world, most of WEEES are landfilled, incinerated,
or recovered withour pretreatment [11]. Due w the globally increased sales, the
manufucturing of EEE i= o major demand sector for PMs (gold (Au). silver (Ag), and
platinum group (PGM) and specialfscarcedoritical metals (5Ms) (selenium {Se),
tellumum (Ted, bizmoth (Bi), omtimony (5b), and indivm (Ind) with a strong further
growth potential [12]. Actually, afier the use phase, the WEEE could be utilized as
an imporiant source W recover these “trace elements.” [13]

Mctal resources according to minimum availability can be roughly divided into
thres colegories: very scomce, scarce, and less scarce, IF the mimimum avadlabiliny of a
metal {i.e., life expectancy ) is less than 20 vears, it is very scarce; bebween 20 and
M vears, it is scarce; and more than M) vears, it is kess scarce, Ag, Au, b, Zn, As, 5n,
P, Zr. and Cd are very scarce medals; Hg, Cu, Mn, Mi. Mo, Bi, Nb, and Y are scarce
metals; and Ta, Co, Ti, Be, Li, PGM, ¥, and Cr are less scarce merals [14], Some
metals are cotical and scarce inomost of the countres. Metal cocaliny 15 nod m e
with the ranking of metal scarcity. It indicates that criticality is a very regional
indicator and 15 at the some e highly related wothe economy status, sruciune,
and government policies [14]. Metal scarcity is a reality requiring long-term aticn-
Doz, With this comeem, recyeling of metals should be brosdened, and the straegy of
WEEE management or ireatment needs o be emphasized. WEEE and WPRBCs
contain ot of valuable resources together with plenty of heavy metals and hazard-
ous materials, which are considered both an sttractive polymetallic secondary
source, referred 10 as “orban mines,” and an environmental contaminant, Therefore,
recyele of valuable metallic andfor nonmetallic matenals from them is necessary and
compulzory in many developeddeveloping countries. Metal recycling business is
very locrative. In the 1980s, 11 elements and in the 1990 15 elemenis were used in
ICT circuitry. Afier the 20005, EEEs include around &0 valuable elements found in
the penodic wble (Fig, 1.23 [10].

Tahbe 1.2 shows some of the nonhazardous and hazardows {toxic/poisonous!
harmiuly substance in WEEE. Some of them are harmbess, and the others have
possible adverse effects o the human health. Common pollutants generated from
WPCB treatment or recyeling include heavy metals, secondary pariculatesfemis-
sioms, and plastic additives, which are considered s obstacles to WPCHB recyeling.
For useful metals the occurrence of certain impurities can be detrimental and reduce
recyveling values, Certain concentrations of impuritics can be tolerated. Electronic
products use a staggering 320 0of Au {i.e,, about 11% of world Au production} and
more than 7500 0 of Ag annueally worldwide [16]. A quarter of the annoeal global Co
production is destined for digital devices — 0.96—1.12% in PCBs. Hg is used in
relays, switches, batteres, guid crystal disploys (LCDs), omd gas dischorge lamps
{i.c., fluorecscent tubes in scanmers and photocopiers). Yearly, about 22% of the Hg
produced in the world 15 osed inelectronie industry; but, 15 vse inonew EEEs 15
resiricted by the Resiriction of Harardous Subsiances (RoHS5) in the
ELL Rechargeable batteries contain Ph, Cd, Li, and Mi, OId TVs, personal compurers
{PC=), and cathode ray tubes (CET=) contain Ph in cone glass. Ba in eleciron gun
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Flg, 1.2 Growth of sechnology metals wsed in BOT cironioy [15]

getter, and Cd in phosphors, PCBs have Ph, Sn, and 5b in solder; and Cd and Be are
fownd in switches, Polyvinvlchbonde (PVC) and brominated frame  netandants
{BFR=) are main components of plastics. Cr*™" are found in data types and foppy
dizes. Condensers and transformers contain polychlorinated biphenyls (PBBs),
Chloroflusrocarbon (CFC) can be found in cooling units and insulation foams,
Americium (Am) can be found in smoke detectors. LCDs include liguid crysials
embedded between thin lavers of gles and electncal control elements, Liguid
crystals are mixture of [0-X0 substances which belong o the groups of substituted
phenyl cvelohesanes, alkylbencens, and cyclohesylbenzenes, These substances
contain (0, F, H, and C and are suspecicd to be hazardous. Due to risk of ignition
during soldering of ECs on PCB or impact with electoc current, the PCB matnx 15
oficn a4 bromine (Bri-contzining, fire retarded mainix likely o contain 5% of
Br. Fire retordance con be attaned either vsing additive or resctive fire retardance,
BFRs generate polvbrominmied dibenzo-p-dioxins (FBDD) and polybrominasted
dibenzofurans (FEDF) at a moderate heating. Now, in new EEEs, PVC, BFR, and
©r™ are limited by RoHS. and there are many substitutes for hazardous substances.
E-waste recycling is more than just reducing the waste mountain and prevents the
contamination of environment.
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Tahle 1.2 Some of the hazandons and nseful elememschemical sobstinces comainsd in WEEES

EEE
Harandous malerial tharmfuld | Materials and componenis Prssible adverse health effects
i) usage in EEE
Lesd (PhNPHY Salcler om PCBs, CRT Wanmiting, diarrhea, conval-
Phs TVsimonitors (Fb in glass], SIS, (NEmil, CNna or even
| Ph-pcid bamery, paskel in deanh. appetine loss, abdeiminl
mnuilons, light bulbs, Huomes- | pain, comstipation, langee,
cent uhes, cabling, solar batse- | sleeplessress, imitnhility, skin
rice, and phosecelis damage, and headache,
Damage 1o the central amd
peripheml nervous sysiems,
bloand swstemes, aned reprsduc-
tive sysbermn amd kidney dam-
age. Gasirie and disodensl
ulcirs, AlTects brain develop-
Mercury (Hg) Fluoreseent ishes, il swisches, | Brain, kidney, and cencral
| iml soreen swibches, some mervines sysiem effects and
alkaline bateries, swilches, liver chronic damage. Chuses
PCBs, sensors, relays, therma- | aremer. Bespiralory amd skin
stats, medical equipment, daoa | disomders dwse o
transmission, wlecommunica- | bloaccumulaton in fishes
T, enohile phaones, flat
screens, themmoestal, LCD, CRT
Chromium 100" ) Crata 1apes, floppy discs, metal | Highly weaie. Homan carcino-

(P ommosmn progeclion of
unareated arad golvamized
atecl plaes or hardener for
steel housing)

Chowsings, axndalive siness

e, IMpRCts an neonales,
reprocluctive ond endocrine
fumctbons, lirisating 1o the
eves, skin, and mucous mem-
branes, Asthmatic bronchitis,
DA damage. Delect in
meumidevelopment. Mubiple
organ failune

Barmnn (Ba) and stroaliunm
(5r)

CGemers m CRT, funned glass

Brain swelling, muscle wiak-
mess, damage 1o the heart,
liwer. and spleen

Micke] (M) and cadmam
(Cd)

Ml rechargeable hatleries,
coincis mnd switches, funres-
cent layer (CRT screens),
primier ink and toners, SMI
chip resistors, IR dessoinrs,
semicmducions, pire, PCBs

Highly baoboxic arsl
hicaccumulnizon in the envi-
ronimenl. Symproms of pol-
soming (weakness, fever,
headeche, chills, sweating,
arwl musche pamn], lung cancer,
arl Eidney damage. Increased
risk of cardiowascubar disease,
rreurlagical delicis, and
developmenial deficiis in
childhood and high Blood
pressure. Eespirmony system,
b prodilern, and defecis in
meuridevelopment of fetus
Toxic on humin health.
Agcamalares inthe kidney ad
liver. Causes meural damagze.
Temgenic

{comirnued |
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Tahle 1.2 {continued)

Arsenic (A1 and galliam
{(Ga)

Copper {Ca) andd Cul}

Giallivm arsenbde in light-
emilting dindes (LED=], laser,
phaiadtunnel diodes

| Wires, cables PCBs, coils,
dindies

Skin diseases, decrease nerve
conduction velocity, lumg and
blndcler cancer, Affeci bremhb-
g, cardwryasalar diseses,
Liver and renal disesse. (Gas-
rolmtestival disturbances,
Carcinogenic

Copperiedus

Arnericivm {Amm)
{Radivactive spance

Smake alarm detectors

Badivactive element

Ancimoy (Shi

Bervllium (Bel, Cu-Be
alloys, Bel) ceramics

Indlimim (Inp

Belenium | Se)

Bromside {Br} {HBr}

Barmm (B

Flame retardams in plastics,
CRT glass, alloying element.
| phoiocells (ATO)
Mahefwoards, commedclons, heal
| sinks, poacer supply hoxes

LCTy display uniis {irdimim tin
e ([T (90 Inz0,+ 1065
Snid:), chips, white LEDs,
thin film PA cells, InCuals in
LEDs
[DRcudies, transasiors, semicon-
dusciors, s (lna0s, Culln,
| Galse, 10 (Inl*)
Diades, ebectra-aptic, photo-
capy machines, solar cells,
sepmiconduchoes

' Flame retardand in plistics
(BFR)

. Sparkplugs. Auorescem lamps,
and CRT gurers in vacuam
lshes (2-9% Ba)

Carcinogenic pownial

Alfects orgins wuch s the

liver, kidneys, hearl. nerous
system, and lymphatic sysiem,
Carcinogenic (lung cancer].
Iefinlaiion of furmnes and dwsi
caisss chranie berylliosis.
Bkin dsease such as warls
Taking in by moarib mighi
resales in damage s the kid-
mey, heart, liver, and other
orgins, Brembing in indism
might mrline the lungs.
Applying In i the skin might
causs skin brtatkon

Crasstroanbestinal disoeder, bair
boss, shoughing of nail, fatigue,
irritability. and senmbogical
[risnupts chyrold furscion,
incresses risk of pretenmn birh
arad hirth defects, slaw neul
amd cognitive development,
DA damages, carcinogenic
parbeiial, e s kidney,
bearing loas, skin disonder
Causes brain swelling, muscle
weaknesaiwinching. damage
Ly Tz hearl, liver, amd sphecn
thoaigh shosi-semm exposure.
Low blod poassiom, respi-
ratory failure, dyvsfumction
puralysis, high blocd pressure

{eomiimuel )
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Lithimm (L33 and cobale (Ca)

Finc 14

Phisphars (P

.E'.I;Inréli.lum.
(CFCIHCFCs)

Palychlorinated hiphenyls
(FCE)

PEDE= PEBs: PEOINTS:
P =

Palyvinybchloride (PYVC)

I,2-Ethanedial

LEON (23-23% LI, 2-3% Co,
MeCd, MibH rechargeable bat-
teries (Smdo, MdFeB), LiPF,
electrody e, LiCol);, CETs, and
PCBs

|CRTs (30-35%), metal coat-
| imgs, batleries. Pitingfzalva-
| nizing for steel parts

CRT

 Cocling units, insulation foams

| Condensers, sransformers,
obdier capacitors, beal ramsler
Auicls

| Flame retardarts in plastics.
PCBs, plastic housings, key-

{ boards. and cable insulation
Insalation for cables, plostic
pants, comgiier housings and

ITRHLIlES

Al elecirelytic capacisor (AEC)
| elecirolyte primary solvent or
wldilive

Mansea, dissrhen, dizviness,
muscle weakness, fatigoe, amd
a dazexd feeling, Fine tremor,
Triguent urination. and thirs.
Affect gastrointestinal and
vk ical sysiem, Co ks
abepabsen] By the skin and the
respirmory ract. Co ftse1f may
caisg alkergie dermemins, rhi-
mitis. and asthma

Ircrensed risk of Cu defi-
ciency (amemen, neundogcl
ubmpemaliies )

White phospharus is widely
P orsn, il @xpasians 1o i
will be Eatal. Too much phos-
phorous can casse kidney
dammagre and (EleopoaiaiE,
Phasphors can canse skin

bums_

[eleterious effect on the
crane lnyer, incrensed inei-
demce ol skin cancer, amlior
genelic damages

Cancer, effects an the immane
systens, reprodaclive system,
mervines sysiem, emdocmine
sysaem, and otber health
elfects. Liver damage
Haormanal effects. under thers
mal weament possible fooma-
tiom af dioxins amd furans
Carciragenic furan and
dicxins when bamed which
are highly persistent in the
ervimonment and ioxic even in
wvery v comcenlralions,
Eeproductive and develop-
menial problems, [mimune
system damage. Interference
with reguluiory hoomomnes.
HCl can cause resparasory
prablems.

Harrns the Fver, kidney, and
cenral nervous SYHICI, Causss
kidney failure and brain death

{eomirnued )
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Tahle 1.2 {cantinoed|
Methyl cellosalve | &l eleawolytic copacitor (ABC) | Damages the nervioiss sysicem,
elecimlyte primaryfsecondary | blood, bone mama:, kidney.
sl ard liver s well as could lesd
| L eproductive and devel-
opmental woxicity
Llseful material | Msmeriol and components usage | Elements detrimental e
{ Harmibess) |in EEE recyching (reduce the
| recyeling value|
Tim {5m) | Sabder, Ph-free sobders, [T in
LCDk, PV cells, manesturceed
| eapacitars
Copper (0u) amd Culd | Wires, cables PCBs, coils, Hg. Be. (A S Mo 8 AD
| dindex
Alumminum | AL | Heni sinks, capeciions, cables, | Cu, Fe, (5}
| chsings
Iran (Fel, lerroas meetal | Bleel chassis, casings, livings, “'_i &E

| magnets, magnet coils

Magnesium (Mgh | Casings, bady of cameras
Halwom (51) | Gilass, transistors, ICs, PFCBS
Giodd {Aul | Commecior plating, pins, con-
| tacts, EFROM, ROM. RAM,
VCPLL PC, rarsisiors, diodes,
| pitches

Silver {Agh | Baneries, sobders, swinches,

: relays, LISPs, stabilizers, cons
| mets, capaciiors, RFIC chips,
Y el

POGM-palladivm (Ped)

Rutheniim (Ru}
Pk -platinum (P

| Multilayer capacibors, connec-
| tors, iransistars, diodes, Ag-
{Cu-Pdackder

: HI, plasma displays

| HIY, thermaeouples, fusl cells,
| semsors, switching contacs

Germanium {Ge) | Thee 19505 and 1960s Imesis-
inirs, semicoduciors, dinds,
| PV cells, gliss fiber
Tuntzlum (Ta) :Eq:m:il.-:lr: B
Telkirium (Te) | Thin film PV cells, phatone-
| eeplors, photoelecine devioes
Gallium {(Ga) ; Fos iGaAsy P 1GalM, InGalM.

| Gass, Culln, Gaisez), LED

| MhaM, InCiaM, GaAsl, Gads,
| GaP, AlGalnPy, LED

| (AMGaInE), photodetecions, FY
| vells, integrated swilches

{ecmbmued |
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Tahble 1.2 {continued)
REE-neodymbam (M)

REE-cerium axide {Celks
Cell) =~
REE-ytirium (Y}, terbium
{Th}, europium {Euj

ijlé-lul:limnum I:I..u.:i
REE-gadalinmm Gl ancd
yirrium Y3

Sulfur {5}

Carban {C)

Basrmuth {Bi)
Miohium (Mbi, mickel (M)

THI drive mEgneL, micro-

phemes, speakers
CRT fceplase gloss, fwores-

| eent lighting, LEDS

L] s phosphors in desplay
umits (P panels, Ruorescen
lamps (53-7% Y. CRTs
{15=20% Y (Y p0h. sy,

NiMH batieries (LagOy)
White LEDs

: Fh-acid batiiery

Steel, plasiics, resisioms. In

E-Wnste nnd E-Wasie Recycling

almost all electronic equipment |

Sodiers, capacilors, heal sinks
Ciold coatings, super alkoy

magness, capaciions, Mboseel
alboys

Tung=ien carbide, electrodes,
| eables, CRT mibes

Tumgsten (W)

1.3 History and Cornerstones of E-Waste Problem
and E-Waste Recycling

A number of effons have been launched to selve the global e-waste problem. The
efficiency of e-waste recycling is subject w varable national legislation, techinical
capacity, consumer participation, and even detoxification. E-waste management
activities result in procedural imegularities and sk dispanties across national
boundaries, The besi option in a waste treatment 15 recychng, WPCHs are key
components of the WEEE recycling process which is becoming one of the most
attractive and profitable market. The E-scrap is growing every year following the
compulsory practices required by the current environmental protection mles and
laws. I this contest, versatile and fesible wehnologies should be used in order w
develop e-wasie recycling machines. The best e-waste recycle plants recover the
mast of metals and PMs by separating from nonmetals, The careful design of the
machines allows to reduce drastically the loss of PMs making the business profitable
and attractive, Equipment should be compact and with reduced initial investiment,
The layout of the WEEE recycling machinery is custom designed for getting the
capacity required by the end vser in accordance with ivpe of WEEE 1o be processed,

Ini the past few decades, recyeling of WEEE by environment-unfriendly. hazard-
ous, amd crude primitive technologies in China, India, and soime African couniries
haos inerepsed. Massive amount of dumping or open burmning of WEEE ok place
Crude primitive recycling (open buming for Cu and Fe metal recovery and acid
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Fig: L3 WPCB recycling Bow sheet

washing for PM recovery) is common in China, India, and Nigeria. Figure 1.3 shows
cride WPCE recyvcling Aow sheer. Generally, poor women, children, and prisoners
wiork at primitive crude e-waste recycling jobs, Guangdong Province of South China
and Fhejiang Province of East Ching are becoming two regions with the most
intensive unregulated e-waste recvcling activities |1, 2], The rescarchers found that
PBDE concentration was very high in Guive; meanwhile, the level of PCDINFs
{H5-2760 pgim’) was also reported in Guive, On account of all these adverse
consequences, primitive crede WPCB recyeling operations are reganded as illegal
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Fig. 1.4 MNlegal primitive WPCH recyeling operation phoingraphs m China ond Indin

and thercfore supposedly prohibited by domestic laws and regulations [3]. Therchy,
i i necessary and orgent oexplore and develop o proper metal and nonmetal
recovering technelogy from WPCBs without adverse effects to the environmeni and
hwrmam health,

Environmental pollution from primitive crude recyeling methods of WHPC Bs:
(o) recovering PMs using acwd washing: (b)) WPCBs dismanthing without amy
profection; (¢} open buming of WPCBs [4]. Figure 1.4 shows primitive, illegal,
and envirpnment-unfriendly WPCB recyeling photographs from China and India,

Fesource reutilization and safe disposal of metals from WEEE have a great
environmental protection. In the initial stage of WEEE recycling, simple and
rough recovery processes were widely adopled, Manual dismanthing, wet gravity
separation (i.e., shaking tables), strong acid leaching, ec, were the first crude WEEE
recyveling lines, These methods both bave bow recovery rotes omd damage the human
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Tahle 1.3 Iniematiomal legislation amd indii@ative programs combating e-waste prohlem

| Dipi:
Participating countries | Governing body | Initiative | adopeed
167 coantries of the UM Envirnmenial Basel Convention 14989
LM jexcluding | Programme i Mo manshaurdary movement
Alghaniztan. Hami. ol hicardous waste)
and the USA) . . .
The ELI EUREKA Project A comprehensive approach for | 1994
(ELL 1403 the recycling ol elecironics
ICARE) “Vision 2HF
Tapan Minksiry of the Envi- | Home applianee Reeycling E'I]'IIII
mommment, Ciwermneenl | Law (HARL)Y (Homse appliano:
af Lapan manufacirers must ke hack
and recycle end user products)
The LisA Kilwon Valley Tamiis | 2002
Coaalition
Intermatioesl | Basel Convention Muobile Phone Panmership lini- | 3002
_ | tiitive (MPPI) .
The ELf | Recycling WEEE | 2000/96/EC | 2002
The EU | Europesn Parlioment | RoHS Directives (Resiriction of | 2003
| Hazardous Substamsces ). Thes
| Directive nims i fimit the use of
| six hazardoas subscances (Fh,
Hg, Cd, O™, polybrominaied
hiphenyls, palyhrominated
thpbweny] ethers) amd apphies 1o
all mew products put an
Exropean marker. whether
mnported or ranulaciuned in the
ELL Lesl-free sokler use
The EL European Pardioment | WEEE direcrives (Reussiiecy- | 20032007
cle sleciromic pans: munefc. |
trers intemalize take-hack!
recyicling cosish {Recwcling rate
It I} H- mr 13
Inicmaiona]l | GB (UNCRD) |SRslnitimive | 2005
Imtenaded for GECD Crgandzation lor BEco- | Enveonmentally Sound Man- | 2003
coumiries | momic Caoperation agement of Waler: Reclaim
| and Dievebopmena E-Wasie
| (OECD) _ :
Imtermational UNU-1AS SCYCLE Solving the E-Wasie Problem 20007
(S1EF) |
Imlernational Basel Convenlum Partnership for Action on Com- | 2005
puler Eguipment (FACE) |
The EL Euvropean Pasliament | HydroWEEE-231962, (Innova- | WA
tive Hydrmetallurgscal Pro-
cerses W recover melals from
WEEE including lamps, CRT=,
| | PCEs. and baiteries) |
The ELI ErP Directive | 200

{continwed }
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Table 1.3 (cantinued}

I E-Waste and E-Wasie Recycling

Cuate
Participating countries | Govemning hody | Initiagive adopaed
[ Energy-reluied products (3097
I 35ECH
China | Ministry of Industry | China RaHS 1 and RaHS 2 -6
| and Informaion Keduction of Fh, Hg, Cd, Cr,
| Technology (MUT) | and BFR
China | Mlinisiry of | Circular eoommmy promotion IR
| Commerce | baw
Chima (Cuiyu cily} | Minisry of Envinon- | A pikt program of an imlegrated | 2000-2015
meridnl Prolection | ewnsse recycling indusirial
| park (250 acres)
The LS4 | Matsonal Sirabegy for | liprove design ol electnonic A1
| Elecironic Steward- | produscss
| alip (MSES)
Imdlia Minisiry of Environ: | Eewasie mansgement and han- | 2000124012
| menit and Foresiry | dlimg. similar v ELF WEEE and
EFR dirccrives
The ELI | European Pasfinneent | Beber regulaie WEER gemera- | XH2
tipn el disposal. Encoumnge the
| reuse and recycle metals and
| resins (201271 YEL)
The ELI | Europesn Pasfinmeent | RECLAIM (Reclamation of Ll |
| Cilllinam, Ieslinnm, amd Rare-
| Earth Elemenis from phaiovel
| ke, Solid-Saie Lighting, and
| | Electromics Waste)
The ELI | European Pasfinment | SCARE (Strulegic Comprehen- | 2003
sive Approach for Elecironics
| | Becycling and BE-use]
The ELI | Buropean Padfinment | TV Target (Eco-efficient Trea- | 2003
nent of TV Seis and Maiitors)
The EL | European Pasfiomeent | COMNCEERN - COMex Cemral | 23
| Enropean Elecirion fics
| R-Bt:.'ulinE Metwork
The ELI | European Pasfiomeent | Bel.CI} {Liguid Crystal Display | 2003
Ree-use ond Recyelingh
The EU | European Paiament | MobileRee (Collection, Disas- | 2013
| sembly, and Eecycling of
| Mohike Telecommunication
. | Equspment)
The EU European Parfioment | Demonstration Plant for the 23
| Exonomic Disassembly of
_ | Printed Circuit Boards
The EL | European Parfinment | AREP ( Advanced Fecyclimg. 2HME
. | Recovery, and Reusc)
The ELI | Euwropiean Parbiment | Buropean Innovation Fartner- e L
| ship (EIF) on Raw Materiaks

{continuwed |
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Table 1.3 {continued)

Cuaee
Participating countries | Governing body Initiative adopaed
The EL EU Member Stales ERAMIN madmap coordina- M3
b of Bb-related] research
Tumdmg between EL Member
Slates
The LN The LNEP | SIEP E-Waste Academy [ 2003
| [Solving e E-Waste Problem) |
UNEPF UNEF Bespuroe WWW. INEpOrgiresource pane| M3
Fai] with new pepon “Meial
Recyclmg: Opporlumities,
Limiiis, Infrasirucoore™
The UK | WRAP-ESAP | EEE susininabilicy action plan | 2014
The UK The LK CLEVER (Ckeed Loop Ema- | 20 3-20H6
tivnally Valuable E-Wisie
. | Recovery) .
Alnican counlries Nigeria, Kenya Fosr negubatory Trameworks and
5. Afnca eic, paod plicing of the incusiry,

llksgal e-waste rade

health and environment. At the beginning of the 1970s, physico-mechanical sepa-
ration methods began w be utilized w reat the WEEE [3]. Table 1.3 summarizes
imtemational  kegislation and imtabive programs combating e-waste problems.
Transhoundary movement of hazardous wasie has been banned by Basel Convention
since 1989, The Basel Convention entered inle force in 1992, Japan, the EL, amd
QECD countries adopied lawsfdinectives related to e-waste between 20000 and 2016,
Key feawres of the Basel Convention were the reduction of haeardous waste
{excluding radioactive wasie), the generation and promotion of sustainahle handling
technigues ot the place of disposal, the restricton of iansboundory movements of
hazardous wastes, and the formation of kegislation frumeworks where transboundary
movements are permissible, The EL's WEEE directive promotes reuse companed to
recyehng. Key teatures were free tnke-hock schemes for consumers and o reduce
WEEE o landfills through collection and recovery targets, WEEE 1o be collecied
separately from other wastes, and 10 stimulate “eco-design” - product design that
reduces WEEE and increases its ease of recovery and producer responsibility for
end-of-lile reatment of their products, Key features of SIEP iniative were research
and piloting on c-waste reatment, sirategy and goal seiting to eliminate the e-wasic
proflem, waming and development on e-woste ssues, and estabbishment of commu-
nication and awareness among members and throoghout the industry, G couniries
agreed 1o establish the 3R (reduce, reuse, and recyvele) initiative in Japan in 2005,
The key features were promoting 3Es and building o *sound-materal-cyele society,”
In 2001 the USA implemented the “Mational Sirategy for Elecironic Stewardship
{MEESY" a5 the bases for improving the design of electronic equipment and enhanc-
ing the management of used or discarded electronic items.
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Fig. 1.8 Eror pyrumid for
sample amalyvais

Az can be seen from Table 1.3, there is a considerable divide between developed
and developing countries in international legislation and initiative programs com-
hating e-waste management.

1.4 Representative Sample Preparation and Analysis

E-waste and WPCBs are very complex and heterogeneous materials, Representative
analysis results require adeguate sample prepamtion. Figure 1.5 shows the emor
pyramid for sample analysis. In an analog to an iceberg, where the greatest part
15 under water, only a small part of the sum of errors 15 perceived, whereas the magor
part of potential errors is not taken into account. Sampling and sample preparation
are done o raditional way which hos become a routine over the years and 1= no
longer regarded as having a critical influence on the subsequent analyses, Morcover,
the ermors of each step add up, e, the emor increases during the process (emor
propagation). The question is now how these ermors occur and what can be done o
minimize them,

Sampling is difficult for e-waste composition analysis due o the inhomogensous
and composite nature of the materials, Large numbers and kKinds of small compo-
nents are attached o the PCBs. Generally, PCBs are crushed into smiall sizes (less
than 1-2 mm} After shredding and fine grinding, fine powder can be obtained
(Fig. 1.6}, Using representative samples wken after shredding and pulvenzing,
chemical analysis can be conducied using acidfagua regia (AR) leaching, loss on
igmition (LO0), omd inductively coupled plasma-atomic emission  speciroscopy
{ICP-AES).

Figure 1.7 shows the main materials found in WEEE. OF course, chemical
compositions of different WPCBs are guite different. Metals, especially Fe, Cu,
and Al, form most of the material weight of oday’s e-waste, Ferrous (48%) and
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Fig, 16 WRCE belore pnimding amd afler shredding and sieving From 4 me, fiese griscling amd
sieving from {5 mm, am fine grinding and sieving from (L.25 mm
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W Plastic withouwt BFR
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u Glass

™ Plastic with BFR
m Al
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B Rubkber

u Other metals

u Other

Fig, 1.7 Percent muin mmerials found in elecirical and elecironic equipment (EEE)

nonferrous (2% metallic (Cu, Al substances are about 609 organic materials
iplostics 2000, ubber 1%, and wood 39%) are 23%:; gloss is 5% PCBs are 3%:; el
[16]. Generally, metals in e-waste can be grouped into BMs {Cu, Al, Ni, Sn, Zn, and
Fel, PM= (Au, Agh, PGM= (Pd, Pu, Bh, Ir, and Bu), metals of concemhazardoss
{MCs) (Hg, Be, In, Ph, Cd, As, and 5b), and special metalsdscarce clements (5Es)
(Te, Ga, Se, Ta, omd Ged (Table 1.4 Acrvioniiole butadiens syrens (ABS),
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Tahle L4 Clisification of metals in WEEE

Precious metals (Phs) [ Au. Ag

Flatinum group metals {PGEM=) P, I, Bh, Ir, @md Fo

Rase meinls (BMs) T, Al Mi, Sn, 7, and Pe
Concernhazardous mecals (MCs) | Hg. B, I, Pb, Cd, As, and 5b
Specialtscance metals (5Ex) Te, Ga, 3¢, Ta, amd Ge

polycarbonate (FC), high-impact polystyrene (HIP5), and polyphenylene oxide
blends (FPO) are magor different polymers found in WEEE [17]. Most of the plastcs
contain BFRs and make recyeling difficult. Eleciric cables fypically consist of Cu
covered with polyvinyl chloride (PVC), PVC contains about 37% C1 and additives
such us plasticizers, stabilizers, Aame retardants, and flkers, Thermal treatments of
PYC suffer from the following drawbacks: exiea energy for beating is necessary, and
acidic HCI gos 15 emitted, which has 1o be captured by absorbents such as Ca{OH )4
i prevent damage o the indusirial equipment. If the temperature is low, there is the
additional nsk of producing chlornated orgomie such oz dioxins [ 18],

WPCBs, which are resource-rich, are generally referred 1o as “urban mines. " This
term 15 nerepsngly vsed by authontes and schodars i desenbe the recovery/reclom
of resourcesiraw materials from the wasie sircamafpent products generated within
urban environments, The magor difference between urbom mining and conventional
mining is the source of materals for recovery which, in wm, determines the
appropriate mining process, Typically, WPCE contains 40% of metals, 3066 of
organics, and 30% of ceramics. Barefunpopulated PCE assemblies represent about
23% of the weight of whole WPCEs [19], There is a greal varianee in composition of
WPCB coming from different applisnces, from different manufacturers, and from
different ages, After removing hazardous batteries and capacitors, which must be
recyveled separately according w current legizlatons, WPCB recveling chain shoukd
star. At a rough estimate, one-third of the weight of WPCBs consisis of metals,
mannly Cu (~16%), 5n (~4%), Fe (~3%) MNi (~2%), and Zn (~1%). In addition,
PMs, like A (0U039%), Ag (001565, and Pd (00059, which are used as contact
materials or platng loyers because of their electne comductivity and chemical
stability are ten times [H] more abundant in WPCBs than in natural ores. Thereby,
il is obwvious that recyeling PMs from WPCBs i greatly significant, For example,
recyveling of Au and other PMs from WPCBs in Ching in 2007 iotaled US52.6
billion, with other metals contributing a further US54 billion [20], However, these
recyeling activities are dominantly occwming in informal recyeling sector o the
world without pollution confrols, From the sustainable viewpoini, the recycling of
WPCBs becomes more amd more aliractive becavse of the low ore concentraion,
difficuli mining conditions, and other factors [20). E-wasie contains valuable
resources which offer opportunites for urban mining amd new job creation, In the
world, the Environmental Profection Agency (EPA) and UM estimate that only
| 520 of e-waste 15 recycled and the rest of these consumer electronics go directly
i landfills and incineration [21]. The vast majority of WPCBs {about 85%) are
consigned w landfll either divectly or within the original equipment in 2004, This
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represenis a non-sustninable loss of finite material sources and 15 placing o dmmat-
ically increasing burden on landfll [17], According 1o Assocham report in Tidia,
only 1.5% of total e-waste 15 recyeled by formal recycling sector in an environment-
friendly way. The rest is recyeled by informal recyeling sector in India [22],

Recycling PCBs and electronic components (ECs) salvage expensive PMs and
scarce rare carths, which are critical to the EC industry. PMs have recyeling rates
abowve 50% due wonirinsic values, Bul, extrction of rare-earth and other materials
from centain devices is not only uneconomic; it is also exceptionally difficult. White
LEDk, for example, contan In, Ga, Ce, Eu, Gd, amd Y in miniscule amounis — all of
which are exceedingly difficuli 1o extract from such components. However, given
that more than 25 billion white LEDs were prodoced in 200 1 alone (occording o the
Mational Academy of Bciences assessment on advanced solid-state lighting), these
tiny amounts quickly add up o very large amounts of rare elements that are largely
unrecovered and unrecoverable. In other words, many tons of mre-carth materials
simply end up in landfill every wear, This is nod o say that research isn't being
conducted by forward-thinking organizations [23].

As a matter of fact, the e-waste recycling and management are not simple and
strimghiforward ot present [24], The “mineralogy”™ of WHPCBs = much different
compared o the natural ores for metal refining: [ 20] first, up o 60 different clements
are chosely mterlinked with complex assemblies and subassemblies [24, 25], such as
Cu, Rz, Al Ph, Sn, eic., as well as PMs, whose physical and chemical propertics are
mch different; second, the metals contained in WPCEs usually cross-link to organic
plastics which are wspally toxic and have the potential to bioaccumulate, such as
EFRs,  polvehlorinaed  dibenzo-p-dioxing  and  dibenzofurans  (PCDINFs),
polvbrominaied diphenyl ethers (FBDEs), chlonnated dioxin, and polycyclic [26]
During unregulated disposal activities, these hazardous substances are usually
relensed, resulting in an extreme damage o the environment and human health
[9, 27]. Hence, the composition of WPCBs is much more complex ihan natural
ores that make processes for recyeling valuable metals more comples, resulung in
cihicient and environmenially sound peocessing of the WPCHs requiring special
attention [ 20,

1.5 Life Cycle of Electronics and E-Waste

The shor useful life expectancy of electronic products, drven by rapid innovation,
miniaturization, and atfordability. has led t© a mapor increase in the accumulation of
toxic c-waste. Oldfused electronics do nod die; they pile up in attics/backyards ag
homes or e-waste graveyards in China, India, Brozil, Migeria, or many other coun-
irics all over the world (Fig. 1.8).

Figure 1.9 shows the lile cycle of electronics from postproduction o disposal
WEEEs are produced by manufacturers, sold by retailers, used by consumers, and
cilbected by recvelers, Proper e-waste management for all countries = necessary,
becouse e-waste pollutes the ground water, acidifies the soil, generaies toxic fume
and gas after burning, accumulates fastest in municipal disposal areas, and releases
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Fig. 1.8 E-wasie mouniains in graveyands [ 23]

carcinogenic substances into the air, it it 15 not properly managed. 1f WEEE can be
leached o the environment, due o moisiure, oxidation or raining can generale
serious environmental problems. For a proper e-waste management, waste preven-
ticnfreduction lowers the amount of waste and conserves SCIRCe PESOURCER; Minimi-
ration reduces material usage, and reuse uses materials/parts repentedly. They are the
mast Favored options and are on top of the e-waste hierarchy pyramid, Burning {i.e..
meineration or pyrolysi=) for energy recovery prios o disposal and safe disposal by
landfilling are the least favored options in the e-waste management pyramid. Dis-
posal does ool conserve any resources, Beoveling e-woste = oan imlermediste
polymetallic secondary resource recovery opiion. Principles and practices of wasie
management hierarchy are given in Fig. LUL Open dumping = the maost comomaon
torm of e-waste disposal in most underdeveloped(developing countries. Burial or
landfill disposal albows heavy metals w be leached ino the groundwater or methane
off gassing. Combustion of organic substances in wasie by incineration makes
hazardous material airbome and generates ashes and heat, Leaching of the ashes
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Fig, 1.% Life cyele of elecironics from postprodisction o disposal [ 1G]

meay cause water and soil contamination. E-waste constitutes about 40% of Pb and
0% of heavy metals in lomdfills [T, 29

In landfill, e-waste is placed in a hole, compacted, and covered/Muried with sodl. It
reduces the amount, lessens the danger of fire, and decreses the bad odor, A double
liner system (ie., compacted plastic clay and plastic geomembrane liner) at the
botom prevents lguid waste from seeping inle the groundwater and collecis keach-
ate o seep through the solid waste, Improper treatment of e-waste generates senous
soil, air, and water pollution problems. Globally, exporting any e-waste 1o undende-
veloped and developing counines is prohibited by the Basel Convention im 15459 [ 30
Landfill is a WPCH mreatment method with a bong history and wide application
worldwide because of simplicity in operation. However, the land for WPCB disposal
is thereby regarded as wasteland and normmally incapable of being exploited again in
prediciable decades, which 15 not suitable for countries/communities where there 15 a
lack of land space. In addition, the cnvironmental issues aroused by WPCB
landfilling =uch as the leochate formation m land Gl =tes and evoporation of hae-
ardous substances raise safety concemns. It is reporied that almost 700 of the HM
{i.e., Hg. Cd, Ph, etc.) in landfill sites come directly from WEEE, which indicates
that a considerable part of heavy metals actually come from WPCB. Concurrently,
the co-landfilling of WPCE with various kinds of municipal solid waste makes the
formation of leachate containing brominated toxic compounds and HMs possible
due o the reactions during the landfilling process. The synergic pollution will
contamingte the atmosphere, soal, and groundwater, and this has been proven by
several research groups,

Current improper e-waste handling includes;

* Open buming of WPCHs and cables for metals
= Aculicyanide sinipping of valuable metals
* CRT cracking and dumping
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1.6 Life Cycle Assessment (LCA) and Life Cycle
Management (LCM}

The challenge of sustainable development st the beginning of the twenty-firse
century hos become a systematic one with environmental, social, and economis
dimensions on an equal footing. Promodion of resource effickency improved material
recyvcling and life cycle thinking, This parnt provides unrivaled science o inform
policymakers about how the recycling of metals can be optimized on an economic
and technobogical basis along product life cyeles in the move oward sustainable
metal manggement.

The focus needs 1 be on optimizing the recyeling of entire products at their Eol.
nstend of ocusing on the mdividoal matenals contwned n them. The global
mainstreaming of a product-centric view on recycling will be a remarkable siep
toward elficient recyching systems, resource efficiency, and o green economy i the
context of sustainable development and poverty eradication. BATs should be used
fior the separation amd recovery of different components of a product,

LCA is a tolfapproach that facilitates understanding and quantification of the
ecologicalfenvironmental and human health impacis of a product, service, or system
ower its complete life cycle. [t must be linked 1o ngorous simulation tools to guantify
respurce efficiency, There are currently two standards that specify LOCA:

= IS0k 14040 It defines the principles and framework of LCAC
s 150 14044 This standard funther clarifies the requirements for LCA and guide-
lines tor conducting a LCA,

Life cvele management (LCM ) 15 a business approach that can help companies in
achieving sustainable development. It helps reducing, for instance, a producis
carbon, matenal, and waler footpring, o= well as improving s social and economis
performance. LCM is about making life cycle thinking and product sustainability
operational for businesses that aim for confinuous improvement,

161 LCA Principles

An Approach Based on the Life Cycle The LOA s based on several principles,
Firstly, it is an approach based on the life cycle. It is necessary o integrate all stages
of product life, We generally distinguish the following phases (Fig. 111}

* The extruction of row materials

*  The manufaciure of the product

+ The distribution

*  LUsze of the product

* The Eol: recveling, incineration, landhll, etc.
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There are also all transport stages that occur during the life cyele of the product. This
Iife cvele-omnented approsch allows o systematic approsch and avoads any tramsfer of
impact of a life cycle phase to another [31].

An Environmental Approach The second principle = that LCA 1= an environ-
mental approach. This approach focuses on the environmenial impacts of a product;
therefore, the =ocial or economic impacts are ool consiered inthis approach,

Fig. LIl Life cycle
amalysis phises

A Relative Approach  [tis also imporant to keow that LCA s a relative approach,
Indeed, frst ol all o is pecessary oo establish the fonctional unit o be vsed for LCA,
This functional unit quantifics the service provided by a product. An example of
Mumetional unit of o mobile phone 15 “using 2 mobale phone for 11 minetes per day
over 4 period of 2 years” The notion of functional unit makes the results of a LCA
relative, there are no absolute results, omd companson of resulis of wo LCAs can
anly be done on the basis of an identical functional unit.

A Transparent Approach Tronsporency 1= also one of the essental prnciples
when conducting a LCA, o ensure proper use of data and a comect interpretation
ol resulls,

A Scientific Approach Conducting a LCA s primanily based on a scientific
approsch. Finally, the analysis of ife cyele s based on the ponciple of compleleness,
that is to zay that this is a transversal approach taking into account the largest
possible number of environmental aspects (mpact on air, water, sol, et}

1.6.2  The Several Stepx of LCA

A il evele omalvsis has four stages;
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* The definition of the goal and scope of the study: This is during the phase that
is defined the purpose amd scope of the siudy, the functional wiit, if it is a
comparative study or the recipients of the study (industrial, general public, other).

* The inventory phase of life cycle: This is the most important phase of the
implementation of & LCA. This is to collect all the information on inflows and
outflows on the life cycle of the product. Inflows are raw materials, encrgy use,
el Dutflows related emissions o ar, woter, sol, or the production of recyeled
misterials.

*  Impact assessment Once the mventory 15 completed, the nest sep s o assess the
impcts for all environmental impacts selected for the study associated with each
flow lizted during the inventory, The sssessment of these impoacts can be done
through particular charucterization models.

*  Result interpretation: Once the impact assessment is carmied oul, the last phase of
LA s the interpretation of results, This interpretation is to present the results of
the LCA in accordance with the objectives of the swdy, The interpretation may
resull i recommendations for the vse of the product or ways for redesign o
reduce potential environmental impacis of the product sudied. Duaring interpre-
Lalaon, 1L 1 =sometimes possible o distinguish the phase of the hife cycle that has
the greatest impact or determine the origin of the most significant environmental
I,

1.6.3 LCA Tool

There are currently a very large number of life cvcle analysis wols, Some of these
softwares include datubases for performing the life cycle inveniory. These programs
also offer assessment methods o classify and characierize the impacis on a number
of mdicators, These programs include the following:

s BimaPro - Edited by the PRe Consultants hiphsww, pre.nlf

= CraBi — Edited by the PE International www . gabi-software.com

*  Umberio — Edited by IUF Hamburg hiipziweasw wmberto. defen

* EIME - Edited by the Burean Yeritas CODDE hupwww codde. i

+ TEAM - Edited by the ECOBILAN hitpzfecobilan. pwe_frfen/hoite-a-outilsftieam.
Jhtml

= KIEC - hitpzffarww_acy-sicc fosisc/index. php

*  poanvenl, www.ecomvenl.ch

Some software is dedicated o specific sectors such as construction {Eco-Bat,
Equer, #1c.), There are several regulatory texts on EEE. These texts come from the
Euvrcpean law. Among these, some relate specifically o WEEE and waste manage-
ment feollecion targets, reevelingk, Others don’t alfect only EEE or WEEE but
conirol the use of certain subsiances or even sct up coo-design rules for EEE. All
these texts are aimed at preventing and reducing risks 1o human health and
environment.
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1.7  Ohjectives of WPCR/E-Waste Recveling Opportunities

Fecyehng con greatly imerease the amount of available metals and nonmetals for
apciety, provided the potential sowrces and recycling technologies exist. One of the
most promising recyeling sources is WEEE, comtaining many of the high-tech and
high-value metals with nsing demand. Becycling WPCHs are salvaging valuable
metals. The main objectives w achieve are:

*  Take care of harmfulfioxic substances contained in e-waste in an environmentally
sound manner whike preventing secondary amd leriiary enmssions,

*  Recover valugble raw materials (medals and nonmetals) as eftective as possible.

 Create economically and emvironmentally sustainable businesses (oplimize
coo-ethiciency ).

 Consider the social implications and local context of operations {e.g., new
cmployment opponunities, available skills and education, etc.).

The henefits of recvcling are potentially very significant: it reduces the fulure
searcity of some high-demand clements, creates economic value, reduces green-
houze gas emissions, and limits other environmental harms. It forms a vital part of
the iransition 0 o green economy, where socictal gress 15 decoupled from
unsustainable naniral resource depletion, and it provides a source of metals in high
demand For sustonability-enabling technobogy, reducing the sk of metal scarcity,
particularly of metals needed for transifion o a green cconomy [32].

1.8 General Driving Force for E-Waste Processing

In order o achieve the call “from waste o resources.” intcgrated waste policy and
management, which address environmental impacts abong the whole life cycle of
products, materials, and processes, are crucial. Primary prodwction {conventional
mining) plays the most important roke in the supply of metals for EEE applications
since secondary metals {recycle) are only recovered in limited quantities =0 far.
Environimental impactTompant of primary metal production is significant, espe-
cially for PMs and 5Ms which are bow in concentration in natural ores, Considerable
amounts of land are used in mining, wastewater and SChy,,, are created, and the
energy consumption amd OOy emissions are lorge. According o 3R pnnciple
freduce, reuse, and recycle), recycling reduces wasic going to fAnal disposal,
decrepses consumption of natural resources, and improves energy efficiency, The
ireatment of e-wasie may be considered as an integration of a generic waste
reatment hierarchy within which economic, kegislauve, and wchnology dnvers
determine the siructure and methodology of approach. The deploved in order of
increasing environimental impasct may be considered as reduction, reuse, recovery,
recyele, and disposal [17]. There are three general repsons for e-wasie processing:
environmental concerns, energy savings, and resource (material and  water)
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Fig. 1.12 Recyeled maierinl energy savimgs over virgin maoierials [34]

conservation efficiency, Aliogether, metal production wday represents abour 8% of
the todal global energy consumption and a similar percentage of fossil fuel-related
OO0 emissions [32],

Improved recycling processes can be much cheaper than primary production,
primarily because they can use much bess energy in production of the metal. The
energy savings for a number of common metals and mstenals are summanzed
Fig. 1.12. About 60-95% energy savings are possible with WEEE recycling. Energy
savings are more than 30% for Al Cu, omd plostics, Becycling olten only mvolves
the remelting of metals. Benefits of scrap Fe and sieel usage are savings in energy
(74%0), savings in raw materials use (90%), reduction in air pollution (B6%),
reduction in water use (40%), reduction in water pollution {76%), reduction in
imine wastes (97%), and reduction in consumer wastes generated (10005 ) Withour
any loss of performance, Cu is 0% recyelable, The recyveling of Cu requires up to
B3% of less energy than primary production. The recyeling of old and new scrap
produces 9 million wns of Co per yvear, Around the world, Co recyeling only saves
40 million wons of CC, [33].

Moreover, processing of e-waste will reduce bunden on mining ores for pnmary
metals. Therefore, scarce resources cspecially for PMs could be conserved, ez,
metals that exist ab low concentrations in primary ores and consume significant
energy during extraction. Factually, e-waste is a rich source of PMs compared to
their primary ores, The amount of Au recovered from | ton of e-waste from PCs s
meore than that recovered from 17 tons of Au ore. Generally, 3 g of Au can be
extracted from | ton of average natural Au ore: but 30 g Au can be extracted from
I ton of mobile phone recycling [35]. The processes for recovering PMs from
c-wiaste, in limited cases. are casier than their primary ores. If PMs and SEs are
unrecovered, 0 will be a significont loss of precious scarce resource, The recovenies
of PMs and BMs are imporiant for e-waste management, recycling, sustainability,
and resource conservation, Weight distnbution share of plastics, Cu, Fe, and Al are
high in WEEE. Value share changes Au = Ag = Pd. The value distribution of PMs in
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Tahle 1.5 Weight and value distribution of some WEEE [34]

WEEE ] Wigigh % share Value % share | Sum of precious metals
TV hoards | Fe = phastic = Cn = Al Cu = Al = Fe [43%
| Ap = An = Pl Au = A = Fd |
PCBs | Plstic = Cu=Fe= Al | Cu= Al | Ba
| Ag = Au = B |AusPd>Ag |
Muobale phone | Plislic = Co = Fe = Al Cu | 93%
[ Ag = Aw = Pd [ A= Pd = Ag |

Tahle 1.6 Levels of woxke emission from EEE prodoction and e-waste recyeling
Primary emissions Secondary emissions Tentiary emissions
Hamandous subsiamces | Hazarmdous reaction products for | Hamandous subsiances/reagents
that are comtalned in | bmproper tremment mpeoper nsed durimg reeycling (hsaching

-l | miirerabion aml snseling) | ankl ammalganzation )

Ph, Hg. As, Crr". Dioxins, furans, BFRs Imrganmic acids, cynmide, Hg
PCBs, CFCe, i, [ ] |

EL BoHS Dhrechve EL BKoHS Directive partly There are ma nedessry legislalive
Tually restricis these restricis these subsiances apprmaches even in cleanest!
clenwimsmbaonces | | grecnest inapproprian: reeyeling

mhile plones is more than 85%. Afier PMs, Cu is the next highest value metal to be
extracted from e-waste, It is worth noting that sustainable resource management
demands the isolotion of hazardous metals from e-waste and also maximizes the
recovery of PMa. The loss of PMs during the recycling chain will sdversely affect
the process economy. The extraction of PMs and BMs from e-wasie i5 & major
economic drive due 1o their associated value, as summarized in Table 1.5,

Calculmions of COy,,, emissions assocised with primary metal production (for
Cu, Co, Sn, In, Ag, Au, Pd, Pt, and Ru) used for EEE manufaciure in 20007 showed
wtal 234 and i 2000 336 Mua [26]. Between 2007 and 20010, 65-73% of this
amount comes from Cu, 17-22% from Au, 2% from 5n, and 2.1-3.7% from Ag
mietal production [32, 36], Cooling and freesing equipment employ osone-depleting
subhstamces (OD5) in the refrigeration systems. These substances, such as CFCs and
HCFCs, have a huge ghobal warming potential. It must be mentioned that particu-
larly the older devices contain QD% with a high global warming impact (i.e., CFC
T2 13140005 and HOFC 2200410h); the newer devices use aliernative sub-
stances {Le., Holon 121102402 [37] COs emissions reduced 132 kg C02kg
recovered metal from powdersfresidues from Auorescent lamps, 192 kg O0ykg
fromm CRETs, 27.0 kg COkg from Li-ion bateries, and 259 kg COWkg from PCB
recyeling [38]. On a lbocal-level point of view, uncontrolled discarding or inappro-
priste waste managementrecyeling penerates significant bazardous emissions, with
severe impacts on health and envieonment. In this contexi, there are three levels of
toxic emi==ions | Tabke 1,60,

Some of the collected WEEE can be refurbished or reusable. RBecyeling can
generate some  functional BECs for repairment of reusable WEEE. In 2015,
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Fig. 1.13 Functionality of collecisd WEEE

El-KEretsen in Sweden determined the degree of functionality of collected WEEE in
| 265 cages. The breakdown is given in Fig, 1,13, About 38% of the collected WEEE
15 nod reusable, 3% repairehle, 305 pant missing, 6% slightly reusoble, and 3% fully
rewsable [39],

WEEE= wzually comtain up o 61% dilferent BM= and PMs and wp 1w 21%
polymers which renders them atiractive as secondary resources o the primary ores
[40], There are 15 different types of plostcs are found in e-waste,

1.9  E-Waste Concerns and Challenges

Primary raw ores and secondary metal source of e-waste have different properties for
recyeling. Matural ores contain oxidized or sulfidized minerals, while e-wasbes contain
pure metals or metal alloys in their soucture. Chres are fragile or britle and broken
easily, Bul e-waste 15 electne/ductle matenal, Meal contents of natural omes (Co ore,
01.5-1.0%; Au ome, 1-10 ppm) are very low as compared o e-waste (Cu, 205, and Au,
250 ppmd, Primory omes are homogeneous, while e-wostes ome heterogeneous and very
comples. Ores liberate ot hne particke size; but e-waste liberates af relatively coarse
particle size, Ores hove uniform particle shapes, whibe e-woztes have rod, plase, or
various particks shapes. Matural ores can easily be dissolved by acids or bases;
however, e-waste requires oxidizing conditions for dissolution,

The increasing demand for metals in the course of the last century, putting
permanent pressure on natural resources, has revealed that metals are a priority
aren For decoupling economic growth from resource use amd environmental degra-
dation. The imperative of decowpling will become even more pressing in the future



L}] I E-Woste and E-Wasie Recycling

with a global demand for metals on the nse. As populations in emerging economies
adopt similar technologies and lifestvles as currently used in developed countries,
olobil metal needs will be three to nine times larger than all the metals cumently used
in the world. This poses a significant call for increased secondary production of
metals. Becyeling is primarily an economic industrial sctivity, driven by the value of
the recovercd metals and materials. An infrasiructure for optimized recycling would
therefore moke vse of economic incentives, Those economic drivers must align with
long-tenm cconomic goals, such as conserving critical metal respurces for future
apphications, even if their recovery may be currently uneconomic, Ensuning appro-
priate bevels of supply while reducing the negative envieonmental footprings will
therefore be esential on our way tward o global green economy,

Eecveling svstems need to adjust to the fact that recycling has become increas-
ingly difficult due w the rising complexity of WPCE products, Faising metal
recyveling rates therefore needs realignment away from a material-centric oward a
product-centric approach. A focus on products discloses the vanious ieade-offs
between, Tor exomple, achieving weight-based policy torgets and the excessive
cnergy consumed in effors o meet these targeis.

The following are the challenges for e-waste recycling:

* There are no accurate figuresfestimates of the rapidly increasing e-waste gener-
ation, dispos=al, and imports in the sorid.

= Lowflitike level of awareness among manufacturers, consumers, and e-wasic
workers on the hazards of incorrect e-waste disposalfrecyele,

s Major portion of e-waste in the world is processed by the informalfunorganized
backyard scrap dealers vsing rodimentary acid keaching omd open-ar burming
techniques which resulis in severe environmental damages and health hazards.

*  Informal reevelers v volnerable social groups like women, children, immigrants,
prisoners, and immigrant workers for high-n=k backyard recycling operations.

# Informal recyeling only recovers Au, Ag, P, Cu, eic, with substantial losses of
muterial value and resounces.

The present book responds 1o the pressing need w oplimize current recyeling
schemies with the help of a better understanding of the limits imposed by physics,
chemistry, thermodynamics, and kinetics, as well as by the technological, economic,
and social barriers and inefficiencies encountered. Much is af stake when thinking
about how 1o improve recyeling systems: closing loops, reducing related environ-
mental impacts, safeguarding the availability of metals, minimizing medal prices, and
promoting meaningfiil and safe jobs for poor people in developing countries,
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Chapter 2 ' @'
Printed Circuit Boards (PCBs) cana

“The greatest Maread fo our plareel iy e belief Sl seameons
el will save i
—Hoben Swan, Author

Abstract Cenerally, e-waste contains 3-5% PCBs, which are the most valuahle part
of WEEE. Structure, material composition, sources, and value of WPCBs are
covered in detail in this chapter. Bare and populated WPCE and electronic compso-
ment chemical compositions are compared, WPCB grades and prices are given along
with valuable metal contents. Yalue chain and economic value of WPCH recycling
are explained graphically. PCB types and assembly siruciure, methods of fasiening
electronic components on PCBz, and soldenng methods and desoldenng for elec-
tronic component are described elaborately. The effects of e-wasic recycling on
metal resources are explamed. Charcterization and amount of wastes from PCB
manufwciuring processes are clarificd.

Keywords PCBE - Yalue chain - Electronic components « Soldering - Desoldering

2.1 Printed Circuit Boards (PCBs)

Printed circuit boards, the base of electronics, are essentinl and common elements of
almost all of the electronic systems, PCB is a thin board made of epoxy resin and
glass fiber, which 15 costed with lavers of thin Cu flm. PCB= are wed o mechan-
ically suppon and clecirically connect ECs using conductive pathways, imcks, or
signal traces etched from Cu sheets laminated onto o nonconductive substrate, PCBs,
which provide inferconnection between software and hardware, are found in all
EEEs PCBa contain many BECs such as resistors, relays, capacitors, iransisiors, heat
sinks and integrated circuitsichips (ICs), switches, processors, etc. PCH boards can
be classified as a barefunpopulated and populaed PCB with ECs (Fig. 2,13, WPCBs
may be newfunused PCB timmingsfscraps from new PCE production and vsed
{Eol.) PCRE=,

0 The Minerals, Merals & Maerials Sochery 201% 13
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hirpscidod ongs 10 IUTATE-2-030-265U3-9_F
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Hase'unpopulmed PCHs
without electromie comporents and soldery

Fepulated PCE

{oith electronic campomnent il shilerh

PCH unmsed timsmings
Copper clad smimmings

Fig:. L1 PCH types

2.2 Struciure and Contents of PCRs

PCE material composition consists of substrate, Co clad, solder mask, ond silkscreen
layers. Generally, PCBs have a similar sandwich structure and are composed of three
main layers: substrote (several layers of woven fberglass and two Cu folsk, upper,
and lower compound units {which can be defined as an assembly of isolating
fiberglass layers, solder joints, conductive racks, comtacts, and solder mask; all
these elements are adhered by static fncton and epoxy resing (Fig, 2.2 PCHs
comprise multilayers of fiberglass (representing PCE substeate), two Cu fioil layers
{upper and lower), Cu tracks, through-hole pads, and two solder mosk loyers (upper
and lower), The outer layer material consisia of sheets of fiberglass, pre-impregnated
with epoxy resin, The shorthand for this 15 called prepreg. Cuo conlent/pureness
varies between 36% and 93%. Bromine conient changes from 9% w 29%% [1].

All PCB assemblies contain o greenfvellow board and ECs attached w0 omd
casentially consist of three basic pans:

= A nonconducting subsirate or laminate

* Conducting Cu subsirate printed on or ingide the laminate

*  The electronic components attached w the substrate (chips (Ga, In, Th, 51, Ge, As,
b, Se. and Te), connectors and contactors (A, Ag), muoltilayered cermmic
capacitors (MLCCs) (Tad, alumimum capacitors (AL, IC%, e1e.0)

PCEBs are a mixire of phenolic/cellubose paper (vellow and low grade) or epoxy
(green and high grade) resins, woven glass fiber, and muolupke kinds of metals (Cu,
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Fig. 2.2 Loyers and companends of WPCHs [ 1, 2]

&n, Ph, eic. ). The basic structure of the PCBs is the Cu clad laminate consisting of
glass fiber-reinforced epoxy resin and a number of metallic materials including PMs,
The concentration of PMs especially Au, Ag, Pd. and Pt i= much higher than their
respective primary resoinces, making waste PCBs an economically atractive urban
mining source for recyeling, Additionally, PCBs also may/could contain different
hazardous clements including heavy metals (Cr, Hg, Cd, edc.), rare elements {Ta, Ga,
et b, and Bome retardomiz (Br and C1that poss grave danger o the ecosystem durning
conventional waste ireatment of landfilling and incineration [3]. Many research
works hove revealed that the composition of metals, ceramis, amnd plastics i
FCBs with ECs could reach 40%., 3%, and 309, respectively [4-6]. WPCBs
have been pod moch more altention from reseorchers omd enterprises, nol only
due to their rich resource content but also due o their podential risk for the
environment and human health with informal recyeling, Therefore, factors affecting
the extraction of metals are economic feasibility, recovery efficiency, and environ-
menial impact.

Drepending on the structure and alignment, PCBs com be closshed o singbe-sided,
double-sided, or multilayered. Single- and double-sided PCBs have the conducting
laver on one or both sides of the lamimstes and with or wathowt plated through-holes
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io mterconnect the sides. PCB thicknesses can change from 002 fo 7.0 mm. Cu
thickness on the FCRs are between 175 and 175 g, Minimom deill hole diameter is
0.2 mm. Solder types are water-soluble solder paste, leaded, and lead-free, Surface
finishing is generally HASL (hot air solder leveling), HASL Ph-free, chemical Sn,
chemical Au, ENIG (electmibess M laver 1= conted with thin immersion Au), OSSP
{organic solderability preservative), immersion Aw'Ag, or Ao plating fype. Solder
mask cobor con be green, blue, red, white, or vellow

PCB assembly weights of some consumer clecironics are CRT TVs 7%, PC
compulers 18.8%, mobile phones 21.3%, and LCD sereens 11L9%., WPCBs contan
A3% semiconductors, 24% capacitors, 23% unpopulated circuit boards, 2% resis-
tances, and 8% swilches and other motenals by weight [7]. Momy components are
till functional and valuabke, According to Takanor et al, (2004, WPCBs contain
about one-third metallic materials such a3 Cu and Fe, approximately one-fourth
arganic resin materials containing elements such as C and H, and approximately
one-third glass materials used as resin reinforcing fibers [B]. In terms of metal
composition, the highest content was Co, which 15 wsed mothe circonry, followed
by Fe, Al 5n, and Pb, which is used in the soldering and lead frames. In terms of the
PM composition, Au, Ag, and Pd are found in 10 as contact matenals or as plating
layers due to their high conductivity and chemical siability [E, 9). Tahle 2.1 shows
representative material compositions of WPCBs by wi % used i 31 previous
stwdics. The materials can be categonized into three groups: organic materials,
metals, and ceramics. Barefunpopulated WPCEs without any BECs and sobder repre-
sent 65-T0% by weight of an avernge PCHE and are easy 1o recycle to obinin Cu,
eposy resin, amnd glass fiber with some Au, Mi, and Cu plating on their surfaces,
Typically. a WPCH from PC can contain 7% Fe, 5% Al 206 Cu, 1.5% Ph, 1% Ni,
% Bn, and 25% organic compounds (determined by LOM), together with 250 ppm
{z2ft) Au, OO ppm Ag, 110 ppm Pd, and trace amount of As, 5h, Ba, Br, and Bi. In
common computer PCB, Co and Aw contents are, respectively, 20—M) times
(Cu) and 25250 umes (Au) higher [10].

G et al. 2007) reviewed 18 anicles for mohile phone WPCB material compo-
sttion determination and found that the average Au content of 0012%, Ag 0.31%,
Pd 00K, Cu 38.15%. Ni 1.56%, Pb [.R39%. Sn 1.91%, Fe 2.63%, and Zn 0.85%.
WPCBs from PCs and mobile phones have the highest PM contents [14]. Chancerel
et al. (2008 analyzed 1 ton of mixed e-waste for PM distibution. PCB amounts by
weight in different EEEs changed by weight in the following order [12]: mobile
phone and phone {22%) = laptop (15%) = PC (13%) > video recorder and DY D
plaver (10%) = mouse, printer-fax, and Hi-Fi (8%} = LD (4%) = keyboard and
Ipudspeaker (2% ), Average WPCEB weight valve wos 9%, Au conlent was maximom
for mobile phones (980 g 1), LCD monitors (490 g t7'), and PCs and laptops
(250 g 1), Ag content was maximum for mobibe phones (5440 g 17"}, elephones
(2244 g 1"}, LCD monitors {1300 g t '), and laptops and PCs (1000 g ¢ '), Pd is
maximum for mobile phones (285 g t '), welephones (241 g '), and PCs and
laptops (100 g t"). For 1 ton of mixed c-waste, average Ag was 6760, Au 11.2 g,
and Pd 4.4 g,
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Tahle L1 PCH material composition {compiled from [1T1-13])

Mewals up o | Percencige Percemage | Flastics wp e | Percentage
40 [ Ceramics up o MF | (%) 0% 1%
Cu f-3] Salk; 15=30) PE 1016
Fe ,7-15.2 Al fufs.4 PP 4.8
Al 1.3-11.9 Alkali-canth oxides | Gk s 4.8
&n 0.7-7.4 (Bel) 10 Epaxy 47
P 0567 Ticanaes-micas PWC 2.4
Mi 0.2-5.4 FTPE 2.4
Zn 0.3=32 Mwlon 9
Sk 0,204

Au (ppmi 9.0-2050

Ag ippm} 105700

P (ppmi BRI

Pt (ppm S}
o (ppon) 1—HHH}

Tahle 2.2 Lnpopulated PCB and EC compositions

Compusition (5} | Bare PCB |ECs | Total {pogulated PCB)
Sn RUYE |3.20 £l
Ph |3 | 0,68 17
Cu | 2162 | 1350 19.%
Fe | 0.21 | 1944 [11.8
Al | 1.36 | 6.9 4.7
Zn | 0050 | 360 34
Ni | 0036 | 065 |04
Cr | 027 | 0.53 LE
Cdigt ') | 0,53 [ 14.45 5.9
Audgr") 1,76 M4
Agigt) 1M1 11268 157

Yang et al. (2017} determined WPCBs from desktop and laptop PCs after CPLU
and BAM had been removed, Unpopulated PCB 1= rich in Cu, Sn, and Ag, and ECs
are rich in Cu, Fe, 5n, Ag, and Au (Table 2.2). Recycling of these metals is becoming
e and more important, inorder o counterset the depletion of mineral resources,
cspecially as the demand for these metals continues to increase [15].

2.3 Sources and Value of WPCRBs

The prmary sources of WPCEBs are from origina equipment manufaciorers (O0EMs),
PCE manufaciurers, end users (corporate o individual), and dismantlers. WPCBs
may be scraps, fauly, malfunctioning, redundant, and overcapacity products, A
mohbile phone can contain more than 40 clements including BMs (Cu, 5n), 5Ms
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{Co, In, 53b), and PMs= and PGMs, But, nod all WPCBs have a high value. [t WPCHs
have sufficient economic value, they will be recycled when appropriate technolog-
ical infrastructure exists for recovering their contained clement. There are three
grades of WPCBs according 1o values: low, medium, and high grades, Hageliiken
{20063) w=es Au content of e-waste for grouping |[16]. IF Au content i= less than
100 ppmn, 6 ks bow valoe: if Ao content is between 100 and 400 ppm. it s mediom
vitlue; and iF Au content 15 mone than 200 ppm, 1101 high valee, TV boards (without
CRTx). audio scraps, calculators, power supply units, alkaline batieries, lead batie-
ries, phone batteries, Mi-Cd batteries, lopiop battenes, lnminate offcuts, ransformers,
and heat sinks are low-grade WEEEs. Their prices change less than 1 Euro kg ™.
Fins, kevboards, PWEs, car electronics, lomps, phosphors, CRTs, ICT wastes, PC
boards, laptops, handbeld compoters. WEEE fines, and edge connectors are
medium-grade WPCBs, and prices change from 1 10 8 Euros kg ') Au ICs,
optoelectronic devices, PCB scraps, mohile phones, MdFeB magnets, 1Cs, multilayer
ceramic capaciiors (MLCOCs), some boards, and main frames are high-grade
WPCHs, and prices change from 8 1o 25 Euros kg~' (Table 2.3). High-grade and
high-value WPCBs are estimated ahout 153% of total PCBs [17]. The value of
WPCBs changes from 1000w 25000 Euros per ton, Table 2.4 shows average
mecizl contenis of some PCBs and ECs from WEEE along with geochemical carth’s
crust abundances, adequacy of world reserves (e, life expectomey in years), and
approximate minimum grade of ore resources @0 be mined [13, 19]. PMs are rare and
expensive, have high melting point, and are more ductile than other metals, Their
contents are the highest tor metallic pin conmectors {ports, sockets, slod=) and mobile
phones, Figure 2.3 shows the metals found in WPCE=, In BECs, Cu content changes
from &1% to 38%. Zn 007 o 26%, Sn 1.0 w0 11.7%. Pb 0.4 w 4.1%, Ni L84 o
2.74%, Au 500 1273 ppm, Ag 8o 379 ppm, and Pd 93 o 134 ppm. Valuable metal
content of WPCBs from mobile phones and PCs is higher than LCD and CET
monitors. Therefore, WEEEs are called “urban mining™ resources. Crustal abun-
donces of metals show that all of the metals are very rre in the earth crust, Thus,
c-wasie recycling is a significant urgent issue and necessary for a scarce natural
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Fig. .3 Metals found in PCBs [4]

respurce conservation point of view. The adequacy of world mineral reserves is very
Ioow (I0=25 vears) for Au, Ag, Zn, omd Phs mediom (25-30 vears) for Cu amd Sn;
high {50-100 years) for Ni; and very high (+100 years) for Pd. Minimum cutoff
grades for metals o be mined show that most of the PCBs and ECs contain more
viluable metals than raw ore deposits [13, 19],
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Fig. 24 CGraphically value chain and economic value of WPCH recycling

According to the above classification, mobile phones contain high-grode WPCBs,
PCs and LCIY monitors medium-grade WPCBs, and CRT monitors low-grade
WPCHs. Some 50,000 ¢ _1-'" of WPCHs 15 genernted within the UK. Eighty percent
of these are populated boards, and the remaining is unpopulated boards such as
lamimate offculs, About 153% of these wal amount of WPCB= are subject 1w any
form of recycling, with the balance being consigned to landfilling and offshore.
High-grade WPCBs are treated pyrolyucally within a smelier, More thom 90% of the
inirinsic maierial value of boards, which may be classified a5 medivm-grade
WPCHs, = m the Au and Pd content, Figure 2.4 praphically shows value chain
and economic value of e-waste recycling. Economic value increpses with physico-
mechanical and metallurgical processing [20].

2.4 Characterization of WPCRBs

WIPCBs are the most complex, hazardous, and valuable component aimong e-waste.
As a consequence of continuous modifications of function and design of EEE,
WPCBs are a highly heterogencous mix of materials. Due o the diverse and
comples pature and molulayered Teature of WPCBs, chorsctenzation in lerms of
types, struciure, components, and composition is very difficult and imponant o
establish the route and process Tor recveling, Typically, metals are embedded or
cnirapged in laminated structure of polymers which will hinder recycling. Liberation
of metals 15 considered 1o be one of the crocial steps doring recyeling (such as wet
chemical WEEE treatment). Thin flms of Sn or Ag are used in the PCBs o protect
against oxidation [21], The BMs mainly found in PCBs are used because of their
conductive properiies, There are two types of PCBs (Le. FR-4 and FR-2) normally
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Tahle L5 Popalated PCE types, conlemis, and properties

Boardfsubsirate  Single sided | Double sded  Multiple bayered

Risin Typi Calor Witlue

FR-I iremforcementy Phenolictcellulose | Yelkrabrown Low-value EEE (T%, home
mper elecirmmics)

FE-4 (reinforcementy | Epoxy, glass fiber | Greenblue High-value EEE (P, phones)

Eleciromic aompao- Chips. B0s, nelays | Conmeciors, Remistors, switiches

nents (ECs capaciions

used in PCs and mobile phones. The FE-4 type 15 composed of multilayer of epoxy
resing and fiberglass coated with a Cu layer. The FR-2 type is a single layver of
lberglass or cellulose paper and phenobic coated with the Cu layer [22, 23], Both
resins are thermosetiing (i.e., cannod be remelied and reformed) and thermoplastic
such as bromine-bozed resans which are vsed as fame retordanis, The FR-3 type 15
used in small devices such as mobile phones, and the FR-2 type is used in TVs and
househodd appliances such as PCs [24], The FE<4 epoxy resins are green'blue in
color and have high value, while the FE-2 pherolic resins are vellow/brown in color
and have low value, Table 2.5 shows the types, contents, and properties of PCBs
with ECs. Bare PCBs without ECs contwin about 53065 metals and 70/% nonmetals,
The MMFa consist of cured thermosetting resins, glass fiber, ceramics, BFEs,
residual metals (Cu and sobder), ond other additives, NMF composition comtains
65% glass fiber, 32% cpoxy resin, and imparities {(Cu, < 3%; solder, < 00050 by
weight [25]. Besins are organic plaste polymers and hove high-cost and low-guality
products. [f resing are landfilled or incinerated like in the past, they create potential
environmental problems, Gloss fibers, which are abowt 50-T0% of PCBs, are
reinforcing material in PCHs.

Mlaterial content of the nonmetallic recveled from WPCBs by air classification
showed that residua] Cu and glass fiber were in fine-size class and resins were in
coarse-size class [6, 26-29], The thermal sability of MMF is very important both for
physical and chemical recycling methods: but, the demands for the thermal stabality
in two methods are just the opposite, In physical recycling, MMFs have o be
thermally stable in the injection or compression molding. For chemical recyeling,
the energy cost will be economical if the degradation temperuture of the cured
thermoseiting resns in the NMF s 1o high [30], Broin eposy resin (ER) starts o
cvaporaie intensively, and weight loss increases dramatically in the temperature
ramge of 310-360 "C (65-70% moss loex), ER decomposition range 15 260-400 “C
and weight loss 75% [1]. NMF thermogravimetric analysis {TGA ) siudies showed
that degradation was greatest at 343 °C and the onset temperature was 323 °C. Al
471 °C ghout S0% and at 300 “C about 33% residual weight remained, and most of
the resins were decomposed. Because the upper emperature in most molding
process is below 323 °C, the thermal stability of the NMF is good enough for
phyvsical recyeling methods for the MMFa. As for chemical recycling methods, the
degradation temperature below 471 70 1= reasonable [ #40).
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25 [Impact on Metal Resources

E-waste con contan up i 60 different elemens (Fig. 250, Most of the elements are
iransition metals, and the rest is nonmetals and precious and heavy metals. Gener-
ally, the concentrations of PMs, which are much lower than those of BMs, are very
high than natural ores. WEEE stream gencrated in the EU is predicted to be over
12 million tons by 2020, An effective recovery method for Au is needed, A mobile
phone con contain over 0 elements from periodic table. Metals represent 23% of the
weight of a phone; majority is Cu, whike the remainder is plastic and ceramic
material. Figure 2.6 shows the PMs in notchook PCHBs. Ao content follows the
following order: memaory cands = display PCBs = HDD = motherboards = opdical
drves = small PCBs. Ag content changes in the following order HDDY = optical
drives = memory cards, and Pd content changes in the following order HDD > mem-
ory cords = display PCBs,

Materials and metals are essential and crucial components of today’s society.
Metals play a key role in enabling sustainability through societies” various high-tech
applications. However, the resources of our planet are limited. The mazimization of
respurce efficiency through optimal recveling of metals, materials, amnd products is
essential o this and has been identified as one of the pallors on which to build a
respurce-efficient workd, To systematically fully understand resource efficiency in
the context of matenial vse omd ensore maximom recovery of elements, metals omd
compounds from e-wasie. Product-centric or material fmetal-ceniric approaches can
b wzed 0 e-waste recyeling, Acconding o the UNDE report, kess than one-thind of
&) ecconomically important metals are recyeled ghlobally at rates greater than 50%.
More than hall of the metals are recyeled at rates less than 1% [32]. Product-centric
recyeling is the application of economically viable iechnology and methods through-
out the recovery chain o extract metals from the complex interlinkages within
designed “minerals,” i.e., products, gleaning from the deep know-how of recovering
metals from comples geological minerals. Eol., waste, and residue streams destined
tor recycling must be processed by the best available technique (BAT), acoording to
specific performance standards and being mindful of environmental and social cosis
and benehts, BAT processes sepoarate a maximum of valuable metals and create a
minimum of secondary residucs for optimizing recyeling.

Figure 2.7 shows reuse stols posteonsumer recveling rates for metals, Becycling
of most technology metals still lngs way behind. Recyeling is very imporiant for a
resource-efficwent economy, ad metal recyeling rates must nse within the next
decnde to conserve and maintain resowrces. Fe, Ph, Cr, Mi, and Mn have recycling
rates that are higher than 306, In contrast, recycling rates Fall below | % for Li, used
as rechargeable batteries and Ce in catalysis, In wsed in semiconductons, and LCDs
and LEDs in low concentrations, WEEE PM recyeling rates below 15%. When the
metnl prices are low, there is less incentive 1o recycle low-concentration metals. As
the prices go up, recvcling becomes more cost-effective,

Ohee tom of mokdle phome hondset (withoot battery ) mcludes 3.5 kg Ag, 3340 ¢ Aug,
140 g Pd. as well as 130 kg Cu. For a single phone unii, the PM content is 250 mg
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Fig. 2.6  Precious metals in nolebook PCBs |31

Ag, 24 mg Au, ¥ mg Pd, and 9 g Cu on average. Furthermore, the Li-ion battery of a
phone contaims about 3.5 g Co, Table 2.6 companes the impact of phones and PCs on
metal demand, based on global sales 2007 and 2000, 1.2 bhillion mobile phones
contain 3000 Ags 2900 Au; 11 Pd; 11000 ¢ Cu; and 4500 0 Co, 255 million PCs amad
laptops contain 2535 €A, 36 € Auw; 200 Pd; [Z800008 Cu; and 6500 £ Co. The world’s
3o of Ag, 3% of Au, 13% of Pd, 1% of Cu, and 15% of Co mine production may
come from e-waste recycling in 2007 [ 18] In 2000, the world's 5% of Au, 21% of
Pd, amd 206 of Co come from e-wasie recycling,

Clobally, 30% of Ag, 12% of Au, 14% of Pd, 33% of Sn, 30% of Cuo, 19% of Co,
and &% of Pt were used in EEE production in 2007, Elecironics make up for almost
B0 of the workd's demand of imdiom (In) (ransparent conductive layers i LCD
glass}, over 300 of ruthenium (Bu) (magnetic propertics in hard discs (HDVY), and
305 of antimony (5b) (lame retardomiz), Se, Te, and In are used i thin photovodiae
{FV} pancls for renewable energy generation; Pt oand Ru are proton exchange
membrang (PEM} Tuel cell=, In 2007, the monetary valoes of the annval we of
important EEE metals represent 45.4 billion $ [35]. The recycling of WEEE is
mandatory in EL (directive 200290/EC), bur its weight-based recyeling targets do
not provide a direct incentive for the recovery of the 3Ms and PMs. Precious metals
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REUSE STATS Global postconsumer recycling rates for many metals
show lots of room for improvement.

Fig. 27 Pastconsumer recycling rmes for many metals [52)
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are recovered tor their biggest scrap intrinsic value. In a mobile phone, they acoount
with less than (0L.3% of the weight for over B0% of the value, Cu represents 3-153% of
the value with 15-20% ot the weight. Fe, Al and plastics, which dominate the
weight, have only small value contribution [18], Recycling of less valuable elements
such sz Ph, In, Sn. and Ko from EEE is only economically feasible because valuable
clements such as Au, Ag. Pd, and Cu are present.

2.6 Methods of Fastening Electronic Components
on WPCBs

In many products, different components are jomed by weldingfsoldering, bolting,
riveting, gluing, insening comracted bushings, foauming connections, and chemically
connected matenalsphoses i compounds, Moreover, such components often are
nonmetallic, such s mibber, plastics, glass, and ceramics, and the joinis have
differemt degrees of difficulty for recycling, The effect of joints on liberation
behavior when they pass through the shredderfcutier 15 very importont, and there is
a randomibess of liberation [4]. Bolingfriveting gives high liberation and high
rundomness; gluing and toaming give medium liberstion and medium randomness;
and coating/painting gives low liberation and low randomness of liberation afier
shredding.

Most of the PMs and 5Ms in PCBs are mixed with or connected to other metals in
comlacts, connectors, amd sobders; conpected 1o ceramics i capocitors and 1= omad
conmecied 1o resins in the layvers of circuit boards, These complex combinations of
metals and matenals in WEEE require appropriate pretrestment and metal recovery
processes that can deal with the mixiure of metals and recover them with high
elficiency. There are many available choices of Tasteners (snap-fit, molded-in hinges,
welding, and energy bonding), which enhance disassembly and manufacturing
efficiency. Snap-fit fasteners range from cantilevers and annular spaps w raps and
duriz and easily assemble and dispssemble without the use of tolls. There are a
number of vpes of integral and mobded-in hinges. Hinges can be anached with
ultrasomis energy or plastic rivets, Thermoplosie pars con be ulrasomically welded
tegether. Infrared (IR ) welding is used for thin-walled pars. Organic solvent bond-
ing shoubd be avorded Tor workers' safety, Two push-button Tasteners and dant
conneciors are other types of fasteners. It is recommended o use the least number
of dilfferent tvpes of lsteners, wouse plaste fasteners with the same resin (vpe as the
part, and 0 use fasteners that can be removed without tools [17].
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2.7 Methods of Joining Components in PCBs: Soldering

ECs are mounted on PCB assemblies vsing various types of connections, Thess:
comnections are typical of the following types: socket pedestal (press-fit), through-
holke device (THIY) {solder wave typel, surface-mounted device (5MIY) {solder by
refux ), serew joint, ond rivet. There are several methods by which these connections
can be broken, For example, components with socket pedestal connection can be
dizassembled directly by nondestructive force; but the method vsed o disassemble
components with SMD or THDY connections s always desiructive, involving
removil of solder or pins 5], Weldingfsoldening i= a process through which chem-
ically and mechanically two metals are joined at a low melting poini. Soldering
oveurs al o tempersiure of 40 °C above the melung point of the solder alloy and 15
valid for any type of solder, including elecironic welding. It has a relatively low
melting poimt (183 “C}, good wettability, good mechonical and ebectncal properies,
and low cost [36].

2.7.1  Kolder

Solder is a fusible metal alloy wsed fo create a permanent bond and electrical
connection between elecineal wiring and ECs 1w PCB=, In foct, solder most be
melied in order o adhere o and connect the picces ogether, so a suitable alloy for
wse a5 solder will have a lower melting point than the pieces it is imended o join. The
solder should also be resistant to oxedative and corrosive etfects that would degrade
the joint over time, There are two types of solders. Soft solder typically has a melting
point range of W—450 “C and i= commonly vsed in electronics, Solder alloys that
et abowe 450 °C is called hard solder, Ag solder, or brazing, Solder has a density
between 7.7 and 8.4 g cm ™~ and Brinell hardness is 15, Surface tension is between
470 and 490 mMN m " ar 298-328 “C. Solder starts to pyrolyze afier 280 °C and gives
toxis fumes [37]. Therefore, removing ECs from WPCHBs by desoldenng should be
performed below this temperature. In clectronics generally Sn-Ph, Ph-free solders, or
solder pastes are vsed, Sn-Pb solder allovs commonly vsed for elecineal sobdenng
are GHER-40Ph, which melis at 188 “C. 6350-37Ph cwtectic alloy is used principally
in electncalfelestronic work and melis al 183 °C,

2.7.2  Pb-Free Solder

Adter July 1, 2006, EU restocted the wse of Pboin most consumer electronies with
WEEE and RoHS directives. In the USA, manufaciurers may receive tax benefits by
reducing the vse of Ph-based solder. Legislation promotes new Ph-free welding
technologics to reduce the damage to both humans and the environment. The
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cventual elimination of Ph-based solder has major implications for the processing,
assembly, reliability, and electironic packaging cost aspects due to the solder melting
temperature, processing temperature, wettability, mechanical and thermomechanical
Fatigue, and 5o on [38]. Ph-free sobders in commercial use may contain S, Cu, Ag,
Bi, In, ¥n, and 5b and traces of other metals, Mozt Pb-free replocements for
conventional 60%n-40Ph and 6350-37Pb solders have melting points from 5 o
20 °C higher, though there are alse sobders with much Iower meling points, SAC
(5n-Ag-Cu) sobders are used by two-thirds of Japanese manufacturers for reflow
and wove soldering omd by abowt 5% of companies for band soldenng. The
widespread wses of these popular Ph-free solder alloy family are based on the
reduced melung point of the Sn-Ag-Co temary eutectic behavior (217 “C), which
1= below the 225n-TRAg (wi%) entectic of 221°C ond the 595n-41Cu eutectic of
27 °C [39].

2.7.3  Solder Paste

For miniaturized PCB joints with surface-mount components {SMCs), solder
poste hoz largely replaced =obd =older, Solder poste = o matenal vsed in the
manufaciure of PCBs to connect SMCs 1o pads on the board. A solder pasic is
essentially a mixture of pre-alloved solder metal powder and fux suspended in a
thick medium. Flux is added o act a= a temporary adhesive, holding the components
wntil the soldering process melis the solder and makes a stronger physical connec-
tion. The pasie is gray in color and has o peanot butter-like consistency material. The
composition of the solder paste varies, depending upon s intended use, For
cxample, when soldenng plastic component pockages o a FR-4 glass epoxy circuit
hoard, the solder compositions used are eutectic 635n-37Pb or 3AC alloys. If one
needs high tensile and shear strength, Sn-5b allovs might be wsed with such o boand,
Gienerally, solder pastes are made of o 3n-Ph alloy, with possibly a third of meial
alboved, although environmental protection kegislaton i forcing a move o Pb-fres
splder. According io the Joint Electron Device Engineering Council (JEDEC) sian-
dard J-3TD004 “Requirements for Soldering Fluxes,” solder pastes are classified
inic three tvpes based on the flux types: pine iree extract rosin based (need 1o be
cleaned with CFC solvent afier soldering), organic materials, and glyeol-based
witer-soluble and resin-based no-clean fuxes.

274  Solder Flux

The purpose of Dux s w focilitate the soldenng process, One of the obsacles woa
successful solder joint is an impurity at the site of the joint, for example, dir, oil, or
oxidation, At high emperatures, Auxes become reductant and prevent metal oxide
occurrences, Flux also acts as a wetting agent to reduce surtace tension of molien
solder 1o Aow and wet the work pieces more easily during soldering,
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Tahle LT Solder alloys wsed in PCB packaging [44]
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2.7.5  Solder Alloys

The oldest and most common Ph-based solders are 635n0-37Ph. Table 2.7 shows
aplder alloys wsed in PCB packaging. Melting points of solder alloys (for
desoldering) chonge between 176 and 228 “C. Sn-Pb allows, parsculacly thoss
near the eutectic composition, are wsed as solders, while the main subsirate or
leodds ome made of Cu, Snoim the solder readily rescts with Co o form intermetallic
compounds {IMCs) as a Alm ai the interface during the solder reflow process. The
eross section of the samples in the sobdered conditions showed only a single laver of
n phase (CugSnsg) ot the interfoce, and the values are in o range of 1.6-2.3 pm
[400), CugSng staris o melt ar 405 °C, whereas CuySn stams o meli s 676 °C
|[41]. Figurne 2.8 shows micrographs of the cross section of the joint. The morphology
of the phase layer depends on the Pb content of the solder [42]. Formation of IMC
film is imperative for good weiting and bonding, but an excessively thick film s
harmiful because of its brittleness, which makes it prone o mechanical failure wnder
low Josds, The mechonical properties for solder oims are sensilive 0 lemperatune
and sirain rate. Melting point of IMC is much higher than soldering 5n. However,
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Tahle 28 PCR soldering application types and orders
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[8MCs are often brittle. Thus, both the assistance of gravity force {or antificial action)
and shear stress cavsed by tempersore chonge are pecessary 1o remove sobdening
Sn [43].

Ph-5n solders readily dissolve Au plating and form brinde intermetallics, &05n-
HPb solder oxidizes on the surface, forming o complex four-laver structure: 3n
(V) oxide on the surface, below it a layver of Sall) oxide with finely dispersed P,
tollowed by a layer of Snill} oxide with finely dispersed 5n and Ph, and the solder
alloy itself undemeath.

2.8 Soldering Methods of Electronic Products

Curmrently, mass-production PCHBs are mosily wave soldered or reflow soldered,
though hand and dip soldenng of production electronics are also sull stomdord
practice. Table 2.8 summarizes soldered component types, soldering types, and
soldering order according w the PCB production iypes.

2.8.1 Dip Soldering

Doap soldenng i o small-scabe soldering process by which ECs are soldered woa PCB.,
The solder wets to the exposed metallic areas of the board, creating a reliable
mechanical and electrical connection, Dip soldering is used for both through-
hoke PCB assemblies and surface mount, 1t is one of the cheapest methods o solder
and is extensively wsed in the small-scale indusiries of developing countries. Dip
soldering 15 the manual equivalent of automated wave sobdening. PCB with mounted
componenis is dipped manually into the tank when the molien solder sticks o the
exposed metalli areas of the board,
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2.8.2 Wave Soldering

Woave sobdening iz a bulk soldering process used in the mamufaciire of PCBs. The
circuit board is passed over a pan of molien solder in which a pump produces an
upwelling of solder that looks like a standing wave, In wave soldering, pars are
temporarily kept in place with small dabs of adhesive, and then the assembly s
passed over flowing solder in a bulk container. This solder is shaken into waves so
the whoke PCB is not submerged i solder, but rather wouched by these waves, The
cnd resule is that the solder stays on pins and pads, but not on the PCB itself. As
through-hode components (THC=) have been lorgely replaced by SMCs, wave
soldening has been supplanted by reflow soldenng methods in many large-scale
electronic applications. However, there is sull significant wave soldering where
surface-mount technology (SMT) is not suitable (e.g., large power devices and
high pin count connectors } or where simple through-hole technology (THT) prevails.
Since different components can be best assembled by different technigques, it is
COMM 00 W52 1wo of more processes for a given PCB, For example, SMCs may
b refow-soldered first, with a wave soldering process for the THCs coming mext,
and bulkier paris hand-soldered last.

2.8.3 Reflow Soldering

Reflow soldering is a process in which a solder pasie is used to stick the componenis
1o their attachment pads, after which the assembly = beated by an IR lamp, by a hit
air pencil, or, more commonly, by passing it through a carcfully controlled oven. In
reflow soldening, a thermal profibe 15 a complex set of ume-empesature (=T values
for a variety of process dimensions such as slope, soak, time above liquidus (TAL),
and peak, Solder paste contains a mixture of metals, Aux, and solvents that aid in the
phaze change of the paste from semisolid o liguid and o vapor and the metal from
solid w liquid, For an effective sobdering process, sobdening must be carmied our
under caretully calibrated conditbons in o reflow oven. There are teo main profile
types used today in soldering. Thermal temperature-time profibes for the Ramp-
Soak-Spike (RE5) omd the Bamp w Spike (ETS) are given in Fig, 2.9,

Ramp is defined as the rate of change in T over t, expressed in °C s~ ', The most
commonly used process limit is 2 °C 57", In the scak segment of the profile, the
solder paste approaches a phase change, After the soak segment, the profile enters
the ramp-to-peak segment of the profile, which is a given tlemperature range and time
exceeding the melting temperature of the alloy, Successful profiles range in temper-
ature up o 30 °C higher than lguidus, which is approximately 183 °C for eutectic amd
approximately 217 “C for Pb-tree.
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|
Fig, LY Thermal -1 praliles o the Ramp-Soak-Spike (RE5) and the Bamp 1o Spakie (ETS)

2.9 Solder Mask

Solder mask or solder stop mask or solder resist is a thin lacquer-like layer of
polymer that 15 wsually applied o the Cuo races of o PCB for protection against
oxidation and 1o prevent solder bridges from forming between closely spaced solder
pads, A solder bridge is an unintended electrical comnection beiween two comductons
by mieans of & small blob of solder. PCBs use solder masks to prevent this from
happening, Solder mask is not always used for hand-soldered assemblies, bur is
essential for mass-produced boards that are soldered automatically wsing reflow or
solder bath vechniques, Omee applied, openings must be made in the solder mask
wherever components are soldered, which 15 accomplished vsing phowlithogrs-
phy. Solder mask is traditionally green but is now available in many colors. Solder
mask comes in different media depending upon the demands of the applicaton, The
lowest-cost solder mask is epoxy liquid that is silkscreened through the paticrm onto
the PCH, Other tvpes are the liquid phoisimageable sobder mask (LPSM) inks and
dry flm photoimageable solder mask (DESAM) LPSM can be silkscreened or
sprayed on the PCE, exposed o the pattern, and developed w provide openings in
the pattern for parts to be soldered o the Co pads. DEFSM 15 vacuum laminated on the
PCR, then exposed, and developed. All three processes go through a thermal cure of
somie ivpe after the pattemn is defined.

210 Characterization of Wastes from PCB Manufacturing

PCB manufaciuring process is very complicated, involving many special chemicals
and valuahle materials. Some of these materials discharge into the environment in
the Forme of wastewater, spent sodution, and =obid waste, The monufaciunng process
for PCBsx is a difficult and complex series of operations. Most of the PCE indusirics
wse the subtroctive method, In general, this process consists of o sequence of
brushing, curing of ctching resistor, eiching, resistor stipping, black oxide, hole
drlling, de-smeanng, plating through-hode, curing of plating resistor, circuit plating,
solder plating, plating resistor stripping and Cu etching, solder stnpping, solder
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Tabhle L% Amaount of waste frim muliilayer PCBE manufaciuning process

meask printing, and hot air leveling. Table 249 shows the amount of waste generated
(roam a tvpical molulaver PCB process per square meter booard, Solud wastes imclude
edge irim, Cu clad, prodection film, drill dust, waste board, and Sn'Phb bead dross.
Ligued wastes  nclude  high-comncentration  imorganicforganic  spenl solulions,
low-concentration  washing  solutions, and resistor and  ink  solutions,  PCH
manufacturing process gemerales about 33% sluery, 1% edge tim, 7% wasie
board, 8% paper. 5% drill pad. ctc. Many spent solutions from PCB manufacturing
are sirong bases or strong acids, These spent solutions may also have high heavy
metal content and high chemical osygen demand (COD) values, These spent
splutions are characterized as harardous wasies and subjecied to tight environmental
regulations, Meverheless, some of the spent =olutions contan high concentrations of
Cu with high recyeling potential. These solutions have been subjecied to recycling
by several recyeling plants with great economie benefit for many vears, Becently,
several other wasics have also been recyeled on a commercial scale. These wastes
include PCH edge trim, Sn/Ph sobder dross, wastewater treatment sludge containing
Cu, CuS0hy PTH (plated through-holes) solution, Cu rack smpping solution, and
Sn/Ph spent stripping solution [43],

Annual average world PCB manufacturing rate increases by B7% and much
higher in China and Southeast Asia [46], Average PCE amount in e-waste is 3-5%
and even more in some EEEs, hike TV set 7%, computer 19%, and mobile phone
21% [11). Mosi recyeling approaches practiced can only recover metal contents of
PCE scraps o an extent 30% of the wtal weight, More than 70% of PCB scraps,
which are nonmetallic fraction (NMF}), cannot be efficiently recycled and recovered
and have 1w be incinersted or londGilled [3]. Afer yvears of research endeavors by
neademin, research institutes, and the recycling industry, many valuable resources
have been identified, and recycling of these resources has been very successful ina
commercial scale. Recveling of mesourceful wastes generuied by the PCB
manufacturing industry includes [45]:

= Recovery of Co metal from edge irim of PCBs=
¢ Recovery of Sn metal from SnPh sobder dross in the hot air leveling process
= Recovery of copper oxide from wastewater treatment sludge



Redferences A5

*  Recovery of Cu from the basic etching solution

*  Recovery of copper hydroxide from copper sulfate solwtion in the plated through-
hole (FTH) process

*  Recovery of Cu from the rack stripping process

* Recovery of Cu from spent Sn/Ph siripping solution in the solder siripping
proCess

PCB processing, separaiing, and recycling allows recovering:

= Bmall ferrous components (stonless sieel, Fe)
= Metals (Cu, AL Sn, ete.)

= Precious metals (Ao, Ag, Pd)

*  Ohrganic, inert fraction (plastics)
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Chapter 3 ' @'
WPCB Recycling Chain and Treatment ‘;.‘:: \
Options

“Recyele fealay for a berer fomorre, ™
Anonyvmaous

Absiract The recycling chom for eowaste imclodes collecton and =orting; dismaon-
tling and size redwction pretreatment; separtion, upgrading, andfor exiraction
preprocessing:, and purification and refining endprocessing steps, This chapler
bricHy covers selective and simulianeous dissssembly technigues: size reduction
methods for metal-nonmetal fraction liberation amd separation; and upgrading andfor
extraction of desired valuable moterinls'medals’electronic components tor purifica-
tion and refining endprocesses. Elecironic component recycling for rewse and mate-
na recyeling con be achieved by mechomical processing, pyrometallurgy,
hydrometallurgy, or combination of both pyrometallurgical and hydrometallurgical
technigues, Bose and precious metals, plasucs, batteries, and some valuable elec-
ironic components can be recycled, while the remaining nonrecyclable residues

should be disposed of properly.

Keywords Fecyeling chain - Dismantling - Selectivedsimulianeous disassembly -
Size reduction - Preprocessing - Endprocessing

31 Recyeling Chain

Generlly, WPCBs are not bare PCBs, but PCB assemblies. PCHs are always
mounted with ECs. PCEs without ECs are called unpopulatedbare PCE or printed
wiring board (PWEL The WPCBs are more comphicated and diverse in chemical
compositions with many kinds of valuahle materials. Therefore, the recycling
provcess of WPCB= = much more complicated, Most of the ECs are functional amd
usable at the time of disposal/dismaniling. Therefore, dismantling ECs from WHPCBs
is a crucial step from both standpoints of materials recovery and EC reuse in the
WIPCH recycling choin to conserve scarce resources, reuse functioning BCs, and
eliminate potential exposure 1o harmful materals. For example, remowval and

0 The Minerals, Merals & Maerials Sochery 201% 3
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hirpscidod ongS 10, IUTATE-2-030-26503-9_3
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Fig. 3.1 E-wasse recycling chain amd end-of-life WEEEMPCH treatment apticns

dizposal of s (mainly in electrolyies), explosive, and combusuble materials from
Al electrelytic capacitors {AEC) are essential and crucial in WPCH recycling. AEC
also contans up o 50 wi% Al and Fe amd 15 worth recovering [ 1] Corrent generic
material and component recovery methods are typically a combination of the
following recycling processes. The recyvcling chain for e-waste is classified into
tour main subsequent steps |2):

= Cillecton and presoding

+ Preireatment  (includes  dismaniling,  size  reduction  for  liberation,  and
granulometne clasafication}

*  Preprocessing (includes separtion, upgrading, and extraction)

*  Endprocessing (purification and refining) (Fig. 3.1}

The main collection options for pestconsumer goods are collective municipal or
commercial colbection, individual producer and retarler colbection, and collection by
the informal sector (waste pickers). The collection of postconsumer wasic is very
much a logistic challenge. In contrast io Europe, whene consumers pay for collection
and recycling. in developing countries usoally the waste collectors poy consumers
for their obsolete appliances and metal scrap, Informal waste sectors are offten
organized in o network of individuals and small businesses of collectors, truders,
and recyvelers, each adding value, and creating jobs, at every point in the recyeling
chain, As many poor people rely on small incomes generated i this chan, this
resulis in impressive collection rates of up o 95% of wial generaied wasie. This
shows how strong economic stimolus for collecton 1= a key faclor in successiul
collection, a point that occasionally may be missing in today’s formalized takeback
schemes,

Many collection programs are in wse, but their efficiencies vary from place to
place, and improvements of collection rates depend on social and societal factors
rather than on collection methods, which is of crucial importance as this determines
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the amount of material thet s actually available for recveling, About 3% of the
people bring the phone s collection point for recyeling and reuse, About half of the
phones are hibemating ot consumer's pitics, and the rest 15 given away or sobd or
reused [3]. After soring, the equipiment enfers a prefreatment siep o separale
materials in different streams from which valuable metals can be recovered effi-
ciently. Furthermore, harardous componenis such as batteries and capacitors have o
be removed prior o mechanical pretreatment. Both dizassembly and mechanical
processes are wsed for the liberation and separation of the metallic componenis from
WPCHs moonder i expose the metals for subsequent chemical processes, The
physico-mechanical process is considered the most environmenially fricndly meth-
odidogy 1w recover metals, Generally, o physico-mechonical process could contan
shredding, gnnding, grovity separation, moagnetic separation, amd electmstatic sep-
aration, Howewver, the major challenge for the physical process is poor recovery of
Eils and PMs.

During mechanical pretreatment considerable losses of PMs and 3Ms in WPCB
ovur, There are two cavses for this problem: incomplete Bberaton of minor amd
major medals of the complex materials and losses of Pd dusis during shredding of
cermmic components [4]. Imperfect Tiberation cavses imperfect separation. Yonous
grades/quantitics  of  recyclates  are produced  during  physico-mechanical
preprocessing separation. Extensive pretreatment of EEE 15 notl always necessary;
amall EEEs such as mobile phones, MP3 players, eic. can after remoyval of the hattery
also be wreated directly {without size reduction). Mechanical sorting commonly
produces imperfect recvelates, and society is probably best suited o discem between
the vast combinations of materials, o produce the highest grade of recyclates
possible, Typical recyclates created through dismantling are coil {contains Cu,
Fealy, PO, 5iCk, PV, and plastics); wires (Cu and PVC) geter (glass, W,
Baly, Cald, AlpDs, Sc0, PO, S0, and plastues), CRT (PO, Baly, Sr0, FeyOy,
Fe. Eu, Zn&, 5004, Y205, glass, and Auorescent powder); PCBs (Au, Ag, Ph, Pd, 5n,
Mi, 5h, Al Fe, AlOs, eposy, Br, e, ) and bousings (wood, plaste, sieel, Cl, Br,
thlﬂ_q. [ il

End-odf-lile WEEESPCBs follow Tour different trestment options: land G, incin-
cration, shredding, and disassembly (Fig. 3.1 Beuse of some ECs can be achicved
with only disassembly, Shredding generates products for recyele, incineration, amd
landhll. WEEEs"WPC Hs can also be disposed by either incineration or lundfilling.
While collection, dismantling, and preprocessing can differ across different e-waste
sireams, depending on the constituent components or materials as well as on the
techmologies available, endprocessing techiologies have been developed with the
locus on the motenal streams, regordbess of the e-woste device stream they come
from. The state-of-the-an WEEEWPCEB reuse and recyeling after collection and
soring con be divided o the pretreatment, preprocessing, and endprocessing magor
steps. Prefreaiment is the initial process of WPCE recycling. Separation, metal
extraction, refining, and disposal are the following steps,
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1.2 Dismantling/Disassembly

For depollution, removal of twsicfenvironmentally harmiul componentsfsubstances
and wseful BEC materials {Ph, Hz containing switches/lamps; CRT, P coatings; MiCd/f
MiBH/LOMN and Li polymer baenes; degassing: oil; PeB (polyehlorinated biphe-
nyls contained) capacitors; inks: toners; coolonis/refrigerants; CRFCsHCFCs in
foam, ete.) dismantling is necessary. The aim of dismantling is w liberate the
materials and direct them to adeguate subsequent pre-femd- treatment processes.
Hazardous substances have w be removed and stored or treated safely, while
viluable componems/materials (PCBs, HDs, eic.) need to be taken out tor neuse or
i bz directed 1o efficient recovery processes, Dismantling of ECs on WHPCBs is the
first and the most imporant step in o recyeling chamn which con belp w conserve
acarce resources, establish the reuse of componenis, and eliminate hazardows mate-
rials Froom the environment. Manuel disassembly 15 the magor cost element and nme-
consuming operation in recycling technology. Low processing capacitics hinder the
application of manual disassembly in large-scale industrial processes, The develop-
ment of automaetc dissssembly process is vite]l when considening the amount of
WIPCBs worldwide, The most valuable part of e-waste {i.e.. PCBs) can be removed
trom the devices by munwal dismantling, mechanical treatment, or & combination of
both, Manual removal of PCBs prios to e-waste shredding will prevent losses of PMs
and SMs, Manual dizmantling holds o dominant posation in pretreatment of WPCBs;
has low investment oost, uiilizing simple electricalpncumatic tools; and can be done
by people with e or low education alter appropeiate raiming, Manual or awto-
meated disassembly can be used selectively or simultaneous]y.

321 Selective Disassembly

Targeting hazardous or valuahle componenis for special reatment. Dismantling is
generally performed manually and takes a long nme,

122 Nimultaneous Disassembly

The entire ECs are evacuated from 'WPCHs together, Mixed EC disassembly is good
for time-saving. Dismantling is performed semiautomatically/sutomatically. Awto-
mated disassembly provides a cost-efTective recyele al minimum labor force on a
large scale. Radio-freguency identification (RFID} tags will be very helpful for
recognition of ECs on WPCBs [5], Seporation and dismomthing critena for e-woste
are summarized in Table 3.1 6]

Dunng dizmantling and downward recycling streames, cotieal issoe with regard 1w
ogcupational health should be applied. and sotety and massive dust exposure shoulkd
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Tahle X1 Separation amd dismaniling treatments for eowmsie

Dresbred oreatment'aciion
1. Separane before tremment
{ia) Tosachazardous
riferials
Cooling Auids and foam | Controlled removal and disposal

Mercury backhight= | Comtrolbed dipot

PCE capacitves Commbleddepes
Blatierics | Sart and process in spesialized planis

(b High vabe materials
Eeusahle components Refurhish and sell
Circuit hownds (high and  Process in imegrated ronfermousicopper smeliers

mafu grate) .

Circuil hoands {ha Upgrade (imanuallyv) and process in integrated smeliers

gradke

2, Dismwanibe, Bberate, som

Clean plastics Process furber with appropriate lechnologies

(CRTI gloss Process fariher with appropriate iechnobogies: glass io gloss
producer, CRT pliss o CRT plass producer or lead smelier
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be avoided as much as possible. For hard dise recyele, confidential data shoubd be
destroved completely. Disassembly may be considered 1o have an impact upon
overall future recycling strategies, Limitations of purely mechanical process rowtes
are effectvely comncemed with PM loss from component structures on popolated
boards due to the nature of the metal-nonmetal interface, and an effective antomated-
dizassembly methodology could well expomd the potential for mechanical wmkey
approaches for all grades of WPCEs.

3.3  Size Reduction

E-waste recycling and management is not a simple and straightforward process. The
minerabogy of WPCBs 15 much different compared 1o the natural ores for metal
refining. Many elements are closely interlinked with complex assemblics and sub-
assemblies, and secondly metals are cross-linked o ioxic organics. In addition wo the
aims of liberation, the particle size must suit the chosen processing method. The
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Impariec
Libsgration

Recydlate 2

Various grades/qualities of recyclates

Fig, 3.2 [mperfect liberation leads w imperfect sepirarion

different material behaviors will dictate the method of size reduction, Size reduction
is performed 1o liberate metals from organic nonmetals and from other metals by
shredding, pulvensng, and sequential  sortngfclassification vsing  mechanical
processing methods, Incompleie material liberation from WPCB= is the key reason
of resource loss, Imperfectly liberated partiches land i the wrong recyelate streams
due to the randomness and to their physical properties but also due o the connected
materials that affect the physical properties amd therefore separation (Fig. 3,20,
Size reduction involves crushing, grinding, or shearing, generically called shred-
ding.” though this rarely leads to complete liberation. Tmperfect liberation leads
imperfect separation. Particke size significantly affects both the separation and
extraction subsequent processes, Mechanical separation of the metallic components
from WIPCB= 15 easier to accomplish with a smaller particle sizes and a namow size
distribution [7. 8. During keaching, dissolution of metals at the smallest paricle size
(ractions due o the high surfoce area 15 highest, Previoos studies sed particke siees
hetwcen 37 and 4750 pm [9]. Industrial-scale planis use much coarser particle sines
(in mm siee, Le, 5-3 mm} than laboratory-scabe swdies On opm s, e,
53-150 pm). Calcination afier size reduction is an environmentally unaccepiable
pretreatment in PCB recyching [10]. Chancerel et al, (2009 found that shredding
increses the loss of PMs and has a negative impact on PM recovery [4]. 3ome of the
PXs are lost in plastics and ferrous metals, More shredding resulis in the decrease of
the concentration of PMs in PCBs. Pd is found in ceramics that are broken down to
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dust during shedding and ends up in filter dust. To reduce the losses of PMs duning
shredding and soring, the first and most straightforwand approach is 1o reduce the
quantity of FMs entenng the shredder by manually sorting step at the beginning of
the process o remove most PMe-rich matenials. For PM-rich WEEEs, shredding
should be avoided and directly fed into appropriate metallurgical recovery processes
for Phs and SMs. During shredding and pulverizing, noise and powder which may
comtain Or, Cu, Od, and Pb oon the air should be munimized. According w the
Occupational Safety and Health Standards (05HS), the maximum penmissible
limit eguivalent contineous sound level is 90 dB for workers for 8 h d ' in the
wirkshop Particles below 100 pm diameter should be less than 500 pg m™ ' and
particles below 10 pm diameter should be bess than 250 pg m . Sound insulation
and personal protective devices such ns masks must be used.

34 Separation/Upgrading/Extraction

Seporation preprocessing  upgradestconcentrates and extrocts desired  matenals!
metils and prepares materials for purification and refining endprocesses, Separation
exploils phy=cal charactensiwproperty differences (such s siee, depsity, magnetic
and electrostatic properties) of the materials. Material exiraction depends on chem-
ol propertes and incledes pyro- and hydrometallurgieal processing echnigques.
Physics primanly determine the potentiol and limits of metal recyeling, the thermo-
dynamic properties of each metal being particularly important, When metals have
similar themmodynamic properiies, heat-based processing technology connaot fully
separate them, resulting in impure, mixed alloys that may have limited or no value.
In such cases, hydrometallurgy = regquired, for exomple, a5 vsed dunng the separ-
tion of chemically similar REEs that are separated by several solvent exiraction
steps, These phys=ical realities have consegquences for all the hinks in the chain of
activities that support recycling. Separation processes can be dry or wet operation.
Doy processes con produce dust contoming both metals and other poesible hasardous
componenis. Wet process needs water and ereates sludge. Dy separation methods
include manual and ballistic soming and also (i) magnetic separation, (i) eddy
current  separation, (i) wr  separation'zigzag owind - sitber, (iv)  screening,
(V) Auidized-bed separation, (vi) sensor-based soting (by image analysis, color,
Kerny, spectroscopyl, (vii) Cu owire sorting, and (viii) electrostatic sorfing. Wet
separation methods include () sink-float, (i) beavy-mediom cvclones, (i) jigging,
{iv} shoking tables. and {v) Qotation [11]. Solvolysis and reprocessing are other
meaterial extraction processes which will not e covered here. Separation methods
will be covered in detal in the followang chapters,

Amelting is pyrometallurgical and leaching is hydrometallurgical processing.
Pyrometallurgy wses high wemperatures (sometimes above 2000 “C) o drve chem-
ical reactions as well as melting (just remeliing metals) or smeliing {chemical
conversion from compound 1o metal) processes, The processes vary depending on
the metal and materials being smelied. The advantage of smelting is that it
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concentraies metals into medal alloys or similar, theretore decreasing their emropy.
Hydrometallurgical leaching puts metals into a low-temperafure agquecus solution,
reaching 0 “C under aimospheric conditions and 200 “C when under pressure for
separating different elements and compounds, Again, various processes exist, based
on either acwd (ow pH) or bozsic thigh pHY agqueses solutions, Hydrometallurgy
gencrally first increases the entropy of metals, before recovering the ions in solution
with a significant input of energy for lowenng the entropy again,

Pyro- and hydrometallurgy are commaonly used in tandem for obtaining valuahle
metals, particularly noncamrier metals, Optimazing the entropy thus maximizes the
resource efficiency. For many economically viable metallurgical planis, depending
on the metal, pyrometallorgy does the Grst rough separation (concentraion into
speiss, metnl alloy, matte, Hue dust, edc. ), and hydrometallurgy produces the final
high-guality metals and other ivpes of valuable products, Alloving usually happens
during a second stage, for example, o produce specific alloy tvpes in alloying and
ladle furnaces, Contrary o such pragmatic pyro- and hydrometallurgical solutions,
there hove been varous altempts 0 push pure hydrometallurgical recycling solu-
tions. These often overlook that, when bringing clemenis into solution from complex
wisle =uch os WEEE. comples electrolyte solutions are created that bave 1w be
purificd before metals can be produced from them., The purification inevitably
crestes comples sludge and residoes that must be dealt with inon environmentally
sound manner, which is often economically impossible and creates dumping/con-
tainment cosis,

3.5 Purification and Refining Endprocesses

Purification and refining are metallurgical endprocessing for pure material produc-
tion. Hydro- and electrometallurgical refining involves cementation, precipitation,
solvent (liquidTiquid) exteaction, or elecirowinningfelecirolysisfelectrodeposition
proces=es. In precipitation, Co can be precipitated with Fe, Zn. or Al and Ag with
Zn dust or MaCl at cenain pH valwes. Cementation is the precipitation of a metal by
olher metals, which are more electropositive. An impodant aspect of cementation
process is the use of metals which are already peesent in solutions, avoiding
contamimation with other wons. The general reaction of the cementation process of
the cementation process is

Cu*? + Me = Cu + Me*? (3.1)

where Me is the cementing metal.

For Cu cementation Fe i the best precipiiant [12].

In clectrowinning and electrorefining of Cu, Zn, Au, Ag, eic., direct electrical
current in electrolyie soluton = vsed, More thon 995% metal poreness can be
obtained with elecirowinning. Fermmous fraction is directed o steel plants for recovery
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Fig. 3.3 E-wasie disnssemhly and upgrading methods for recovery of components and recycling of
malerals

of Fe and Al fractions are going 10 Al smeliers. A the same time, CwPh fractions,
PMCBs, and other PMs-containing fractions are going o integried medal smelbers,
which recover PMs, Cu, and other nonferrous metals while isolating the hazardouws
substances, The followings are also in the final proces=ang steps:

*  Base metal refinery

*  Precious metal refinery

*  Plastics recycling

+  Botterwes recycling

*  (Mher component treatment

* Dhspoeal of nonrecyclable residues

It is mecessary 1o preprocess big electrical and electironic devices (i.e., fridges,
TWs, washing machines, etc_} during recveling. It has to be noted that preprocessing
of e-wasie is not always necessary. Small and highly complex electronic devices
such as mobile phones, MP3 players, e, Gafter batery removal) can also be ireated
dircctly by an endprocessor o recover metals. Residoals will go o landfill or
meineration, In terms of obtaned products from WERCBs, there are two recveling
categorics, component recycling and materials recyeling, whereas in terms of
recycling technigues, five categories have been noted (Fig. 3.3) [13, 14]. Essentially,
dizassembly of WEEE necessitates the need o remove materials and ECs for reuse
or remanufaciure; the need w remove materials having negative environmental
impact {Restriction of Hazardous Substances (KoHS) Directive bans placed on the
EU market of new EEE containing more than agreed levels of Ph, Cd, He, Cr™®,
FPEE, PBDE fame retardanis); and the need o elfectively segregate matenal streams
o enhance yicld in subseguent recyeling processes.

I is a commercial prereguisite that the labor costs Tor dismanthing and separation
st be lower than the gained increase in the scrap value, Some impuritics have a
detrimental impact upon metal recyeling and reduce the value of the recoversd
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Tabhle 3.2 Derimental impurities amd inlerated metals in metal recycling

beleral | Diztrienental innpuriny metals Taberated metaks

Cu | Hg snd Be As. Sh NiL BiL and Al
Al Coard Fe 11

Fr | s, Sm, arl Zn

fraction. Table 3.2 depicis the detrimental impurities and olerated metals, which
reduce the recveling value of the scrap, ot o certain concentration in metal recyeling.
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Chapter 4 ' @'
Dismantling and Desoldering S

“Recyole, redince, rewee (TRy). L close e foop!™
Anonyvmaous

Absiract This chapter emphasizes dismomthing omd desoldenng echnsques for
clectromic component and solder removal from the e-wasic/'WPCBs, Details and
development in thermal and chemical desoldering for disassembly are covered
extensively. Melting stoves, IR heating, hod fluid heating, and industrial waste heat
use arg introduced in thermal weatment process, Dream; wnnel; mod-brosh and
scamning-laser type desoldenng  autometcisemi-autometic WPCH  dismantling
machines are broadly explained. Industrial-scale eguipment details and applications
are presented. Heating with heat transfer guids omd chemical dissolving reatment,
which damages ECs, are also mentioned. Sensing technologices, eco-design, design
[or dhisassembly, and sctive disassembly concepts are introduced.

Kevwords Dismantbing - Desobdening - Disassembly - Thermal treatment -
Dismantling machine

4.1 Dismantling/Disassembly Process/System

Although WPCBs are designed tor durability of S00,000 k. the avernge Eol for ECs
in 20,000 I or less than 5% of s designed life span. Hence, many BECs are still
tunctioning and usable at the time of disposal as e-waste. Theretore, diznssembling
ECs from WPCE=s is a first and crucial siep in WPCE recyeling chain o conserve
sparee resources and eliminate potential exposure w hazardous matenals [1], BCs are
wsually divided inbo two parts: (i) funciional and vsahle ECs which could be reused
lior new products amd repair and (o) damaged BECs which could be disposed for metal
recovery. Disassembly (demanufacturingfinverse manufacturing} process employs
1 segregate ECs andfor matenials that are reusable, idemifiable, or hazardous in such
1 IMEnnEer &5 b0 maximize economic retum and o minimize environmenial polluiion,

0 The Minerals, Merals & Maerials Sochery 201% (e
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hirpscitdod ongs 10, IOOTATE-2-030-26543-9_4
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Tahle 4.1 Characteristics of conmection types related fo their specific degree and nonrndomness
af likeration behaviar afier shredding with different connection complexities

Conmection type Liberation after shreddimg

Bualtngrivelng High liberation. high mndomniess

Gluing | Medium liberation, medism mndommess
Comtingtpalming | Lonw liberariom, kow mandomness

Foanaing Mledivm liberation. mediom randommess
Conmected materalsicomponents of diffenemt Highdmedivm liherstion from struciune, hight
levels of complesiny iy rndominess

Heterpeneouwstiigh nomber of commectsns per | Lo [iberation on componet, ks rancdomness
surfioe arca

arerial properies, low comglexity, low pam-  High [bersion, highdmesdiom randomness
frer of joints

enabling subsequent processes 1o be performed more efficiently, Disassembly is the
systematic removal of ECs, paris, a group of parts, or o subsssembly from e-waste,

ECs are connected o the PCBs mainly by soldering, boliingfriveting, gluing,
coating' painting. and foaming, Table 4.1 shows the choractenstics of conmection
types related o their specific degree and nonrandomness of liberation behavior afier
shredding with dilfferent connection complexities, For ECs™ disassembly, fraciunng,
drlling, ungluing, heating, and lubricating operations can be used. For dispssembly,
special tools, simple wols, or by hand can be used,

In electronics, desoldening is the removal of solder and ECs from a circuoit board
for troubleshooting, repair, replacement, and salvage {recyclefreuse ). Large numbers
of researches focusing on EC dismantling from WPCBs are conducied, which are
mainly processed in iwo seeps (Fig, 4,13 [2].

*  Remove solder between baschoards and ECs, including wearing down the solder
joints on the backside of PCEs by grinders [3]; dissolving the solder by chemical
reagents [4]; melting the solder by infrared heaters and [5] electronic heating
tubes [&, T]; hot air [8, 9 and special hot lguids [10=13] like molen sals (LiCl-
KCTy, melved solder, diesel, kerosene, paralfing ool and methy] phenyl silicone
oil. Special liguors can be used as the medium o transmit heat o melt solder from
the PCB pssemblies in desoldenng pretreatment process [14-16],

+  Dslodge ECs from WPC Bs, including mechanical sweep [17], gas jet [#, 9], and
centrifugation [18], However, almost all of these wchnologies could not be
applied for industrialization atiributed 1o their varioos limits, such as low effi-
ciency and high cost,

Current WPCH dismaniling procedurcs have restrictions on e-wasic recycling
due w bow elficency and negative impoct on environment and homaon health
[20]. Therefore, there is a need o seck an environmental-friendly dismaniding
process, Manual dispssembly and sorting are magor cost element and high labor
burden within any WEEE recycling methodology, Disassembly can be performed
either partially or completely. The components reuse oriented selective disassembly
technology for WPCBs with wet chemical selective desoldening which may prevent
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also environmental pollution and recover expensive soldertin, Desobdering is nec-
essary for dismantling ECs from WPCB assemblies, The current informal mianwal
selective dismantling uses chisels, hammers, and cutting torches 10 open sobder
connections and separate various types of metals and components. Cooking on a
coal-felectric-heated plate and melt solder in order o sell the chips and other
recovered components i ocud sioppers for further processing 15 ancther manwal
process. Manuoal informal dismaniling has a bad smell, black fumes, and banned
provess dissdvantages,
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4.2 Desoldering for Disassembly

There are two different formal desoldenng methods: melung solder by heating
{thermal treatmment) and leaching solder by chemicals (chemical ireatmentl The
latter faces problems of the selection of suitable chemical reagems and their damage
io components, which prevents this application in practice. Leaching easily gener-
ates a large amount of waste acid, alkaline liguid, and sludge, which cause secondary
pollution, Molten solder baths and different heating elements (e, winsribbon/stripd
tabular resistances made of Michrome (BF20 MiCr), Kanthal (FeCraAl, Cupronickel
{CuMi), ceramic, or composite), intrared (1R ) sources, hot air guns, hot air blowers,
cte. can be used for heating WHCH assemblies for desoldering. Most of the large ECs
and SMC= are dislodged successlully from WPCBs by heating. THCS have two
types: pins are bended or not. THCs cannot be dizsassembled although all solder was
removed from the WPCBs due w bending of pins under the WHPCBs and big
componenis with more pins. But, these parts can be removed by a plyer withour
heating since there no solder remained on the WPCEs after heating [21]. Heating
method should give minimum damage to the ECs, and most of the components
should be revsed. Dodbiba et al. (2006} proposed an underwater explosion method
diznssemble the whole mobile phone units; but, since it 15 not suitable for indusinial
practice, it will not be covered here [22],

Another potential solution o dispssembly problem s called active disassembly
using smart materials (ADSM) (such as shape-memory polymers (SMP) of polyure-
thane), Mew materials — bazsed on bio-polymers - are designed and produeced, o see
how the component parts can be quickly and efficiently acoessed for recycling and
metal recovery, The most important choractenisie of these matenals is that they are
stable and robust while in use but can be iriggered o decompose when the deviee is
i be raken apart for recyeling. Protoivpe modularized mobile phone based on a
“skeleton™ made of plastic/cellubose composite which can be dissolved into sugars in
the presence of engineered bactenia, while components such as battery, screen,
matherboard and memory atfached to the skeletons as organs.

4.2.1 Heating Methods (Thermal Treatment) for Desoldering

Working temperature, which 15 around 225-265 “C, 1= abowve the melting tempera-
twre of the solder. Critical temperature @0 generate toxic fumes of PCHs s
FT02R0 " [23] During heating certain amount of (oxic goses including acetabde-
hwde, benzene, xylene, styrene, and lead fume can be released and cawse a secondary
pollution, Heating of WPCB= 15 pedormed i a tin melung stove and in a rotating
drum dismantling machines, horzontal unnel fumaces, or 1R-heated modsdlamps
{250 W) and brushes, Heating can be performed by resistances, which are 6-8 cm
away from WPCH or IR lamps in tunnels and hot gr guns or pir blowers in rodating
drums, ECs are removed from heated boards manually after tin melting sioves amd
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Fig. 4.2 Tin melting siove Layvoat and opertion for EC dismambing from WPCH=s

semiguiomatically  afier rotating drum and  twnnel-type dismantling  machines.
Heating methods have very low efficiencies in melting sobders, and they frequently
result in domaged components because of the differences in heat absorption rates and
temperature gradients, Explosion {elecirolytic capacitors may explode ar 140 °C)
and burning of ECs (some plug-ins may bum) should be prevented duning heating
period. Disassembling rate (DR} percent can be calculated from

Mumber of Ff{_"-_a released from WHC Bs

DE () = Total number of components on WPCBs

1K) {4.1)

4.21.1 Tin Meliing Stoves

ECs are connected to WPCBs by sobder, In order 1o disassemble ECs, firsily solder
must be melied and removed (Fig. 421 In tin melting stoves, elecinicity is used in
heating. When the solder melis, ECs are removed by hitting and shaking the board.
Most of the ECs full from the board. Industrial MX-300 melting stoves have o power
of 40 KW, a capacity of 04-08 th'workerftable, and a dimension of
T2 300390 mm [24], One worker works ol one tn meling stove table under
fume hoods.

4,21.2  Infrared Healing

IR heating wses IR heat lomps, which emit invisible IR radiation and tromsmit i o the
hody that is being heated. IR heating lamps are commonly incandescent lamps.
An IR heater ransfers energy 10oa body with o lower temperature through electno-
magnetic rdiation. Depending on the tempersture of the emitting body, the wave-
length of the peak of the TR radiation ranges from 700 am w | mm Ga frequencies
between 430 THz and 300 GHz). Mo contact or medium between the two bodies s
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needed tor the energy transter. [R heaters can be operated in vacuum or atmosphere
and satisfy a variety of heating requirements, including:

+  Extremely high temperatures, limited largely by the maximwm iemperaune of the
emilter

*  Fust response time, on the order of 1-2 seconds

*  Temperamre gradients, especially on material webs with high heat inpur

*  Focused hepted area relative 1o conductive and convective heating methods

* Mon-contact, thereby not disturbing the product as conductive o convective
heating methods do

Thus, IR hesters are applied for mony purposes including beating systems, curing
of coatings, plastic shninking, plastic heating prior to forming, plastic welding, glass
and metal heat ireating, and cooking.

4.21.3 Heating with Heal Transfer Liguids (Hot Floids)

Bulk heating of WPCBs Tor desoldering con be achieved in waler-soduble iomic
liquids {((BMIm)BF,) and [20] dicleciric liguids (rransformer oils, mincral oils,
methyl phenyl silicone o, amd cryogenic hguids O, My, Hy, He, and Ar Minety
percent of the ECs were removed from wasie PCHs ag 250 °C with water-soluble
ionie liguids. But most of them cannol be used again. These ECs are separately
recyeled pecording to their metal contents. Inert and stable molien salis (LiC1 + KCl
(38.2% + 41.8% mol} and MNaOH-KOH euwtectic composition (41% MaOH-3%%
KOHY AT pings 170 ")) can be used a5 a heat trunsfer fuid to dissolve glusses
and oxides and w destruct plastics present in PCBs without oxidizing most of the
maetals. At o range of 450-470 “C, metal products i either bguid (solder, Zn, Sn, P,
cic. ) or solid (Cu, Au, Fe, Pd, eic.) form can be recovered. PCB pyrolysis gives 7%
solid (metal and glass), 23% oil, and about 6% gas product in average [16, 25, Dis-
posing the used hot fluid and cleaning of bare boards and componenis for further
processng are disadvantages of vsing heal ransfer hguids, Hot Quids have the
dizsadvantages of generating large guantitics of hazardous waste thai need to be
further disposed and bare boards and components that need 1o be further cleaned [1].

4.2.1.4 Heating with Indusirial Waste Heat

Chen et al. (200 3) vsed indusinal eeaste heat (e, pulsating oir jet) o melt solders
and separate the ECs from hase PCBs [1]. They fesied preheat icmperaiures in
increments of 200 °C between 30 and 160 °C and ncubaton mmes of 1, 2, 4, &, or
# min and heating source iemperaiures ranging from 2200 po0 300 °C in increments of
20 °C, The optimum prebeat temperature, heating source temperature, amd incuba-
tion time were 1200 “C, 260 °C, and 2 min, respectively. The disassembly rafe of
sl SMOs was 40-50%, and THC and other SMCs were more than 93%. Tnlet
pressure was 1.5 MPa.
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4.3 Semiautomatic PCE Electronic Component-
Dismantling Machines

PCH dismantling machines are used to remowve the solder and ECs from mixed
WPCE assemblies sutomatically in e-waste recyeling. Thus, labor foree 15 saved amd
anly two people are enough for casy operation, Wang et al. (2006} used 245-265 °C
heating temperature, 2-8 min, incubation time, and 6-10 pm rotating speed for
drum type of auwiomated dismantling machine [21]. According to Boks and
Tempelman (1998}, the main obstackes preventing aulomatic disassembly of PCBs
trom commercially successtul are [26]:

# Too many different iypes of products

= VYery small products

¢ Cieneral disassembly-unfriendly product design
= BMatenal logistics problems

¢ Control of functiioning BECs

4.3.1  Drum-/Barrel-Type Dismantling Machines

The high-temperature and abrasion-resistant cylindrical drumbamel is made of
& mm thickness sieel, This mochine works with gosddust cleaning svstem or under
cxhaust hood {Fig. 4.3). Dismaniling machines should be safe and relinble, be
operaled easily, ond hove stable performance, high precision, and durabiliny charac-
teristics for WPCE recycling planis. Solder and dismantled ECs withowt damage arc
removed i one step by blowing bot air in the drom by a blower, WPCE dizmantling
machines have potomatic temperature control system. Capacities manges from 2000 to

Flg. 4.3 Dwam-type disnamiling maching with air cleaning syssen and dismamibed WECBs and
ECs developed m China
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Fig. 4.4 Tunnel-type dismantling machine fowshest

500 kg h™ ", motor power from 2.2 to 3.7 KW, and weight from 0.35 to 0.60 tons
[27] EC dismomithng rote 15 claimed as high as 99% without dust inan eco-oendly
wiy. The use of electrical resistances instead of hot air blowers is also possible for
heating [28], The off-gas punficaton with activated corbon i vsed w avord hazard-
ous gas discharge to the environment so as o protect workers” health and
environment [21],

4.3.2  Tunnel-Type Dismantling Machines

This system consists of a horizontal solder melting furnace with TR heaters, auto-
mated dismantling, dust cotching, conveyving. and panel systems. Higher auiomation
reduces dismantling labor and time. Dust catching prevents dust pollution in the
environment, It requires less ares in the plant, Diemantling machine techmcal block
flowshieet is given in Fig. 4.4. From this operation solder’Sn, bare PCH assemblics,
ECs, and dust are collected, Tunnel-ivpe dismantling mochine cross-sectional detals
and photos ane shown in Fig. 4.5.

According 1 EPA, e-waste 15 the fastest-growing waste stream in the USA,
Significani amounts are recoverable for reuse, resale, and refining for Phs
[27]. The disassemblers send WPCEs o refinenesfameliers for PM recovery,
American-type e-waste disassemblers remove electronic parts from these WPCBs,
=0 only certain parts are smelved, As such they are the key market for depopulanoss
equipment. Befineries also have an incentive o remove the paris so that only certain
parts are simeled, Both are WPCBs withourt using chemicals. The PM paits go tothe
smelter o5 opposed w the whole WPCBs, The weight reduction factor is 51 which
reduces smelting-based pollution by 5:1. Figure 4.6 shows the wnnel-iype WPCH
depopulator developed in the USA, WPCBs on the conveyor ane heated in the tunnel
furnace, and ECs are fallen off with shaker from WPCBs at the cnd of conveyor.

200 kg h ' capacity dismantling machine has external dimensions of
B35+ 600+32600 mm. Total power supply 15 15.2 KW and fotal weight is 1.37
s, Dust-removing efficiency is mone than 93% [31]. Table 4.2 shows techinical
dota aboui tunnel-type industrial-scale machines. Dismantling machine heating
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Fig, 4.5 Schematic view and photos of wanel-ype, beasd dismamling machines [29]

resistome power 15 TEEW and feeder motor 0. T3KW, Yibrating screen dimensions
are (LB=1_2=00.7 m.

4.3.3 Rod- and Brush-Type EC Disassembly Apparatus
with IR Heater

Park et al. (2013) designed and tested automatic rotating rods and sweeping steel
brush-type apparaius o dismanile ECs from WPCBs [32]. This apparstus used six
IR heaters, three rows of rotating six-feeding rods, and six BEC removing steel
brushes (Fig. 4.7). Minety-four percent disassembly ratio was obtained at a feeding
rate of 0,33 cm s~ and a heating lemperature of 230 °C.

1. Comtrol Pamel (controdlable Toctors: niating speed of feeding rod, rotating
speed of sieel brush, heating temperature), 2. PCBA, 3. Feed hopper, 4. Feeding rod,
5 Sieel brush, 6, IR heater, 7, B Tropesodal gear change, 9, Product hopper, 10,
Basket, 11, L2, Motors. (right) Detailed diagram of the disassembly modules. 13,
PCEA, 14, Feed hopper, 15, Feeding rod, 16, Steel brush, 17, IR heater, 18, Product
hiopger.
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Table 4.2 Techmical parameters af wmmel-type dismantlmg machines

iy
Mans: Model  Power (pes] Demersions
MeRing lamadce 5X- FCHD WY | 2 (haS « 043 = .75 m
500 ACIH W
Auromnaie dismamling machine | 5X- 1.1 RW 1 Se08« 1L3m
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Fig, 4.7 Rod- amd brush-tepe BEC disassembly appararus: (lefty soociune of the disassembly
appariies

4.3.4 Scanning and Laser Desoldering Automated
Component-Dismantling Machine

From scrap, redundant, or malfuncioning PCB assemblies, an automated BEC disas-
sembly methodology was developed by the Austrian Socikety for Systems Engineer-
g and Automation (SAT) While the existng production capacity deals with the
recovery of relatively expensive ECs from faulty prodwcts and overcapacity manu-
facture from a number of German, Hungarian, and Austrian original equipment
manufacturers (DEMs), the excess potential is used for dissssembling WPCBs,
SAT s technology essentially comprises automated component scanning 1o read all
component entification data (10 and dual-beam laser desoldering, with vacuum
removal of selected components. The component disassembly operation comprises
the following stages [33]:

* Scanning - read all component 1T,

*  Read stored component database — component cost data stored.

*  Are the I} components soldered or surface mounted?

I mounted, disassembly via robot in 3-5 5 ot a cost of 0,3 Euro,

+ |If spldered — three types — highest quality via laser with minimuwm thermal inpue
(1820 sfcomponent) — lower quality and BGA (ball grid arrays) via IR beat input
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4.4 Sensing Technologies

The most atractive research on disassembly process = the vse of imoge processing
and database 1o recognize reusable pans and toxic components. In auiomating the
dizassembly process, the main issues are imaging, recognition, and robotics, Sensing
methods can greatly improve the effectiveness of WEEE recycling. They are crucial
i the implementation of automated disassembly and can facilitate great improve-
ments in separion. Opto-electronic sorters wse conventional imaging device to
dizscriminate shape and color. Augmentation by electromagnetic sensing permils
identification of metals, as well as rubbers and plastics, allowing sebective ejection
af the identified ems in automated separation processes. For better imaging and
recognition, BFID wgging and robotics will be the Duture echnobogy, Laser-induced
breakdown spectroscopy (LIBS), laser-indwced fuvorescence, laser-based systems,
and X-ray analyical wechnigques are being developed [33],

4.5 Eco-design/Design for Disassembly (IMD) Concept

[T would be inberent from product conception and woubd involve the selection of
ECs, to standardize material types and specifications and @0 both minimize and
simplify fastener types, In order o facilitate disassembly [33]:

*  LUse hindegradable materials where possible.

+ Prowide sccessibaliny o parts and fasteners o support disassembly,

*  Use standardized joints to minimize number of wools for disassembling
= Modulate design for ease of par replacement

*  Use connectors instead of hard winng.

# Use thermoplastics instead of thermoset adhesives,

* LUz spap-fit technigues o facilitate disassembly.,

* Design product with weak spots 10 aid disassembly.

= Weight minimisation of individual ECs.

4.6 Active Disassembly (AD)

Al involves the disassembly of ECs using an all-encompassing stimulus, rather than
a fasiener-specified ool or machine. When designing for AD, we have o consider
smarl materals ke shope-memory polymers (3MP2) and shope-memory alloys
{5MAs). SMPs are polymeric smant materials that have the ability to retum from a
deformed state Qemporary shape) w their original (permanent) shope mduced by an
extemal stimulus (trggery, such as temperature change, ofien in the form of screws,
boliz, and nvels, AD Gsteners change tear form o o preset shope when exposed wa
specific tigger temperature (65120 “C) depending on the matenal.
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Chapter 5

Traditional and Advanced WPCB =5
Recyceling

“Recyolime iv ive Key fooo Clema and Safe Emdreament ™
Anonyvmaous

Absiract Conventional and advanced/novel WPCEB and e-waste recyeling pro-
cesses are introduced and compared in this chapter. Traditional unconirolled incin-
eration and mechanical separation {i.e,, gravity separation) methods are covered,
Movel pyrometallurgical methods for WPCB recycling include direct smelting,
incineration, physico-mechanical separation, vacuum pyrolysis, and gasification,
Limitations and emerging technologics in pyrometallurgy are also presented. Indus-
irial pyrometallurgical processes for the recovery of metals from e-waste are stated.
Hydromeallurgy, punfication, solvent extraction, ion exchange, ond electrowinning
are explained in detail. Advamiages and disadvantages of base metals, precious
metals, bromimated epoxy resin, and solder siripping solvents are compared, Possible
chemical reactions between metals and reagenis are presented. Finally, water ireai-
menl processes are menboned shortly,

Keywords Landfill - Incineration - Mechanical separation - Pyrometallurgy -
Pymolysis « Hydrometallurgy - Bioleaching - Punification « Solvent extraction

5.1 Comparison of Traditional and Advanced WPCR
Recyeling Processes

WPCR wreatment and recycling methods can be classified as thermal or nonthermal,
chemical or mechanical, pyrometallurgical or hydrometallorgical, advanced or tra-
diticnal’conventional, and primitive or direct or acconding to reaction atmosphere. [n
this book, WHERCE meatment and recyeling technigques will be classified o traditional
and advanced recycling techniques. Table 5.1 shows the classification of traditional
and sdvancediovel WPBC recveling methods, Tradiional recyeling technigques
include direct treatment, which includes uncontrolled incineration, and mechanical

€0 The Minerals, Metals & Maerials Sochey 201% 53
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

ipstidon omgd 10, NOOTATH-2-030-265U3-9_5
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Tahle 5.1 Classification of traditional and advanced methods for WEEE recycling

Trasditional methods for WEEE recyeling | Advanced methods for WEEE recycling
Diveet wemment: uncomroled incinera- | Pyrometallurgical wehnobopy (smehing + convening

tiom (., Taming in bast lumace) | refinang)

Mechanicnl separmiion | Physico-mechanicnl separmtion (Graviiy-magnetic-
Wt gravity separation {Le., shaking | elecorostaric)

tahles) | Hydrmomemllurgical processes
[y gravity separmion li.e., rigzag | Mikd eximmction 1echmsbogy

three-way air classalier) Binleaching

Prmmitive acid bmaching (solubilization + Bipsorption

purificarion) | Ekeatrochemical weehnobogy

| Supercritical fuid sechnology (For water: T,

| 374 °C5 P, 218 nom.)

| Wacwum metallurgical lechnology [V acuunm evapa-

: rntndsublimation|

| tmher povel echnologies (Ulrmsonic, mechano-

| chemical wechnodogies, DC ane plasma reatiment,
_ @ |hwivisdoeboed
Compiled from Fhang and Xo (3006 ond Kavn (20108 [2, 3]

scparation along with primitive crude acid leaching fechniques. Pyrometallurgy,
physico-mechanical separation (gravity/magnetcfelectirostats separations), hydro-
metallurgy. elecirochemical, vacuum metallurgical, supercritical, and other nowvel
technologies are advanced new lechnologies. In this book, all trodivonal echnolo-
gies were covered in detail. In the conventional metal recovery process, whole
WIPCBs are typically crushed, ground, and smelied without disassembling the ECs
| 1]. Dizadvantageously, when WPCBs are ground. only the plastic fraction can be
effectively liberated from metals. However, this leads o the recovery of only Cu,
A, and Ag metals and loss of low concentration rare metals. These e metals can
anly be recovered by hydrometallurgical processes. Therefore, it is imperative that
ECs showld be dispssembled by desoldenng in order 1o recover these valuable amd
scarce metals.

Im the pyrometallurgy, the metal 5 separated Tom other impuriies of the mate
using differences in the meliing points, densities, and other physical’chemical
charactenstics. In the hydrometallurgy, metals are separated using differences in
solubilities and other elecirochemical properties. There are two indostrially drven
ways of processing WPCEs, based on pyrometallurgical or hydrometallurgical
rouies or 4 combination between both. Both have their pros and cons, but especially
for “low-grade”™ WPCE=, hydrometallurgy (i.e., leaching) offers distinet advantages,
such n= selectivity and reduced capital and opertional costs, One way to explore the
inherent advantages of the hydrometallurgical processing as downstream ireatment
5 I prepare the WPCBs inoan optimal way, This s realieed through fagmentation
followed by classification and physical sorting fechnigques aiming 1o selectively
concentrse the valuable elements in specilic sreams, Fudher on, only the meal-
hearing fractions are supposed to be delivered o leaching where medals are
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solubilized into o pregnant leach solution followed by their recovery using
techinigues such as solvent extraction (53X} and electrowinning (EW),

5.2 Traditional Processes for Mixed WPCB Recycling

Traditional methods are performed for partial recovery of MFs from WPC Bs.

3.2.1 Uncontrolled Incineration

Incineration means the combustion of WPCB by converting its calonific value to
energy amd emitting the gas directly or after reatment with the purpose mainly o
remove the nonmetallic fraction part Garound 70 wi%) I has the advantages of
significanily reducing the volume of WPCHE by 50/, and also the calorific value of
WPCE s relatvely high compored w momicipal solid waste, which 15 around
9.9 + 10" kifkeg. Therefore, it readily satisfies the minimum incineration calorific
vitlue Tor waste, which s roughly 5000 kealkg, Comently in the world, incineration
i= &bl widicly used in America, Asia, and Europe due o the simplicity of the process.
However, during the combustion of WPCE, wxic emissions including heavy metals,
tly ash. PCOVFs, and PEDINFs are released into the atmosphere in the ahsence of
post-purification, Cd, Cu, Mi, P, and Zn will be vaponzed according w the order of
their melting points and relessed into the atmosphere [4]. Therefore, incinerstion as a
reatiment method for WPCE is not an environmentally friendly option considering
the toxic emissions. Also, the construction of an incineration plant 1= a8 major
cxpenditure for local governments.

5.2.2 Mechanical Separation

Physical processes are commaonly applied during the upgradation stoge when varous
metals and nonmetals contained in e-waste are liberated and come apart by some
means of shredding and crushing processes. The effort to recover the valuable metals
in particular Au, Ag, Pd, and Cu has received enormous attention in recent years
using extraction processes such os physical, chemical, and combined pyro-!
hydroleaching separation moues,

Cenere mechanial and physwo-mechomical seporators use the lows of physics
and material properties for separating materials. Mechanical separation mainly
ncludes sorting and gravity separation, while physico-mechomical separation con-
tains gravity + magnetic + clectrostatic separations together. Mechanical separation
i traditional amd physico-mechanical separation is advanced weatment method for
WPCBs, YWariables affecting separation include [5]:
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*  Fluid viscosity (ease of How).

#  Solid volume concentration {significantly affects viscosiny,

*  Flow turbulence {and turbulent energy dissipation ).

*  Boundary Aow along the separator walls,

=  Eddy Hows, ie., swirls that dissipate encrgy and etficiency.

*  Panicle shape affecting terminal velocity, e.g., platelike panticles will fall differ-
ently than more spherical ones (shape foctor),

* Hindered seitling, ie., particles affect each other’s flow.

*  Momentum transfer between phoses and within o phase,

* Uneven force ficld sepamition, e.g., due o iechnological consirainis.

= Feta potential, eg, the ebectneal surface chorges on partickes,

= pH of flud.

* Physical distibution of particle propenies, e.g., density, conductiviry, and mag-
netism (and other properties than those used for sepamtion).

Mone of the seporation methods creptes pure streams of motenal bul only
increases purity. Ohverall industnal recovery rate of mechanical separntion changes
fromm BO% up 1o 95% [3]. The physicalfmechanical process comprises shredding
and grinding of the whole mixed e-waste, followed by separation and concentra-
o using graviey, magnetic, andfor electrostatic separators, Accordingly, mechan-
ical methods do not result in high recovery rates, especially for PMs. Mechanical
separation process fowsheet for a mixed WEEE metal recovery plant has a manual
sorting line i remove ballenes, waoersinks, paper, ond external cables; shredding
and manual picking line/band 0 remove large capacitors, motors, and irans-
(ormiers; overband mognets separation e remove coarse ferrous metals; pulven:-
ing followed by magnetic separation o remove again fine ferrows metals and steels;
eddy current separators (ECS) 1o separate metallic (Cu and Al and nonmetallic
{plastics, mbbers, glass, wood, and stone); and finally Cu-rich and Al-rich material
that can be separated by density separation [6]. Purely mechanical preprocessing
leads o major losses of, especially, PMs in dust and ferrous fractions. With dry
mechanical separation processes, the potential loss of PMs may be as high as
10-25% due to hberation problem between medals and plastics. To evade pollution
with dust. a three-stage dust removal equipment is commonly used.

Preprocessing  industry treats WEEE wsing o combination of manual amd
mechanical methods, with varying efficiency. Much innovation is possible for
improving preprocessing perfommance, amnd imcentives must be crepted for treating
all WEEE with certified BAT technology. E-wastes are managed without proper
handling by informal sectors in underdeveloped and developing countries, Since
the informal sectors cannot invest in high-tech equipment and maochines, 1t is
important i provide a more economical el environmentally friendly mechanical
separation solution o this problem. Therefore, it is important o provide simple
physical material recovery procedures, which can be applicable for informal
=eClors,
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5.3 Advanced Methods for WPCRB Recveling

5.3.1 Pyrometallurgy

Thermalfthermochemical processes at high temperature are cumrently the most
important aliemative solution for processing complex e-waste, They involve the
similianesus change of chemical composition and physical phase and are irrevers-
ible. The purpose of thermochemical reatment of e-waste 15 elimination of organic
components (i.e,, plastics) while leaving nonvolatile mineral and metallic phases in
more or less original forms thet could be recoversd.

In pyrometallurgy, direct ircaitment (withowt size reduction and removal of
attached BECs) torgets Cu and PM recoveries, In this case, the inital pyrometallur-
gical step s gencrally  followesd by subseguend  hydrometallurgical  and
electrometallurgical operations. Duning pyrometallurgical reatment, the polymers
are used as reduction agent as well as energy source due 1o their intrinsic calorific
vilue, Pyrometallurgical processes for recovering metals from varous waste male-
riitls have been used during the last three decades. Smelting in furnaces, incineration,
combustion, and pyrolysis are ivpical e-waste recyeling processes. The high em-
perature in furnace or smelter is generated via the combustion of fuel or vie electrical
heating, Technical hardware includes submerged lance smeliers, rdary furnaces,
electre are fumaces, e, In contrast o WPCBs from computers, monitors and TV
hoards wsually contain massive Fe and Al pars (cooling clements, transformers,
lrames, et and possibly large condensers, I s recommended o remove thess
meassive parts before sending the remaining boards o the integrated smeliers for final
proves=ing, Benefits of such o removal are two Todds: Fiesly, Al and Fe parts comn be
valorized by sending to appropriate endprocessing facilities. Secondly, WHPCBs
freed from these massive parts are relatively upgraded in the Cu and PMs contens,
which will generate better revenues obtwined from smelier. Such state-of-the-art
ameliers and refineries can extract valuable metals and isolate hazardous substances
efficiently. Such recycling facilities can close the loop of valuable metals and reduce
environmental impact arising from large quantities of e-waste, Currently, e-wasie
recyehing 1s dominated by pyrometallurgical rowtes |5, 7], whereas the steel industry
cmbraces the ferrous fractions for the recovery of Fe, and the secondary Al indusiry
takes the Al fractions, MF: separated dunng the preprocessing of e-waste are
composed of Fe, Al, Cu, Ph, and PMs. Afier Fe and Al, Cu and Ph are the main
constituents of o iypical e-waste, Therefore, it 1= logical w send e-waste o smeliers
that sccept Cw'Pb scrap, Currently, Cu and Pb smelters work as e-waste recyclers for
the recovery of mixed PhSn, Cu, and PMa. In these pyrometallurgical processes,
e-wiste/CwPh scraps are fed into a furnace, whereby metals are colbected inoa molien
bath and oxides form a slag phase, Cu smelting route is environmentally friendly and
cheaper than Pb smelting route [8].

There are four different thermal processes used today in pyrometallurgy and
wisle recyeling: direct smelting, mcineration, pyrolysis, and gosification,
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ALl Direct Smelting

In direct smelting process, mixed WEEE is bumed in the blast/shaft fumace to obiain
T5-85% black Cu, then oxidized m converter and later reduced in the anode fumace,
Impurtics are mostly segregated into the vapor phase and are discharged in the
off-gas, Anodic Cu can be punified with Ha50, along with Mi, Zn, and Fe [2]. Ther-
mal methods result in the emission of hazardous chemicals to the atmosphere and
water as a result of degradation of epoxy and volatilization of metals (including P,
5n, As, and Ga). These processes consume high energy and reguire expensive
cxhaust gas purification systems and corrosion resistance equipment [1].

Dhrect =melung = melung the metals around 1200 °C 0 wr-blown furmace,
Isasmeli verfical furnaces and Kaldo rotary furnoces can be wsed for WPCHB
recveling, Croshed e-waste 15 charged o molen bath 1w remove plasties and
refractory oxides to form o slag containing valuable metals. Smelting keads to
formation of hozardous by-product Tumes and parial recovery of metals. Both
ferrous and nonferrous smeliers need o have state-of-the-art off-gas ireatment in
place o deal with YOCs, dioxins, and furans, Labels, plastics, and resing contain
significant amount of Aame retardants. For painted scrap, lacguer should be removed
priog o smelting using appropriate echnologies, For ireatment of WPCE=, it is of
utmast imporance that smelier 1= equipped with gos ireatment equipment. since
otherwise dioxins will be formed and emitied. Process gases are cooled with cnergy
recovery and cleaned. A nomber of wchnologies are available for destruction or
capture of dioxins, furans, and oither gases, for example, adighatic coolers, scrubbers,
hog  houwsefebectndiliers, Cotalyue  decomposition and  off-gos  ireatment  can
he used together for opiimum performance. Formation of dioxins during smeliing
can be prevented by sufficiently high temperatures and long residence time in the
smelter. Excess heat from off-gas can be used in subsequent processes.

WPCEs and small devices are mixed with catalyses, by-products from nonferrous
industries, or primary ore and directly (eathout further size reduction) treated in
integrated smelier and refinery (15K}, Organic components ane converned o energy
durning smelting. Mechanical upgrading other than disassembly, grading, and shred-
ding for bulk volume reduction prior to smelting is not undentaken due o inherent
vield loes, particularly of PMs, This loss may be typically i the order of 105 but
iy be much higher [6&].

5311.2 Incineralion

Contrary o s=melting, formation of mels 5 avorded dunng mcineration, The pur-
poscs of incineration are simply o reduce the volume of WPCE and 1o achicve
partial heat recovery through the incineration of WHPCB when the heat rebeased 15
ndeguate. Small-scale e-waste with high PM content can be incinerated in rotary
furnaces at around 850 “C with around 6% oxygen. Aroumd 20% weight loss occurs
at the incinerated material. Incinerated prodoct 15 brittle and pulvenzed o (.2 mm.
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This product i= easily chemically and mechanically processed. Incineration is a
classically open process with continuous Aow of gases through the reacton atmo-
sphere — incinerator — pimosphere. Leaching incineration ashes with 95% Ho50,,
almost complete Cu, and 97% Ag dissolutions are possible [9], Duning incineration
of WEEE amd batteries, Hg i considersd typically volanle, Mi, Mn, and Cd are also
cmitied if off-gas freatment systems are not adopied.

5313 Pyrolysis

Pyrodysis is known as a promising technigque for resource utilization of WPCE, The
pyrolytic oil (PO} should be utilized according to the potential value of recyeling.
But it has not been applied in large scale due o its complicated chemical composi-
tion. Pyrolysis is o thermochemical decomposition of organic material (plastics’
resind at high temperature in the absence of oxygenfair. Pyrolysis involves changes
of chemical composition and physical phase, Direct gos emissions are avorded m
prrolysis. The purpose of WPCEB pyrolysis focuses more on resoiroe recovery.
Gases From pyrodvsis may be considersd as a potential source of energy or chemical
products. Vacuum pyrolysis of organic materials produces combustible gases (rich
i 00, 00, CH,, Hy, et (e, syngos) omad Diguid prodocts (e, oil) omd leaves a
solid residue rich in carbon (char) {ie.. glass fiber, ECs, metals, other inorganic
materials, eic.), After pyrolyais, WRCBs become bratle and easily undergo delam-
ination which could be easily ground, while inorganic glass fiber remains faidy
intense, which can be recycled into other composites o any other materials, Unlike
incineration, the operation cost for pyrolysis is normadly much higher than inciner-
ation due to maintaining the absence of oxygen from the process. Encrgy can be
recovered from combustible gases, which make pyrolysis self-sustoned process,
Tahle 5.2 shows the comparison between incineration and pyrolysis of WPCBs.
Pyrodvsis is typreally divided imto two stages: In the first stoge, the WPCB= 2an w
decompose due o the infensive heat input and release of volatile organic oom-
pounds, The second stage = the Tormation of chor due w the pyrolysis of polymer
inside the structure, Up to 400 “C, liguid products are formed, and above B00 “C

Tahle 5.2 Comparison between incineration and pyralvsis of WHRCE
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breaks the high molecules, thus producing smaller organic molecules. The pyrolysis
of WPCBs is dangerous while the temperature is bower than 300 “C and the absence
of an mert atmosphere; since there will be woxic PEFFEF= formation.

Pyrolysis, which belongs o pyrometallurgical route, has some obstacles w limi
large-scale operations al present: () the viebds of gas and bouid geneated ore low
that indicate economic effect; (i) further scparation is cssential for mixiure of
prrodysis residues amd metals (moreover, pyrolysis residoes generally contam tosic
materials, like PEDDYFs and PCOIVEs, and should be disposed of properly); (iii) the
lurther process cleaming, which would lead w more comples of the process and
facilities, is also needed for the metals obtained from the course of pyrolysis [ 10].

Wacuum Pyrolysis

Metals can be recovered from e-waste wilizing vacuum processes which have no
wastewater pollution, Monmetallie: components from e-waste con easily be recov-
cred. Metals separsted oot and recovered from WHPCHs depend on their vapor
pressures ol the some temperature, Metals from WPCBz can be recovered in a
two-step vacuum pyrolysis process. The initial process separaies and recovers the
sobder alloy at temperature that ranges from G000 600 °C, In the ensuing process,
WHCBs are pyrolysed and the residue heated under vacoum o recover solder by
centrifugal separation, Glass fiber and other inorganic metals and materials in
the resulting residues still need additional treatment. Cd and £n metals from
WHCEs are recycled using vacuum process for their separation. Cd and Zn
separation 15 cusy due o vapor pressure differences. The separation of Pb from
Pi-Bi alboy is more difficult. Indiwm (In) can be recovered from LCDY panels by
vacuum pyrolysis.

The cffiect of pyrolysis conditions on the products vield of epoxy resin in wasie
prnted circuit boards was imvestigated vsing the vacuom pyroly=is oven heated by
temperatwre controller by Cui et al, (20003 [11]. The effects of iemperiure, heating
i, pressure, and resction dme on the vield of vacoum pyrodysis production were
analyred. In addition, the compositions of liguid prodocis were analyzed by FT-IR
and GOMS, The experimental resulis showed that temperature was the key Factor in
the vacuum pyrolysis process, At the same time, heating rate, pressure, and rest time
coulld not be neglected. The optimization conditions for the liguid yvield from the
vacuum pyrolysis process were as follows: temperature J00-550 “C, heating rate
| 5=20 “Clmin, pressure 15 kPa, and reaction time 30 min, The main composition in
the product vield was phenohic organic compounds with the woal of B408%, whils
considerable amount of brominated products was up o 15.34%, which lowered the
vitlug of lgquid products,

53114 Gasification

[t is the process that enables complete elimination or organic fractions o the gaseous
phase at bow oxygen potential of the system, During gasification, steam, oxygen {air,
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oxygen enniched wir), or OOy (muoch less) reagents are used. Same reactor can be
used in pyrolysis, incineration, and gasification, The only difference consisted in
puseous phase introduced in the reactor — ArM, for pyrolysis, air for incineration,
and distilled water for steam gasification. In laboratory-scale incineration tesis, 1.2 m
quiarte ke resctor furmace can be used, Ar, air, or gases are introdoced from one sde
of the reactor, and reaction gases are oollected from the other side by Lichig
condenser [9], The change (or reducton) of WPCE sample mass 15 around 3% for
incincration and pyrolysis and 18% for gasification. Afier thermochemical treatmend,
material becomes sensitive oomechonical damages (Le., britke), and color i= changed
o black, reddish, or gray. After thermal treaiment, hydrometallurgy or smeliing can
be wsed, There are oo halogens and organic fractions which ore completely elimi-
nated or fransformed into char duning thermal trestment.,

Pyrolysis and gasification wene not developed for metal recovery from e-waste;
but, gasification was mentioned s accepied technology for municipal solid waste
processing, Becently, there wene presented laboratory experiments of WPCBs gas-
thcation i molien carbonstes by steam [12-14] There = also a paper reporiing an
experiment of processing of plastics from WHPCE o hydrogen by pyrolysis and
steam conversion [15] Pyrolysis 15 widely vsed method Tor recyeling synthetic
polymers that are mixed with glass fibers. Laboratory-scale analytical pyrolysis
kinetics under My ptmosphere wos studied by many researchers. A kinetic analysis
of the low-temperature (72 200600 “C) pyrolysis of WPCHs (3-5% mm) has been
studied under My and air atmosphere, The effect of thermal pretreatment on the
leaching of Cu (C: | M HMNOs: T2 800°C; 6 1 b N 300 pm;, and 3/L:; 25 g/L) from
untreated, pyrolyzed, and air-bumed (combustion) samples was alzo examined
[165]). It was observed that weight loss increnses with time ot each temperasture,
initially rapadly, and then becomes constant after abour 15 min. Moreover, the
maximum weight loss increpses with increasing up to the maximum temperatures
of study which was observed as 25% at 600 °C at about 50 min of pyrolysis. The rate
of removal of mass wos shghtly higher in air thom i nitrogen,

The thermal treatment at the temperature of 3000 °C docs not have any marked
influence on the rebease of plasucs from WPCBs, With imereoss i lemperatures, the
amount of plastics removed increases, Temperature of about 500 °C and duration
aboant 50 min are sufficient for the effective removal of VOCs of WPCH, Maximum
pyrolysis (decomposition) was found in the temperature range of 400-500 "C, The
prrolysis behavior can be divided into three stages. The first stage is up o emper-
ature of 296 “C where no loss in the weight of the PCB scrap was observed. The
second stage was between 296 and 300 °C where rapid decomposition of the PCB
sorap ook ploce. The lost stage wos obeerved above 500 “C where the rae of
decomposition became almost constant. The weight loss achieved wunder similar
conditions by combustion wos slightly higher than that of pyrodvsis, Also the
activation encrgy calculated indicated that combusiion was more favorable than
pyrodysiz; however, the difference wos not large, Cu recovery from the unireated
sample was poor. However, Cu recovery oblained from combustion and pyrolvsis
was considerably higher indicating prior thermal treatment is necessary along with
mechanical vpgradation in order io improve the process efhciency, thus making
pyrolysis as an economical alternative for recycling WPCBs [16].
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Fig, 51 Steam gasilication of WPCHs

Allothermal steam gasihicotion experiment was performed in a quariz reactor with
samiples of the raw FR-4 board at 860 °C for few howrs by Gulgul et al. (20075 [9]. It
iy be noticed that the strecture of te board was Tully opened amd the eposy resn,
which bonded fiber glass and Cu layers, was completely removed (Fig. 5.1, Steam
gozsfication eliminates almost all orgamic motenals and opens the interor of the
WHCRs as compared to pyrolysis and incineration. This facilitates the penetration of
lixiviants or gases during leaching.

54 Microwave Heating

Metals from WPCBs were separated wiilizing a two-step microwave heating,
Firstly WPCBs are heated to o temperature sufficient o combust the organic
materials present, and the metals of low melting point (like Sn and Al) are removed
simultoneously and secondly WFWH= are heated again o a higher temperature ot
which glass formers present in the WPCBs begin to virrify, and then metals with
higher meling points could be recovered from the solidified residues or might be
removed at their respective melting points which are below the femperature of
vitrilying. Thiz approach is highly efficient; bowever, this recveling technology
has not been iransferred 1o indusiry becawse of its high economic cost [17]. In the
processing the crushed scraps are burned ina Tormace or in o molen bath o remove
plostics, and the refractory oxides form a slog phase together with some metal
oxides. Further, recovered materials are retreated or punfied by using chemical
processing. Energy cost is reduced by combustion of plastics and other flommakble
materials in the feeding,

Soare et al. (2006} used o loboratory fumace with microwave field in Ar iner
armosphere o mell WPCBs after comminution ((L3=-2.0 cim) at [0M=12H “C
(2400 W) for 30 min [18]. A complete seporation of the MF from the orgomic
componenis was achieved., Multicomponent metallic alloy was processed through
combined hydrometallurgieal ond electrochemical methods, Microwave melting
presenis & series of advantages, such as rapid heating cycles which save abour
35% energy compared 1o conventional melung and improved process contrel, no
direct contact with the heating matenals, and the possibility of processing vanons
monferrous metals containing wasies,
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55 Pyrometallurgical Processes for the Recovery of Metals
from E-Waste

3.5.1 Ferrous Scrap

Ferrous metals (Fe, steel, etc.) have been recyeled tor well over o century, as steel
does nol Iose s physical properties during the recycling process, It cemainly is
cconomically viable compared o mining Fe ore, handling it, and preparing it for the
smelting process. The energy saving of recyeling fermous serap is approximately
16% compared to mining and producing =steel. Cu 15 an impurity for the steel
recyeling process,

5.5.2 Nenferrous Scrap

Metal wasies that do not contain large quantities of Fe are nonferrous scrap, These
cun be BMs such oz Al Cu, Pb, MNi, and Zn or alloys such as brass, and these metals
or mixiures of metals can contain traces of PMs such as Ag, Au, or Pt or cven rare
metals.

553 Shredder Residues

These are fractions that are generated from shredding a vanery of materials after the
separation of the ferrous metals, These shredder resuidues can be the shredder heavies
or the fines,

5.54 Metal-Containing Slags/Bottom Ash

Owver the last few years, the incineration of e-waste has seen a fast growth. The
nsInernion process converts the waste materials into slags, ash, and beat, Metals are
recovercd from these slags by pyrometallurgy.

3.5.5 Cu Smelters

Indusirial processes for recovering metals from e-wasie are based on combined
pyrometallurgical, hydrometallurgical, amd electrometallurgical routes (Table 3.3},
In pyvrometallurgical processes, e-waste 1= blended with other maienals and
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Tahle 5.3 Cu pyromeallurgical production byvowt from oees and WEEE=
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meorporated o primaryfsecondary smeling processes deg., nle Co or Ph
smpelters) at 1200 “C. Materials with a lower Cu content (like shredder Cu, Cu-Fe
materials} are melied down with coke, quanz, and lime in the blast fumace. Cu
smelting is the dominating route for e-waste recveling where PMs are collected in Cu
matte or black Cu (approx, 73% Cu). The smelted metal in the blast fumace is
processed in the converter with alloy matenals such as brass, bronze, and red bross.
Iin this process, using oxygen, Ph, S, and Zinare separated off as mixed oxides, The
rezulting slag 15 recyeled in the blozst furnace, The molten mass obtamed from the
converier consists of up o 9% Cu and is further refined in the anode furmnace. Here,
il enwcounilers olher feed=iock such as scrap sheet metal, pipe, and wire oz well as
anode waste from the electrolysis. The finished molten mass from the anode fumace
contains approsimately 99% Cu and 1= mobded meo anode plates, In tee Gnal stage of
Cu production, i.e., the elecirorefining process, pure Cu metal is produced, and the
Pz are separated into slimes where they are recovered using hvdrometallurgical
routes, Cumrently, varions industrial processes are used globally for extracting metals
from e-waste, including the Umicore Hoboken (Belgium) integrated smelting amd
rehning tacility (I5K), the Noronda process in Quebec {(Xstroia), Binnskar smeliers
in Sweden (Boliden), Kosaka™s recycling plant in Japan (DOWA), the Kayser
recveling system i Auvsing, and the Mewllo-Chimigque MY plants operated in
Belgium and Spain. 3IMS Reoyeling Solution in Singapore and Roorkee, Aticro
Fecyehng (12,000 ¢y in India, and Avrubis Becyeling Center in Liinen (Germany )
are some other imporant e-wasie recyclers.

In pyrometallurgical processing, generally WEEE 15 Grstly dismamitled, shredded,
and ground for size reduction and liberution of components and then smelied in
furnaces (i.e., blast fumace, reverberator furnace, imperial smeling furnace,
Outokumpu  fash =melting, Kaldo furnace, Mitsubishi  continuous  smelting,
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Fig. 5.2 Bolklen's Ribonskar smelier (Skellefichamn, Sweden) flowsheet for Cu produoction [ 14

IspemelCsromell, Moranda, CMT Tenwente, Yomyukoy (Russiad, Bavi (Chinaj,
plasma arc furnace, cte.) o obtain coarse Cu sulfidefmetal ingots. Moranda wses
[0=14% WPCBs and B6-90% Cu concentrate as feed. The two basic and widely
applied smelting processes include Hash and bath smelting. The next step is
converting process in Cu converter by blowing hot air from uyeres in order o
obtain molten Cu matte (Cu-Fe-5) (35-70% Cu), This step oxidizes iron sulfide and
convert copper sulfide to metallic blister Cu {about 98.5% Cu), The last step is
anodic Cu production i a furnace (99.5% Col, Anodic Co iz refined by elecirolysis
i obdain 99 9¥9% Cu ingods, and PMs are recovered from anodic muod. Figure 5.2
shows schematic dingrams of Binnskar for Co production from both ore concentre
and e-waste. Today, the smelier’s annual capacity for recyeling clectrical material is
| 200000 1o, i luding circwil boards from computers and mobile phones that are
spureed primarily from Europe. The clectronic material arrives at Rannskar by frain
or truck from southern Sweden and has already been dismantled, with much of the
plastic, Fe, and Al removed. The electronic material is sampled and shredded betore
being sent o a Kaldo furnace, which Boliden has specially adapied for smelting
clectronic material. The furnace consists of a leaning cylinder that rotates during the
smelting process 1o ensure an even heat distnibution. The smeled material, known as
black Cu, then joins the fciliny™s mam smeler Dow Tor forther refining o estract Co
and PMs. WEEE ofien contains potentially hazardows substances and muost be
processed imoa manner thal ensures mimimal environmental mpact, The Bdnnskor
amelier is equipped with advanced systems o clean process gases and discharge
wiler, Wel gas punfication uses water o wash ool dust particles, which ore retumed
i the refining process, Bbnnskar is also equipped with an additional purification
stage for Hg, Plastic in the WEEE material melis during smelting, which acis as a
source of energy and generates steam that is converled inio electmicity or disirict
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Fig: 5.3 Umicore Hoboken integrated smeller and refinery Alowshest amd plams phoio [21, 25]

heating. The heat = parially rewsed as district heating in the plant area. and the
remaining heat is supplied w the bocal disivict beating system [19], Zhow etal {20007
used 12% NeOH os slag formation matenal which promotes the effective separation
of metals from slag [20].

Another application for pyrometallurgieal process was the plant of Umicore’s
I5R, which include Cu smelicr, Ph blast fumace, and precious and special metal
refineries along with Ha50, plant (Fig. 5.3 Umicore has the world's largest waste
recyeling facility at Hoboken, Belgium, at a feeding capacity of 3500000 vy and
annual production capacity of over 50 (ons of PGMs, 100 wons of Ao, and 240 ons
af Ag |5 21]. Umicore planned to expand its production capacity to SO0000 vy
[22]. Umicore's process mainly focused on recovery of PMs from WEEE including
Ag, Au, Pt, Pd, Eh, Bu, and Ir. [ts procedures included the following: hirstly, WEEE
was pretreated (i.e., dismantling, shredding, and physical processing) and then the
precious metinl operations (PMO) were smelted inan l=a Smelt fumace. Almost all
other metals were concentrated in the slag after smelting; thirdly, the slag was further
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ireated at the base metals operations (BMO). The BMs were the by-products from
the PMO which were subjected w electirolytic refining o gain high-purity BMs, such
a5 Cu [23-25].

5.6  Limitations of Pyrometallurgical Processes

Pyrometallurgical rowtes are generally more economical and eco-efficwent and max-
imize the recovery of PMs; however, they have certain limitations that are summa-
rizedd here [B]:

*  Recovery of plastics is not possible because plastics replace coke as a reducing
agent and fuel o a source of energy.

= Fe and Al recoveries are not easy as they end up in the slag phase as oxides.

* Hazardous emissions such as dioxins are penerated dunng smeling of leed
materizls containing halogenated flame retardants. Therefore, special installations
e regpuired 1o manimaee environmental pollution,

= A large invesiment is required for installing integrated e-wasie recycling plantgs
that maximize the recovery of valuable metals and also protect the environment
by controlling hazardous gas emissions.

# Instant burning of fine dust of organic materials (e, g., NMFs of e-waste) can ocour
before reaching the medal bath. In such cases, agglomemtion may be required to
effectively harness the energy content and also wo minimize the health risk posed
by fine dust particles,

+ Ceramic components in feed material can increase the volume of slag generated
in the blast furmaces, which thereby increases the sk of losing PMs from BMs,

+ Panial recovery and purity of PMs are achieved by pyrometallurgical rootes.
Therefore, subsequent hydrometallumgical ond electrochemical echnigues are
necessury to exiract pure metals from BMbs.

* Handling the process of smelting and refining is challenging due o complex feed
materils, The expertise in process handling and the thermodynamics of possible
reactions will be difficult.

5.7 Emerging Technologies in Pyrometallurgy

Classical pyrometallurgical smelting processes are nowadays the major method of
eewpsle processing. Generally, these processes are focused on PMs and Cu recow-
crics, Organic materials {e_g., epoxy resins) are additional source of the heat; other
components ore collected in the slag or Oy ash froctions, From this poant of view,
high concentration of chlonne or bromine is disadvantageous, However, there are
undedoken effors o develop alernative echnologres, a5 incineration without
smelting, pyrolysis, or gasification. It scems that the method of allothermal steam
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pasification is particulady interesting, because it enables complete elimination of
organic fractions without high oxygen potential of the gaseous phase, collecting
volotike contaminants (including halides) in the aqueous condensate, and production
of Ha-rich syingas, It should be noted that the air is not used in this process,

Cilass or binder encapsulation, where harmiful contents are safely seabed i, w
produce low-grade construction blocks, is a further thermal process being developed
ol the expense of resources lost, ocuom, thermal plasmas, and lasers w enhance the
thermal treatment are novel research topics being scarched [6&].

There are some atlempts for sebective ranslomation of PCBs inle valve-added
metllic alloys instead of producing pure metals by wsing one-step or two-siep
prrometallurgical processfes), In one-step thermal ranslfommation process, the
waste PCBs will be rapidly heated to high temperature, and metallic alloys will
capture all the low-temperature melting ebements, In the two-step process, the FCBs
will first be exposed to lower temperaiune (<300 “C) to enable the low meliing point
metal allovs (Ph-Sn-based allovs) o form and w be separated out, The remaining
miaerial will then be rapidly beated w high emperatune (1200 “C) o produce the
higher melting point metal alloy (Cu-based alloy).

5.8 Hydrometallurgy
5.8.1 SKolvent Leaching

Generlly, hydrometaliurgical leaching technology 15 technically more exact, highly
prediciable, more fAexible, and easily controllable in materal exteaction from
resources and has already been applied in WPCH recycling with the assistance of
mechanical crushing as pretreatment for almost three decades |2, 14, 26]. Hydromei-
allurgy wses varous lixvionschemicals (such as strong scwds, coustic walery
splutions, halides, or microorganisms) io selectively dissolve and precipitaie metals.
Table 5.4 compares the advantages and dissdvantoges of keaching solvenisfoxidants
for base metals, precious metals, brominated epoxy resins, and solder siipping.
Acids, bases, and cyanide are conventional leachants, and thiourea, thiosulfase, and
holides are aliemative leachants. Corrosion, toxicity, high consumption, slow
leaching rate, high cost, low stability, and environmental irritations are main disad-
vantages for leaching solvents, Comosion causes problems for the equipment when
several kinds of leaching reagents are used. Also keaching process normally takes a
lomig i o obtan metal-rch soluton due w slow leaching rate, which makes the
process a lime-consuming one. Therefore, studies that reinforce the driving force and
accelerate the keaching rate have been studied mcluding vsing electrochemisiry,
pre-pyrolysis, supercritical extraction, and mechanical treatment.

Tabbke 5.5 compares the most commonly vsed HaS50 and HCL mineral acids, aqua
regia and ionic liguids {IL), in leaching. HCD has a high dissociation constant and
easily dizssolves differemt base metal oxides, Meutralization with MaOH produces
Mul’l. Excessive corrosion and difficulty in Cu electrowinning and low quality of Cu
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Tahle 5.4 Comparison of different kinds of keaching solvents

Bigse metal fegeking | Adviiges Disdvmitages

' VEREE

Acids'mixed acids

Inorpanicimineral High dissobutien rme Corroshve, high concemraion (=
avids neaded

{H2 50, HMOCk, HCT, pH: -2 is very low

N0, AR ey 1

Crrganic avids Environment-friendly. bindegrad-: | Weak

Methonesalfomic aokl
(MSA)

(EDTA) + Halhy

able, kess oxic, less comasive, nis
Lomic s, wse mldly acilic
comditions

| Dissolve Cu with 1.1 M H0,,

25
Solution potcutial >200 mY_

iMp-Cirme) + HaOn | Dissolve Cuowith 0] 3 HoO5, Lova-sobubiliny, high-tempersure
dissglve BMs, ko= fonic, mene { D ") pequanemment
sinbde nnd safe, Cu refining is sim-
ple, selution powemil =300 my,
pH: 4.5
Acetic soul. onalic Environmeranlly benign, ense of | Low dissalwion effickencies
acwl, awcorbac acid bivahizgradation, amd nod comosive
Basesfulkalines Low cormsion, kv oxicily, kw
{KOH, MatiH, pal lurion, Haight
NHC, NHOH.
M)
Acidic brines :
Mal’l, B4 Used in Cu oamd P leach with Nom-ack] prociess
(MIH, 150, Cusi,
Fezt 50,0, Used in Cu leach
{MH 100,
Precivars metal Advauriages Mivedvmmages
feachivg solvenss
Cyamide Low oost, high stability, ke dos- | Diflicull g process wislewabr,
NeCRKCH nge, pperating in alkaline solusion, | high soxiciny, show leaching
dissolve Au and Ag effectively kimegics, band with Au s sorong,
harmful 1 environmens
Thimuren {+Fe') Low ioxiciy, noncomrosive, high High cast, difficulty in down-
SCTMH., dissolving power, selective for Aw, | smeam metal recovery, bond with
less imterference ions A is strong, low stability, high
consamptien, poor stahilice
Thinsulfate High slectivity, nomioxic, pH sensitve. low siability, high
(MH 5 mmcomasive, fast leaching rate, cost, high comsumpison, doan-
Maal 50 5HO Oy EEN CAmying catalysr ks atreqam metal ecover

Plussium persalfabe

requiriad
Monsoxic, sirong axidizing agenl

Dissnlve all BMs, anly Au

K500, rernalns in solid resbduse
Halile'halegens Mon-acid, green, msrmisve Expensave, environmental arrila-
Mull selective for Co amd Pd tion, consumpdion, Cimosive

{comiinued |



1]

Tahle 5.4 {continued)

5 Trditional ond Advanced WHRCE Recyveling

Chlomine-chboride

[ Y

NaCl, hypochlonie,
HIC, HCIC, MaCC

High leaching rile. reliable, safe,
gand selectivicy, noniosic,

FHHICTHTORE

chloring gas. special reacior
requirciment. high consunguien
fior igndiniz

lodide (1 /120 K1
Bromide {Br /Br)
Auguen regin (AR) Fast kinetics, low reagent desnges | Strongly owidative, commosive, dif-
= ST LY R WV A
Hrominmicd cpoxy Advauriages Mivedvmmages
resin femcliing
sofvents 4 1
Dimethylocetamide | High boiling point, relatively high | V0O
{IMA) viscosity, high thermal sinbility,
M-methyl-2- VI
prrrolidome (MY
Dimeethiyd sulfoxide VT, highlly hygroscapic with
(IS apecific heal. high viscosily, pen-
cirase skin, vapor heavier than air
Dimethylformamide | Aprotic, cheaper, coloress, strong | WO, temp. is high (155 20}
{DMF) bydrogen bond emation allinity
between BER amd TIMFE, bireaks
wan cher Wanls bonds
Nolder sirip feaching | Advenuges Diivedfvmniges
HBF, . | Carrosive, strong acid
{hridaaiz Advanuges Diivafvmntages
Hhy Low inxicity. environment- Meed acid assistance. high con-
fricodly, extensively used, good aumpdion diee 10 18 decomposi-
for Cu with HyS00y,, HCI, and tiom, high Eemperiun:
HMO,
Feg S0y, (Fe™) Drissarbves O, Wi low cosr and Comglicae An recovery
regereration, purified by goethite
and jarasiie precipintion before
|EW
Hy pochilorite Fasily decomposes
Ma i
Permanganaie Stromg onidizing agenl, does nod
| KNIy, generate boxic by products
Cus0, (Co') Used in Cu and Pd leach,
PHHICOTTOE L
Crzome ((3;) injection | (-0 mixiure gememated by a UV | Limited sedubility in agoems
lamp sodubioms
Drecrensa solich-licuid contact area
Air (O} sparging Law saluhbility of gas in aquecas
sodiilkHS
Cly Stromgesl axidizing agen Toxic

Compibed Trom [4, 27]
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1

Tahle 5.5 Comparison of most commonly wsed tao mineral ackls, AR and wonic Bguids, used in

hnse metal keaching

Reagenis Pros Cans

Hy 500y Bwmmng proton donos Al elevaled temper-
lts cost is musch less than other inorganicd | ature
mneril acwls Camasave
Hundiness makes suitable lixiviant in the
leaching process
Highly hygroscopic
Highly selective, well-esinblished pri-

HCl Fasl Kimetlics al room lemperiiung Excessive cormosion
High dissncintion consiang (kb Llifficuli ebectrowin-
High solubility and activity of base nimg af Cu
metals axides Poor quakity of Cu
Lovw mxiciiy

| Meutralizid with NaldH wr produscs Mall |
Auua regia Fasi kinetics High reageni cost

(AR GGHCT + | NHO,

mex g
lonic lgquids (ILsp

Effestive

Thermally stable

| Envirenmentally fricndly

Highly commosive

| Lovw sedectivity

High cost

| Exgessive dosage

are main drawbacks, Ha50, is a strong proton donos, 10 is the cheapest mineral acid,
Hondiness makes it suitable for leaching process. Ha50, i= a highly selective and
well-established process for Cu, Corrosiveness and elevated emperature require-
menis are some disadvantages. The vse of AR in leaching has a fust kinetic and
effectivenegss, Reagent cost, commosivity, and low selectivity are soime drawbacks of
AR, Tomic hoguids are thermally stable and environmentally benign; but, expensave
and excessive dosages are used. Mincral acids cause environmenial pollution and
iy dissodve undesired impurines, Corbonsceous compounds wing inorganic scuds
ray lend to formation of O0; pressure due io fast dissolution which may canse risks.

Lesching selectivity and elfectiveness of valuable metals are always imporiant in
hydrometallurgical processing. Chemical leaching is faster and more efficient;
however, wastewater and waste gas are generated invariably during this process,
Hydrometallurgy can be industdally applied o metal recovery for WPCB recycling
due o its Aexibility and environmentally benign and energy-saving features, lis
corrmsive and poisonous properties require corrosion-prool equipment as well as
complicated process operation, Traditional hydrometallurgical extraction processes
are acid Jeoching worecover BMs, HCVHSO0WHMNOWHCIHD, com be wsed for
cxtracting Cu, Ph, Zn, etc. Aqua regia can also be wsed for nonselective and
aggressive digeston of base (Cu, Ph, and Zn) and precious (Ag and Aol metals
from WEEE. The cormosivity toward Cu, Fe, and beass has been proposed in the
fidbowing onder HNOy = Ha80y = HCI [28]. The magority of hydrometallumgical
routes for processing WPCBs use Ho50 keaching in the presence of Ha0D. as
oxidizing agent, followed by solution refining. Other than Ha0y, NaOC1 and Cu™
can also be used as oxidizing agent to promode the reaction. The use of HMNO; and
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HCl was studied extensively, but because of the envimnmentol regulations and
corrosive nafure of these keaching agents, they are as appropriate as the less hazard-
ous HyS0, [29]0 HMOy has the maximom environmental impact [ 41]).

Before leaching, heat pretreatment under different atmospheres, roasting, amd
microwave-pssisted digeston can be helplul, High-pressure oxmdative leach (HPOL)
with dilute acids results in removal of a significant amount of BMs from WPCB ash
samples obtwned by incineration at B “C. A sequential hydrometallumgical
approach consisting of HPOL and thiourea leaching for recovery of hoth BMs and
PA: from WHRCE ash was studied by Botnasan etal, (2008) [31]. Havlie et al, (201000
also studied the HCI keaching of Cu and 5n from WPCBs afier thermal pretreatmeni.
Adter precombustion in ar for 15-60 min in 300-900 °C, WPCE wos leached in | M
HCL. Precombustion to 900 °C significantly improved Cu leaching due to conversion
of Cu w Cusld, which dissolves more preferable in HCL However, the
precombustion leads to the difficulty in extracting Sn, since it 15 oxwdized o fomm
Sz, which is very stable in acid with minimal leaching, Therefore, the efficiency
of hydrometallurgy was seldom enbanced even without considenng the emission
during combustion process [32].

Cenerally, higher aad concentrations and higher empersures enhance leaching
raics, A smaller particle size and lower pulp density {50 ratio) are desirable for
metal leaching [33] The particle size con influence the surfoce area exposed 1o the
leachant. A low 5/L rotio indicates that larger volumes of liquid are reguired.
Stirring speed is essentially related o diffusion phenomena, since higher stirring
speed usually promotes mass trunster of renctants and reaction products in solution
as the diffusion layer at the 5L interface is reduced, Owergrinding should be
minimized for economic repsons, since this operation can only be justihied to
facilitate material handling or for homogenization purposes, Organic acids,
which undergo bindegradation and are not evolve oxic gases, are considered as
green acids as they are less tosic and cormosive in comparison to mineral acids. For
example, green strong methanesolfonic acid (MSA) (CH0:5) (pK,, 19, and Jow
molecular weight, % gfmol) bicdegrade by forming C05 and sulfaie and leaches
solder along HyOs [34], Thus, MSA & HaOs aqueous system provides environment-
friendly desoldering separation of Sn-Pb alloy for dismantling ECs from WPCBs,
Aqueous bromide media (Bro/KEBr) were used for primary leaching and dismantling
of PCBs in laboratory scale by Domeanw (2007 [35].

Metal recoveries most of the time are higher than 9066, Leaching time changes
from &0 o 180 min. Leaching con be acceleraied with the wse of mixing and
supercritical fAuids such as water or OO0y with significantly increased power con-
sumption [ 36], Oxidation and reduction potential (OREP) and pHAOEP rote al=o affect
il dissolution. Thus, Pourhaix diagrams at determined iemperature can be very
helpdul in dissodution swdies [37]. The final free acidiny of the leaschates should be
determined by firation with standard 1 M MaOH solution using methyl orange as
imdicator, Since the color chonge of the indicaor occurs af relauvely low pH, ay
precipitation should be prevented.

In general acid leaching reactions of metal exwaction from WPCBs in the
presence of oxidants can be expressed by the following equations;
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Agl(s) + H'(ag) — Ag”' (ag) + 1/2H:(g) (5.1}
An"is) + 3H (ag) — A’ (ag) + 3/2Ha(g) (5.2)
Cu”{s) + 2H" (ag) — Cu'* (ag) + Hz(g) i5.3)
Pd"(s) + 2H" (aq} — Pd"" (ag) + Halg) (3.4}

Except for Cu, Hg, Ag, Au, and Pt, ather metals react with HCL and produce
Haig),

En = 2HCH — ZnCla + Halg) T (5.5)

241 + 6HO! — 2AICT + 3HA (56)

Cu, Ag, and Hg give reaction with oxygen contzining oxidizing acids {i.e.,
Ha50, HNOy, amd HxPOy) For Cu following balanced equations (5.7-5,14) may

occur with H.50y in the absence or presence of oxidizing agents (such as KMni,
and HyOh )

Cu + HaSOu(ag) + 2H" — Cut* + SOs(g) T +2H,0(I) (5.7)
Cu + 2H:504(aq) = CuS04 + S0u(g) T +2H:001) (5.8)
Cu + H250,(ag) — CuSO, + Ha(g) 1 (5.9
5Cuw 4+ BHz5040ag) + 2EMntyy — 5CuS0y 4+ 2WnS0; + KaS50y
+ 8H.0 (5.10)
Cu + HyS504(aq) + Ha0y — CuS0, + 2H,01) (5.11)
Cu + HaS0s(ag) — CuO + S0:H:0 (5.12)
Cu + H:50y(ag) — Cul + 50:(g) T +H20(1) (5.13)

3Cu + 3H250,(aq] + 2HNG (ag) — 3CuS0, + INO{g) T +4H:0(1) [5.14)

Cupric ion (Cuty, copper sultote (Cus0y), and copper 1 oxide (Cul)) com-
pounds may occur.

For Cu following balanced egquations (5.15-5.22) may occur with HMOy, HCL
and HaPOy, CuMOy, CulMNOz k0, Cu{MNO5); = 3H20, CuCly, and CuPCly compouds

UL,

3Cu + BHNO; (ag) — ICa(NOa ), + 4H:0(1) + 2NO(g) 1 (5.15)
Cu + 4HNOs(ag) — CulNOs), + 2Hz0(1) + 2NOaig) 1 (5.16)
Cu + 2HNO:[ag) — CuNek + NOz(g) 1 +H0 (5.17)

ACu + SHNOs (g} — SH20(1) + INO + ICINDs), (5.18)
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ICu + SHNCs(ag) + SHaO — 3Cu(NOy), + 3H20 + INO(g) | (5.19)

4Cu + 10HNC;(ag) — 4Cu(NOL ), + NaO(g) T +5H01) (5.20)
Cu + HClag) + HNOs{agq) — HaO{l} + NOa(g) T +CuCly (5.21)
ICu + 2H: POy ag) — 2CuPOy + 3 | (5.22)

HCI and HNO iogether react with Co i the following way:
GHCT+ 2HNG, + 30u — dH 0 + 2N+ 30aCh [3.23)

Ph dizsolution from solder with HNOh oxidizes Phoo PBO which subsequently
leod nitrate o5 given below:

Phis) + 2ZHNO: (ag) — PBING: ). (ag) + Hzlg) 1 (5.24)
Phis) + 2HN D, (ag) — PRO{s) + HaO(aq) + 2Neh(g) | (5.25)
PbONs) + 2HNO:(ag) — PHNO1),{ag) + HaO{aq) (5.26)

Snoin sobder portially dissolves o low HMOy concentrations and  forms
metastannic  acid above 4 M HNO: concenfrations [38]. This precipitated
metistannic acid dissolves al low HC concentrations:

Aniz] + dHNOq(ag} — HxSndh | +4M0:(g) + HO (520
H15n0;(5) + 6HC(ag) — H-S5wCl, + 3H-0 [5.28)
Mi and Zn also react with HNO; Ni forms nickel (11} nitrate:
Mi(s) + 4HNOs(ag) — Ni(NO1), + 2ZH20 + 2N, [5.29)
and Zn is oxidized to xine nitrate:
3Zn + BHNOy(aq) — 3Zn(NOy ), + 4H0 + 2NO (5.30)
Agqua regia (AR] i3 a very sirong acid formed by the combination of concentrated
HMO; and concentruted HCLL both of which are strong acids. [t is generally used to
remove metals like Au and P1from substances, especially in WEEES,
HNOy g ) + 3HCKag) — NOCHg) + 2Hz001) + Claig) (331}
The reason AR can dissolve Ao (and metals like Pt and Pd) is that cach of its two
component acids (e, HCT and HNO; ocsd) camies oot a different function, While
HMO; acid is an excellent oxidizing agent, the chloride ions from the HCT form

coordination complexes with Au ions, thereby removing them from the solution. The
following are the chemical squations representing the reaction between Au and AR:
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Aufs) + INO; (ag) + 6H' (ag) — Au*"{aq) + 3NOu(g) + IH-0(1]  (5.32)
At (ag) 4+ 4C1 {aq} — AuCl, (ag) (5.33)
As you can see from the equation above, the reduction of the concentration of
Aut jons shifts the equilibrium woward the oxidized form. The Ao present in AR
dissolves completely to form chloroauric ackd (HAwC] ).
For Au following balanced equations (5.34=-3.40) may also occur with
[HMOy + HCTp and (MaMNOy, + HC
Au 4 HNOy(ag) + 3HCKag) — AuClh + NO(g) T +2H2040) [5.34)
JAu = BNy ag) + IHCHag) — 34eCT + NO(g) T +2H2041) [5.35)
An 4+ KN (ag) + AHCHag) — HAwCly + NO(g) T +2H20(1) [5.36)
Au 4 HNOy(ag) + 4HCKag) — HUARCL) + NO(g) T +2H000 [5.37)
Aw A+ NaNGh + SHCag) — HAnCly + NO(g) T +2H20001) + Nal - [5.38)
3Au + NaMOy + 45 CHag) — 3ACT+ NO(g) 4+ 2H041) T +NaCl [5.39)
34w 4+ NaNODy + 48 CHag) — 3ACH + NO(g) T +2H001) + KaCl  [5.440)
From the above reactions, AuCl AN, HAwCT,, HUAwCL ), and Aoai50y ), may
Qeeur,
H{AuCL ) may react with SnCly i form A and HCE:
SHiAuCs) + 38aCly — 2An + 350C]y + 2HCI (5413
2H{AuCL ) + 380l + 6Ha0 — 24w + 3800 + 14HCI [5.42)

In general bases cannold give reaction with metals, But, amphoteric Al, Zn, S0, Ph,
and Cr metals resct with bases and produce Halgh,

Zn + 2KOH — KaZnO: + Halg) 1 (5.43)
Al + INaOH — NasAlOs + 3/2Hai(g) 1 (5.44)
Zn0 + INaOH — Nay© + Zn(OH), (5.45)

MNaCN and KCM dissolve Au in the presence of air and water:

4Au + BNaCN{ag) + O + 2H:0 — 4Na [Au(CN),] + 4NaOH [5.46)
440 + BNaCN{ag) + O3 + 2H;0 — 4Na{Au(CN),) + 4 NaOH (5.47)
4Au + RKCNag) + 02 + 2H20 — dKAw(CN), + 4NaDH (5.48)

Auis oxidized 10 43 state (Au" — 3¢~ — Au"™), Cand O are reduced (C" 42~ — !
and O" + 2¢~ — Q")
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In MSA-H05 desoldering leaching, H and CH3304 ™ are ionized by M3 A and
the differences of the standard electrode potential berween HaOnMSn (1912 W) amd
HaOPh (1902 %) are so close that they can be considered o be stipped down
easily from the WHPCBs with almost the same ratio at room temperaine [31]. More-
over, Ha0s 15 relatvely stoble o the acidic mediom, and s Goal products ane
covironment-friendly, hardly  affecting the recyeling of the leachant. Thus,
MEA-HD aqueous solution system can be reganded as green desoldenng separa-
tion of Sn-Ph alloy for simultaneous dismantling ECs from WPCBs. In M3A + H204
agquenus system Snand Pb lesched ot room temperatune in 43 min with neghgible Co
TCCOVETY!

IH:0; + S0 + Fh + 4H* = Sn®* + Pb** + 4H,0 (5.49)
H:04 + Cu+ 2H* = Cu* + 2H:0 (5.50)

Full 5n and Pb dissolution was obiained at M5A and H20; concentrations of 3.5
and 0.5 mol/L, respectively, at 45 min leaching ume [34],

3.8.2 Biometallurgical Leaching

Bintechnologyibioleaching is one of the most promising techrologics in metallur-
gical processing, Itis considered green technology having a lower operative cost and
energy demands when comparing with chemical methods. Bioleaching 15 an excel-
lent process for extracting metals from low-grade ores, It is technically practicable
using bacterig-assisted reaction io extract BMs (Cu, Ni, Zn, Cr, eic.) and PMs (A,
Ag, ete.) from e-waste. Microbes have the ability o bind metal fons present in the
extemal enviromment ot the cell sudace or w ransport them o tee cell for vamoss
intracellular functions. This interaction could promote selective or nonsclective in
recovery of metals. Bioleaching and  biosorption are the two main areas of
hiometallurgy for recovery of metals. Biometallurgical leaching methods wse micro-
organisms including bacteria or fungi o dissolve metals and are nob cumrently
applied in the e-waste chon. Microorgonism-assisted reactions have been regarded
as a potential major technobogy breakihrough and have already been applied w
WIPCH recyeling in lab scale. However, low speed and high leaching duration in
bioleaching make the process unviable for indusivial scale, despite it is being an
cco-friendly and cost-effective approach [33].

Recently, some studies for extracting metals from e-wasie scrap have been done
by momy researchers, Heavy metals were excellently leoched when acidophilic
hacteria were used. Liang et al. (2003} used a mixed culiure of Aciadinhiofaci s
Hivaxidans and Acidithiobacilles fervooxidans w0 recover Cu from WPCB line
powder. The hacteria can oxide elemental § added o H230, for bicleaching and
then extract the metal from the broth, The highest Cu recovery rate (98.4%) was
ohtained at pH 1.56, elemental sulfur (58") 5.44 gL, and 16,88 g/l FeS0, 7H.0
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concentrstion. However, the increase of WPCB wddition in culture from 15 to
3124 @/l will cause a sharp drop in the Cu recovery rate from 98, 3% o 87.2% [39].

Ciher commonly wsed bactenia include mesophilic, chemolithotrophic, cyono-
genic, or moderately thermophilic bacteria, The mechanizm of biometallurgy
recyehing techniques 1= similar io hvdromedallurgy recycling technigues since they
all incorporate the process of leaching. However, instcad of adding leaching
reagents, biometallurgy recveling techmigques nommally wse the chemicals produced
by the microorganism itself, including organicfinorganic acids, cyanide, or sulfaic
s, Ader leaching, the metal wos will form compleses or precipilates, and thos
they are separated from the culiure broth for direct use or further refining. It has the
advantages of only o =mall volume of wastewater discharge and 15 environmentally
benign compared 1o hydrometallurgy, which generally requires o high dosage of
toxic chemical reagents, Besides, cerain kinds of bacteria (2,4,5-2'.4' 5'-BR) are
capeble of reducing brominated Home retordonts in the pathway, which 15 rarely
achieved in other recyeling technigques [4].

Hyas et al, (07 studied the bokeachabiliny of metals from e-woste by the
selected moderately thermophilic sirains of acidophilic chemolithotrophic and aci-
dophilic heterrophie bocteria, These included Salfobacillns thermosalfdoosidans
and an unidentified acidophilic heteroiroph (code ALTSB) isclated from local
environments, Al serap concentration of 10 @/L, o mixed consortiom of the metal
adapied cultures was able to leach more than 81% of Wi, 839%% of Cu, T9% of Al and
B e of Znat T, 45 °C; ¢, 8 davs; pH, 2: and &, 180 epm, Although Ph and Sn were
also leached out, they were detected in the precipitates formed durning bioleaching
[40]. Dvas et al, (2000) used moderately thermophilic bacteria w recover metals amd
conducted the process in a column test. The recovery rate for Zn, Al Cu, and Mi is
B, 645, BR%, and T4%, respectively, which already meets the requirements of
industrigl-scale implementation for recycling of MF of WPCB, It is also noticed that
NMF will contribute to the alkalinity which will affect the beaching of metal ions,
regquinng washing before conducting the culure stage [41].

Yang et al (2009 used A ferrovddany to study the factors affecting the
mohilization of Cu in the bioleaching process, The higher concentration of Fe'™
from (.64 to 213 g/L in the stock solution will bring o the increase of Cu keaching in
12 h from 34,5% 0 T98%. A similar result was observed that Cu recovery decreased
from 9.1% o 38.4% in 48 h when the pH value increased from 1.5 do 2.0,
Therefore, it is noticed that the concentration of Fe' and the pH value have a very
obvious effect on Cu leaching [42].

Ting et al. (208) wsed two cyanide-producing  hacteria, Presdomones
Awerescens and Chromobacteriom viedooewm, o exiract Au and Co Trom WPCE,
and the recovery rafe was around 27% and 2% for Au and Cu. In a two-sicp
extraction, the recovery rate for Au and Cu was increased w arcund 309% and 24%,
respectively [43].

Brobeaching has been succes=lully applied for recovery of PMs and Cu from ores
for many years., Although limited researches were camied out on the hioleaching of
metals from e-wastes, it has been demonsirated that using O, wisdacennr [44] Au can
be microbial solubilized from WPCB and using bacterial consortium enrched from
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natural acid mine draingge and Cu could be efficiently solubilized from WPCBs in
about § days [43, 46, The extraction of Cu was mainly accomplished indirecily
through oxidation by Fe' jons generated from Fe™ jon oxidation bacteria; a
twoestep process was necessary for bacterial growth and for obtaining an appropriate
oxidation rate of Fe™ jon,

The e-wasic has no source of energy that is required for growing the bacteria, and
theere fore, an extemal supply of notments s a muost for leaching metals from e-waste,
However, hiometallurgy recycling technigues require a lot of nutrienis for microor-
ganism enrichment and metal exemsction. The addivon of an Fe sounce 15 necessary
for Cu extraction since the solubilization of Cu needs the presence of Fe't according
1o resction (5,500 Also, the ferrous won i the energy source For A, ferroexidans,
which i= an aerobic and autotrophic bacterium according o reaction (5,52

Cu” + 2Fe** (aq) — 2P’ {aq) + Cu®*{ag) (5.51)
4Fe™" + 03 + 4HY — 4Fe™ + 2H.0 (5.52)

Also, the low extraction rate in high WPCE dosage duc fo the limitation in air
distribution and oxygen mass ransler hinders the apphicaton of the brometallumgical
ireatment method [47]. Moseover, normally microorganisms are vulnerable to heavy
imetals; thus, the growth of them will be inhibited due 1o the woxiciry of metals
[44]. Although some bacteria or fungi can adjust 1o the condition after prolonged
adaptation time and achieve a good recovery rate, the time required For this adaption
i= extremely long (more than o week) [49]. Furthermore, the recovery perod for
bioimetallurgical reatment is much longer than pyrometallurgy or hydrometallurgy
recveling technigques, which affected the positive evaluation of process, Also, nor-
mally the WHPCE feedsiock needs to be a fine powder with a particle size around
DO o even lower o ensure sdegquate sudace contact, which will consume o ol
of cnergy in the carly stage [50].

S0 far, very few studies reported the vse of lunges for recovery of metals from
c-wiaste, Because of constant supply of nutrients for fungal growih, handling of fungi
in murnover and long processing time restricts the use of fungus. Besides these
limitations, fungal bioleaching has several advantages over bacterial bioleaching:
they can grow at high pH, which makes them efficient for alkaline materials
hioleaching. They can lench metals rapidly and conceal organic acids that chelate
metal ions, thereby being useful in metal-leaching process. Even with such advan-
tages, =ull, there 15 an mformation shortage aboul vang fungt e leach metals from
c-wasie, The e-waste has no source of energy that is reguired for growing the
hacteria, and therelore, an external supply of notments 15 o must for leoching metals
from c-wasie, Alihough bioleaching process has many advantages, commercial
performance of the process i sill in the noscent stoge. This i= manly slow kinetics
of the process. Many bioleaching processes require long time ranging from 43 o
243 h o recover metals without recovering all the metals present in e-waste, Thus,
there i= an urgent necessity o develop a thst and economic bicleaching process that
cain be applied indusirially,
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Biosorption process 15 4 passive physicochemical interaction between the
charged surface groups of microorganizms and ions in solution. Biosorbents are
prepared from the noaturally abundant andfor waste biomass of algee, fungi, or
bacteria, Physicochemical mechanisms, such as ion exchange, complexation,
coordination, and chelating between metal ions and ligands, depend on the specific
propertics of the biomass {alive, or dead. or as a derived product). Compared with
the conventional methods, biosorption-based process offers o number of advan-
tages including low operating costs, minimization of the volume of chemicalf
bidogical sludge w be handled, and high efficiency in dewsilving, However
further efforis are required because the adsorption capacities of PMs on differcnt
Iy pees of biomass are greatly vanable and much more work should be done w select
a perfect biomass from the billions of microorganisms and their derivatives, Most
of the researches on biosorption mainly focused on Au more atentions should be
taken into biosorption of Ag from solutions and on recovery of PMs from
mmultielemental solutions [51],

5.9 Puorification

The major aim of purification is o produce a pure elecirolyie for elecirolysisfolvent
extraction, There are four main methods of metal recovery: precipitation, electro-
winning, cementation, and ion exchange {Fig. 5.4).

5.9.1 Chemical Precipitation aof Metals

When medals are precipitaied oot from aqueous solution, it is wsoal to adjust the pH
of the solution or 1w add chemical precipitants and floceulanes, but the solubilities of
the metals in solution will determine the process used, Metals will often precipitate
as hydroxides, sulfides, and carbonates. In order w recover Sn, Fe, Cu, and Zn from
leach solutions by chemical precipitation, the pH of the solution was adjusted to 1.5,
3, 6, and B, respectively. After precipitation, filiration can be performed o remove
precipitaied metals, NalH and Ha50k con be used to adjust pH.

5.9.2 Cementaiion

Cementation 15 a process where metal wons are redoced o therr elemental stote o1 a
solid metal interface. It is a common process for removing one metal from solution
that 15 not imporianl enough o be electrowon, Cementation is o bype of precipitation,
a heterogensous process in which ions are reduced o zero valence at a solid metallic
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Fig. 5.4 Metal recovery
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interface. The process is ofien used o refine leach solutions, Cu in solution can be
cemented with scrap Fe or by Zn dusts (Eq. 5.53) and Ag in solution is precipitated
with £n powders.

Cutt = 7n — Foet 4+ Cu i5.53)

5.9.3 Electrowinning (EW)

Electrowinning is the recovery of metals, such s Aw, Ag, and Cu, from agueous
solutions by passing a current through the solution with positive redox potentials,
But, EW is less efficient for other metals such as Cr and is practically impossible for
metils such as Al Electrons from the cwrrent chemically reduce the metal ions, o
o o sobid metal compound on the cathode, Electrowinning is a widely used
technology in modemn metal recovery, mining, refining, and wastewaber ireaiment
apphcations. In EW, the electrodvie mcludes dissolved metals that have w be
recovered. Another similar process 15 electrorefining which 15 strictly used in refining
applications 1 improve the punty of the metals, Both processes use electroplating
and are used o purify nonferrous metals such as Cu, Au, and Ag.

The electrowinning process is often sensitive o parameters such as pH change, as
the pH of a solution affects its potential window and the solubilities of any metal
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compounds dissolved in it This 15 a eell-studied area and pH-potential {Pourbaix)
diagrams exist for most systems, Complexing agents, such as cyvanide or amimonia,
can be wsed to adjust metal specipgtion and thercfore control the solubility and
deposition  properties of both the desired solute and any impurities present in
solution. An overpotential in water can cause hydrogen gas evolution af the cathode
and oxygen gas evolution at the anode, which can lead to embrittbement, a
diminizhing i the gqualbity of the electrodeposit, and resulting in poor cument
cihciency. Medals such as Cr and Al must be chemically or elecirochemically
reduced i high-emperature  processes, which often demomd  an agqueoos
preireatment of the ore. Most of these procedures have exiremely high cnergy
demands and can produce large volumes of wasie,

Electirowinning is performed in & divided cell with anode and cathode in the
presence of solutions. lon concentrations, emperature, current density, acidity, and
cell voltage are imporntant variables. Figure 5.5 shows industrial-scale Co EW plant.
Precipitation on cathode surface may be powdery, dendritic, smooth, rough, ete,
Smooth surface with metallic luster 15 preferned in precipitation, Both qualiny amd
adherence of metals on cathode are imporiant. Cathodic current efficiency and cell
voltage are main cell performance parameters, Higher current elficiencies are beter,
In the catholyte, as the dissolved ion conceniration increases current efficiencics
neres, In the cotholyle soluton, aad andfor sall concentration = also imporand,
Salt increases the conductivity of the solution during EW. Lower Ha(g) evolution is
desired. Higher temperatures result in water and acid vaporization,

The reactivity of metals depends on how easily they can lose their outer shell
electrons 1o form a stable electron configuration, Let™s assume Metal X s higher in
reactivity series (more reactive) than Metal Y. This means that Metal X can react
with Metal % amd reduces the salt or oxide of Metal Y. In other words, Metal X will
displace Metal Y from its compound because Metal X 15 more reactive than Metal
Y. For example, Fe, Zn, and Mg are more reactive than Cu, so

Feis) + CuClafagq) — FeCla(ag) + Cuis) | (5.54)
Zn(s) 4+ Cu{NDy),(ag) — ZniNOy),(ag) + Culs) | (5.55)
Mgis) + Cu** [ag) — Mg (ag) + Cuis) | (5.50)

Crxidation and reduction can be defined in terms of oxygen and electron fransfiors.
Owadation 15 gaining of osygen and redoction 15 loss of oxygen. Becouse both
reduction and axidation are going on side by sude, this 15 known as o redox reaction.

reducilon

'

Fer0s + 3CO0 ——» 2Fe + 3COz

| ¢

oxidmen
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Flg. 5.5 Indusoial-scale Co ebecarowinming plant

An oxidizing agent 15 substance which oxidises something else. In the above
example, Fe™ oxide is oxidizing agent. A reducing agent reduces something else. In
above egquation, OO s the reducing agent, Oxidizing agents give oxygen e another
substance and reducing agents remove oxygen from another subsiance.

Chidation 1= loss of electrons and reduction 15 gan of electrons. Magnesiom
reduces Cu and loses two electrons and become reducing agent. In the following
example, Cu is oxidizing agent, An oxidizing agent oxidizes something else and this
means that the oxidizing agent i= reduced. Beduction is gaim of electrons; thus, an
oxidizing agent gains electrons, Equations (5,537 and {338} show oxidation reaction
of Sn metal and reduction of Pb™ jons. Table 5.6 shows the reduction half-reaction
potentials in acidic solutions.

reduciion by gain of elecinoens

J }

Cuz+ + Mg —= Cu + Mg+

| ]

axldation by loss of electrons
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Tahle 5.6 Reduction hall-reaciion in acidic sodutions (25 °C, 101 kPa, 1 8} [51]

Half reactin potentials ¥
2H'isg) + 2 — Haigl 0
P el + 2e” — Pl —0.125
Sn'*faq) + 22T — Sniz) -0.137
Fe"(agh + 2e — Feis) 0440
En* o+ 2o — Enis) -0.763
ATl + Je™ — Alis) — LE6TH
Mg'"lag) + 2e” — Mgis) -2.356
Ma'iagh + ¢ — Maish -23
Ca™iagh + Ze™ — Cals) —-2.84
Kiaq) s +¢ — Kis} Bt .
Li*rsq) + ¢ — Lifsh — 3
St el + 26T — Sn” ) +0.154
Cu'fag) + 2" — Culs) Busl i
Ag (s} +c” — AglE) +0.800
Feaghre —Fefag) 40.771
yigh + II-I*::q] # 2g — Chigh + H(KI) +2 075
Braly + 2o — 2Br () +1.15
S0, agh + 4H aq) + 26~ — 2HLO0) + S041g) +0,17
Mk {ag) = il‘|+|'.l:|_| + 3e” — Mgl + 2H N +0954
Caigh + 4H ag) s 47 — 2HO0]] +1.1%
Oagh + IHagh + 26 — Halaisg) 06595
Piilisy = 4H (s + 26~ — Ph " iag) + 4H080 +1.455
HyOhiag) + 2H Tag) +2e~ — ZHA00) +1.763
Bis) e ZHYaq) + 20 = HaS0g) 0,14
Oxidation : Sn;,, — S0 40 +2¢7 4y (5.57)
Reduction : b7 + 20y, — Phy, (5.58)

The major issues in the clectrowinning are selecting the right electrodes and also
the voliage or the potential regquired w separate the metals from AR mediom, The
cloctrodes are chosen based on the galvanic series, and the potential can be caleu-
lated using the Memst equation in electirochemistry. The electrodes ane 1o be decided
hased on the reactivity or the galvanic series. The active metal acts as anode and the
passive or iner metal acts as cathode, The series show the endency of different
materials, which are tending to be more active or more inert. The anodic material
gives the electiron and the metal precipitated from the solution gets deposited on
cathode, Thus, the reactivity of anode matenal should be more than the cathodic
meaterial. Table 5.7 shows reactivity order of some metals, reaction with 05, diluic
acids and water, ense of oxidaton, oxidation reactons, and standard half-cell
potential values. So, according o galvanic series, for Cu recovery, Al foil can be
ancde omd pure Cu rod con be cothode electrode, For Au, Ag, and Pd recovenes,
stainkess sieel mesh can be anode and stainless steel rod can be cathode electrode.
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Tabhle 5.7 Reactivity onler of some metals, reaction with O, dilule acids and water, ease of
axklarion, oxidation reactines, and standand half-cell posential values
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Cu can be vsed o5 cothode; Cu extrocted will be coated on the pure Cu mod,
enhancing it, which is more economical. Ckher metals wse stainless steel {55) as both
anode and cathode as they are PMs, and using it a5 cathode would not be econom-
ical. As for the other metals, the metal powder deposited on 55 rod con be serapped
out, The anode would be lined on the surface of EW chamber in order o increase the
contact surface with the liguid and 35 mesh used. When voliage is passed through
this arrangement, the anode loses electron which are gained by metallic ions in the
ligguid and gets deposited on the cothode, Thus, the exraction of metal depends on
the voliage required o lose an eleciron and also convering the metals in the liguid
iTHes Jems,

The eleciric potential required o reduce the metal is known as standard half-cell
potential omd the seres 15 called EMF series, Furher this stomdord half-cell potential
is wsed o caleulate the actual voltage required to deposit metal on cathode. This is
done by Memst equation, which 15 given below [51]:

2303« ReT

E=E T

 log (a) [5.59)

whine:

E: half-cell potental of the resction in volis

E7: standard half-cell potential at 5TP and molarity of |

A universal gas constant, 8314 Fmoke-K

2 murmber of moles of electrons transferred in the reaction
F: Farsdoy s constant, 96,485 Coulombsfmobe of electrons
& chemical activity of the species

Here the following assumptions were made before colculating the potential [31]:
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Tahle 5.8 Calkulabed ebectrilysis data

Cu e ﬂ.g Pd
& llon activity} L O00TS4 | DOOG0818 | 000000382 | 000000212
2 (hoangalsn sale) 2 3 11 4
E° (standard half potential}  0.3419 | 1498 | 0,759 |
E =V, (stndurd posential) | 02498 | 1.374) [04793 0.4

l. ¥y = E (standard potential .
2. Assume activitics cgual to concentration in mole/L

Table 5.8 shows g, 7. £, and half-cell potential valwes of Cu, Au, Ag, and Pd
metals [51].

In EW process, firstly Cu and then Ag, Pd, and Au are recovered, respectively, As
the DC current is supplied, the metal from the solution gets collected at the cathode.
Bubbling depicis that the reaction = going on. Eventually bubbling stops, which
means that the reaction is being completed. The powder deposited on the cathode
end con be scrapped oul, This powder can be melied w form mgots of the metal,
Afiier complete recovery of the metals, the wasie stream contains insoluble metals
and the acid sloery, These waste streams ame o be treated for environment, health,
and =afety norms, Cenerally, acids are neutralized and the insoluble contents are
separated using a most comimon method membrane separation technigque,

5.9.4  Solvent Extraction (SX)

Solvent extraction is a process that allows the separation of two oF more components
due to their unegqual selubilities in two immiscible liguid phases. 1t is an important
method in hydrometallurgy in separation of metal ions from their solution. 5X
comsials of transleming one (or more } soluied=) contaned in a feed solution wanother
immiscible liquid (selvent). The solvent that is enriched in solute]s) is called extract,
and the Ffeed solution that is depleted of solute(s) 15 called raffinate (Fig. 5.6).
Solvent extraction, also called liguid-liquid exiraction (LLE} and paritioning, is a
method 1o separate compounds based on their relative solubility in two different
immiscible liquids, usually water and organic solvents (Fig. 5,71 Immiscible liquids
are ones that cannod get mixed up together and separate info layvers when shaken
trgether. LLE is an extraction of o substance from one ligquid into another liguid
phase, The most common use of the disribution prnciple is in the exieaction of
substunces by solvents, which are often emploved in a laboraiory- or in large-scale
manufacturing, Organic compounds are generally much more soluble in organic
solvemts, ke benzene, chlomdorm, amd eher, than in water, and these solvents are
immiscihle with water. Organic compounds are then guite easily separaied from the
maxiure with inorgans: compounds i agqueous mediom by adding benzens, chloro-
form, ecic. Upon shaking, these separate indo two layers. Since organic compounds
have their distribution ratio largely in favor of the benzene phase, more of them
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wolld pass into a nonaquecus laver. Finally, this nonaqueous layer is removed and
diztilled w obtan the punfied compound, In solvent exirsctuon, i's sdvantageous o
do extraction in successive stages using smaller bots of solvents rather than doing
extraction once wsng the entire ol Solvent extraction tests can be done in separation
vessels and mixer-setilers.

X, which is an important part of hydrometallurgy, includes extraction and
sinpping steps after lkeaching and before reduction. 5X flowsheet s shown in
Fig. 5.8, Leaching dissolves mixed metalis). Exraction step is performed in a
mixing chamber, where selected metal 15 loaded in organics and ratfinote = sent
hack o the leaching siep. In stripging step, selected metal is exiracted o the aqueous
phoze and spent ebectrodyie s recyeled wothe exiraction step, Afler sinpping metal
{5} are reduced in the redwction step and spent electralyie is recycled to the siripping
stage, 5K tests are performed i mixer-setler chambers m pibor omd plomt scales
{Fig. 5.8). Table 5.9 shows iypes of solvent extractions along with exiraction
solvents amd application areas, Organie solvents in 58X ore selected depending on
the following properties: high extraction copacity, selectivity, casily sinpped, immis-
cible in agqueous phase, sufficient density difference with the agqueous phase, low
viscosity, nontoxicity, nonexplosiveness, ond cheapness. Aliphatic or aromatic
hydrocarbons or combination of both are used as diluent for diluting the organic
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Tahle 5% Types of solvent extraction, selvents used, amd applicombon ansas

Sobvimtion | Aninnic Chelating
CHIraction | Carlenle exchange cachange cxchange
Salvenis Triburyl phosphare | Di-i2-cthylhesylphos- | Prmary amines | Lis 63
used | TBM | phoric acid (P2ZEHPA) ! (RMHA)
Trocivlphosphine | Nophihenic acid | Becorednry Lix &5
| Owide (TOPOY | _ | aminc (R-NH) | .
Methyl isabaryl Wirsale: acid Tertiary ammes Kiles NHD
| ketones (MIBK) [R2Cr L) |
Applications | P, Zin, U, Fe, Cd, | Cu, Zn. N, Co, Ag U, Th, ¥, Co Cu, Mi, Co

HE. Zr, Pu

extractant so that iz physical propedies ke viscosiy and density become more
tavorable for better mixing for two phases and their separation. Some comman
diluents (such as kerosene, benzene, chloroform. xylene, naphtha, or wluene) affect
the extraction, scrubbing. stnpping, and  phase  separation  process  guite
significantly [32].

Much of the metals move from agqueous phase to organic phase in a single-stage
contact (in laboratory scale) or multiple-stage counter-current contacts (in indusirial
spalel, Mulustage counter-current 53X Mowshest along with organic amd sgqueous
phase flow is given in Fig, 5.9 [52].
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Flg, 5.% Multisage counser-cumen sodvent exrsction flowshee

3.9.5 [Ion Exchange (IX)

In ion exchange, ions are exchanged between two electrolytes or between an
clectrolyie solution and a solute or complex. The sacrificial metal is vsually one
of low value, lon exchange processes are reversible chemical reactions for remov-
ing diszolved ions from solution and replacing them with other similarly charged
1ons, lon exchange 5 o reversible electrostate ad=orption phenomenon between
two oppositely charged surfaces (solute molecules and resind [33]. The positive
and negative wns are exchanged by the medom wons, There are two types of on
exchangers: cation and anion exchangers, Cation exchangers exchange positive
s or cations, Calion exchangers can be inorganic or organic. Inorganic and
organic cationic exchangers may be natural or synthetic. lon exchange resins or
polymers are used. Figure 5,10 shows the classification of ion exchangers. lon
exchange brings total environment solutions — water treatment, liguid waste
treatment, recyecle, and solid waste management. Applications of X include
waler hardness removal (Caand Mg exchange with Mo and HE;, Fe and Mn removal
from groundwater; recovery of Ag, Au, and U from wastewater products; demin-
eralization; and removal of MOy, ME,, and POy,

Au recovery by IX process was investigated using three resins (Amberlite
XAD-THP, Boalite BA3M, and Purolite A-500) by Kim et al. (201 1) [34]. Purolite
A-500, o macroporous strong base resin, was supplied by Purolite Company,
whereas Bonlite BAMM {a gel swrong base resin} and Amberlite XAD-THP
(o nonionic resin} were obtained from Bomn Chemical Company and Bohm and
Haas, respectively, The resins were thoroughly washed with water and dried in oven
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at 500°C. A glass colummn (10: | em + height: 25 cm) with a stopeock and a porows
disk affixed af the bottom were used in all experiments, The glass column was loaded
with 1.0 z {1 bed volume of resine BY = 4.6 mL) of the resins, Afier each
experiment, the resin filled in the column was washed with a large volume of
distilled water amd stored in water for the next sel of expenment. For each expen-
ment, & 5 BY of keach liguor was prepared through two-stage keaching by cleciro-
generated chlonne, The solution was possed through the column ot a rate of 10 mLS
min. The loeded resin was eluted by HCI in acetone.

510 Water Treatment

Mot enly wasie process water but also cooling water, all rainwater, and sprinkling
witer should be wreated in BAT i wastewater meatment plant. Acuds shoukd be
neuiralized; metals, sulfates, and Auorine should be removed by physical chemistry
processes, Cemerally, mwo-thirds of weated water are reused internally, while
one-thind is discharged.
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Chapter 6 ' @'
Size Reduction and Classification of WPCBs ‘ Cantih \

“Theirek ¥eeard, Think Green - Recyele!™”
Anonyvmaous

Absiract This chapler explaimes the sm and importance of size reduction in e-wiste
recyeling, Shredding, crushing, pulverizing, and grinding are general comminution
methods used in WPCE recyeling. Industrial-size shredders, which are hammer mill
pulverizers, are covered in detml. Emerging fractiongtion and electrodynamic frag-
mentation with high-voltage pulse technobogies are introduced for WPCB recycling.
Indu=irial plant application Howsheets are demonstrated. Industrial-scale material
classification methods and equipment are presented. Plant-scale conveyor belis for
matenal transpont between equipment amd working principhes of filration and dust
collection systems for high Aliration efficiency are also covered in this chapier.

Kevwords Size reduction - Shredder - Pulverizer - Fractionator - Delamination -
Electrodynamic fragmentation - Classification - Conveving - Filiration

6.1 Size Reduction of PCBs

The reunilization of WPCE is a focused opic in the field of environment protection
and resource recycling. Presently, WPCHE 15 mainly processed using physical
methods, chemical methods, biological methods, or combinations of  these
approaches. The purpose of the crushing process 1s o liberate metals from nonmetals
of WPCB=s, which are a mixiure of woven glass fiber-reinforced resin and muliiple
kinads of metals and bave high hordness and tenocity, In the process of reclaming
WIPCH, crushing is the crucial technigue. [is imponance for chemical and biological
methods 15 that the crushing process must make the sudace of the resulting particles
appropriate for subseguent contact with the chemical or hiological mediom. Con-
sidering physical methods, the process of crushing may divectly affect the efficiency
of successive separation steps, which then can attect the recovery rate and the purity

0 The Minerals, Merals & Maerials Sochery 201% 123
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of the metal. If the size reduction process = done under dry conditions, it can
produce local high temperature, which makes the organic maner in the WPCB
pyrolysis, and produce harmbful goses, causing air pollution. IF size reduction is
done under wet conditions, it produces wastewater that contains a large number of
suspended particulate matters, which is an environmental pollutant. Betore the water
can be discharged or reused, specialized wastewater ireatment facilitics must be set
up, which inerepses construction and operstion costs, One problem with current
crushing methods is that they cannot achieve the complete dissociation of metal and
base plate, Dther problems imclude large energy consumption, high economic coss,
and environmental poliution [1].

WPCE commimution, which 15 performed for matenal liberation, 1w =5 mm
menerates W6 metallic liberation [2). Duoan et al. (2009} found that most
WPCBs were liberated in the 2-3 mm size [3]. Minety-five percent liberation was
obtoined st — 1 mm size for WPCB=. Total liberation tor metals, particularly tor Co
prints on WPCE, was nof achieved even at —212 + 73 pm. At the finest fraction
(=75 pmd, unbberned paticles sull con be found [4]. AL coarse-size Tractions,
metals were mosily locked with plasticeresing, while necdle-shaped metals in
general were hberated. Agglomerated portickes hinder the efficiency of following
physical separation. Therefore, removing ECs prior o size reduction and physical
separation of WHRCBs should be suitable, Zhang and Forsberg (1999 suggested o
remaove Al foils with cyclones prior to physical processing [5]. Material loss during
size reduction with hamimer mills was 25-29 wi, % in Morales (200 1) and Yamane
{200 2) studies |6, 7). But, Silvas et al. (2015} reduced this loss less than & wi. % with
combination of knife and hammer mills [8], Avoid dissipation of irace elements, Au
loszes of wp to 75% it PC-motherboards are not removed prior io shredding and
1 1005 in o car sheedder [9],

Shredding (frugmenting), crushing, pulverizing, grinding, and ball milling are
relatively conventional methods for reducing paricle size. Becently, the use of
cryogenics 15 being tested, and o is believed that o wall be veed for siee redoction
in the future due to high cost. Here only shredding and pulverizing will be covered in
detuil. Shredding 15 o process imowhich feed material 5 frogmented, ground, ripped,
or tom inie small pieces, Then, shredded matenals (320 mm) are grunulated nto
fing particles in pulverizers, Leak tightness of size reduction machines and pipelines
must be ensured. Dy crushing genemtes fugitive odor and dust duning crushing. Wet
impact crushing o — 1 mm is possible, This prevents odor and dust problems, and
then wet gravity separiion wsing Falcon concentrator con be used for metal recowv-
eries [3]. Wet impact crushing has the advantages of higher crushing efficiency, less
over-crushing, and no secondary polluton, Water can be recycled in the process
wherein only a small amount of fresh water need be supplicd.
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Fig. 6.1 Shredder machine demils and cotier knife discohlades for shredders

6.2 Shredders

Shredders ore size-reducing, crushing, and volume-reducing machines for e-wastefe-
serap. There are three types of industrial shredders: single-shaft, double-shafi, and
lowr-shaft, Figure 6.1 shows the top, side, and end views of o typical one molor-
driven shredder along with blade details. Some high-capacity shredders have two
motors, Shredder machines employ o low-speed and high-womue mechanizm at low
noise, energy. and dust. They have o wide range of applications because they can
shred many different materials, Shredders include cutting chamber, bearings and
pears, hexogonal shafi, feed hopper, guard, reducer, cushioned torgue arm, drive
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belt. electmohydroulic moton(=) and elecinic panel with PLC control, cobinet, and
base wnit, Auiomatic reverse sensors protect the shredder against overloading and
Jamming. Motor and rotor are driven by a redocer for low speed and high torgue.
Woater- and dustprool bearing protection design prolongs the life of the shredder,
Blade weaning should be minimum and can be repaired easily ot o low cost. Helical
blades are spirally armnged to gei effective shredding. Blade inner hole and main
rodor adopled with strong hexagonal column design ensone the blade stabiliny and get
cqual foree during rotation. Different kinds of blades/knives are available for
dilferent matenal shredding w ensure durabiliny and Bexibiliny, Botary knife thick-
ness, shape, sharpness, design, and processing sequence are importani for high
capacily and long-lasting,
Cieneral characteristics and features of shredders:

= Birong cutting abiliy,

* High degree of automation and high produection efficiency.

= Low nmse, low energy consumption, and less dust,

+  Effectively reduce labor intensity and improve work environment.

* Unigue power design, detachable, and convenient for cleaning, maintenance, anmxd

HETVICE.

* PLC program control for safe and reliable wilization,

+  Advanced structure and drive design for sirong shreddingfhigh crushing capacity.

* High and steady quality for bong-lasting life.

* Easy o vz under heavy-duty working conditions and maimtain o enable the
recycling of c-wasie,

= Program contrel, overlosd protection, and sulomatic reset,

* HRotary knife thickness, shape, sharpness, design, and processing sequence.

* Making up cutting 1wols from special bardened alloy steel (SED-11) with a
hardness of HRC55-558 tor durability and wear resistance.

*  Large hopper chamber dimensions which change from 300 to 4300 mm for high

CApacities.

Industnal shredder features are summanezed in Table 6.1 [10]. Blade diameters
change from 200 mm up to 300 mm, and blade thicknesses range from 200 mm o
B0 mm. Thicker blades are used for higher diameter blades, As the blade diaimeser
incregses, the number of blades increases from 16 to 50, Shredder capacities change
from 300 o 40,000 kg h ', and power consumption changes from 7.5 o 264 KW,

Tahle fi.1 Indusirial shredder chamicieristics

Blade diameter Blade thickmsss Mumber of ' Capaciny [ Tatal pawer
{mmi | (e biludies (kg (KW

200 m 16=32 S00-1200 T5=221)
3 |40 | 16-36 | B00-3500 | 30.0-110.0
40 140 036 | 1500-TO0) | 44.0-1300
&0 | 50 | 3050 | 3000-22,000 | T4.0-220.0

BALL | 8 | M50 450040, 000 | IS00=20 0
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6.2.1 Single-Shaft Shredders

They consist of a knife dise amd a statice knife o complete shredding marerial. The
cutter is composed of & base shaft and severul shape quadrilateral knife blocks, The
knife Block has three, four, or more blades which can be replacedisharpened afier
wearing, The knife block along the axis of the base 15 in muluple mws inie ype ¥,
fixed with screws in the radical axis, rotated with the based shaft together, and finally
comprised of o knife dise, The two static knives ane fixed on the mochine frome, The
material is sent to the cutter by the horizontal hydraulic eylinder. The speed is stable
and adjustable, and the propulsive force 15 lorge and uniform, It i apphicable 1o the
recovery of a variety of bulk solid materials, refructory materials, imegular plastic
containers and plastic barvels, wibes, films, fibers, paper, ete. Spindle speed is
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betwcen 45 and 100 rpm, which has a stable work and low noise. Figure 6.2 shows
the details of the single-shaft shredders and industrial-scake machines [11].

Single-shatt shredder 15 mainly used for wood, large plastic waste recycling, large
caliber pipe, and die material, Single-shaft shredders shoubd be strong and durable,
hove low noise, and be an energy sover. Single-shaft shredders crush matenal down
i 0 mm. In single-shafi shredders, the number of motary blades is between 24 and
57 shalt diameter between 220 and 350 mm; rotor leogth between 5000 amd
2000 mam;, rodading shafi speed betwcen 75 and 90 rpm; fixed knife between | oand
2; pressure between 6 and 12 MPa; crushing capacity between 250200 kg b " and
600-1200 ke h™': feeding caliberhopper size between 550-650 mm and
I280- 1300 mm; motor power outpuls between 185 amd 35 KW, mesh siee
between 200 and 400 mm; weight between 3.5 and %5 tons; and dimensions
(L+WsH) between 3000 D002 3000 mrm anad 45002 500 2800 mim.,

6.2.2  Double-Shafi Shredders

The uniquely designed machines feature low noise, high wrque, and wide applica-
tions; they serve the functions of sheanng, tearng. froctunng, breaking, and swbo-
dizscharging, Double-shafi PCE shredders are mainly used for crushing packing belt,
tire, film, woven bag, hshing nets, omd other plastic waste otilzaton. The basial
independent drive, the unique knife shafi strocture, and a four-angle rodary knife are
wsed in the producion process of high wrgue i bow speed, In double-shall shred-
ders, the number of rotary blades is between 600 and 150; rotating shaft speed
berween 65 and 87 mpm; fixed knife between 4 and 8; blade thickness between M)
and 75 mm; crushing capacity between 500 and 2000 kg h™'; feeding caliber
berween TO0-B00 mm and [1630-2000 mm; motor power between [8,5:2 amd
452 KW amd weight between 4.0 and 2.5 tons. Product size changes from 5 o
20 mim. Figure 6.3 shows a double-shaft shredder in an industrial application,

Fig. 6.3 Doubde-shall shredders
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Flg. 6.4 Indusoial-scale four-shaf shredders and obtained produc

6.2.3  Four-Shaft Shredders

The=se machines are heavy-duty machines with modular design and good compati-
hility. The cutting ool is made of special alloy steel afier special crafi, with many
charsctenstics (such s good wear resistant and highly repairable) and other charac-
teristics. Driving part adopis four drives, with overloading planet gear reducer
tranzmassion and differential operation betwesn main shafl, Ekectncal port of the
application of PLC and touwch screen contrel, and with a video monitoning system,
the machine also has the ovedosd protection function and =0 on. The machine has
certin advantages such low rofating speed, high torgue, and low nwoize, which are
widely applicable o the recycling industry in the process. Materials suitable for
crushing with four-shaft shredder are plastics, metals, glosses, poper. and e-wastes,
Figure 6.4 shows four-shaft shredders, industrial-size equipment, and product sizes,
In four-shafl shredders, the number of the munfassistont knife rotary diameter 15
betwcen 1500 and 400 mm; feeding caliber betwsen 1000200 mm  and
SO0 L BN mom;, rolating speed between 25 and 43 rpm; main knife between 24
and 64; and main power between 1152 and 4522 KW. Some companies are
producing double-story/Mat double-shaft shredders, Doubbe-story shredder and pul-
verizer on a single chassis are available on the market today. A precrushing shredder
is accumulaed on the same monoblock body with a pulverizer in some industrial
equipment [12].

6.3  Blade/Hammer Mill Pulverizers/'Granulators

Granulator machines are designed with high speed, medium inerti, open rodor body
for fine grinding, and two, three, or five hardened steel knives. Granulators can grind
material down o 0,185 mm (30 meshes) or up w5 cm o size, Generally resulting
particles can vary in size from 3 o 20 mm. Interchangeable gqualifying screens with
various dimmeter hodes determine the final reduction siee, With decibel ratngs of less
than &5 dB, these units are ideal for placement af individual work stations, Granu-
lavors are sieed by the dimensions of the cotting chamber and range in =ze from
20=25 to 40+ 88 cm. Motor sizes range from 5 HF to 40 HP. Complete systems can
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Fig. 65 Twao differemt industrial-scale pulverizer machines along wiih screens amd dust collection
cyclomes

include air discharge units o conveyors and can easily be inegrated with existing
shredder or grinder systems. Granulators have a smaller toodprint than a full-size
grinder but can sill handbe high volumes of product in the granulation process
(Fig, 6.5) [13]. Hommer malls accomplish siee reduction by impacting at rates of
typically TOM rpms and higher [2]. These granulators are wsed for the sizing of
plastis, nonferous metals, and heterogeneous materials and enable o reach con-
trolled ouwiput size in the recycling process with the use of classifier screens starting
Frosm 2 rom diameter, Granulator sizes are (106013007 « (170013007 + { 20007 mm;
power changes from 3 and S0 KW and weight From 700 to 4200 ke,

Because of the strength and enacity of FCB material, much dust and harmful gas
could ke produced in the process of dry pulvenzing at normal temperuiures, On the
other hand, after a very long operation, very high temperatures can develop in the
cquipment causing melting and jomming of the particles and, hence, reduced
cihiciency of crushingfpulverizing and environmental pollution oo, Enhancement
of crushing efficiency and reductuon of secondary pollution during WHRCE processing
are imporiant isswes. One typical method is (o ool the WPCE below the embrittle-
ment temperature using bguid oirogen omd then crush o The high oot of
low-temperaiure crushing limits its further industrial application. To achieve high
crushing efficiency amd o resolve the secondary pollution problems of dust and gas



B4 Froctionaror Technology 131

from the crushing process, a wet impacting crusher can be used o perform comimi-
nution of WPCE in a water medium [3].

Fractionation and electrodynamic fragmentation (EDF) with high-voltage pulss
(HVP) techinologies, which will be covered in this chapier, are emerging technolo-
oies for e-wasteWPCE comminuiion for size reduction.

6.4  Fractionator Technology

The fracteonation process technology 15 a breakthrough process to recycle metals
froam wastes in a purely mechanical way, The underlying physical principle is w use
the ditferent properties of the matenals (density, plasticity, ductility, etc.) to sepante
the layers by creating huge accelerations and decelerations [14].

6.4.1  Physical Principles

In a fractionator, a composite material (like WPCEs) with heterogeneous composi-
tion and size is submitted o a high-frequency series of accelerations and decelers-
tions (impacia), The phases of the material will react differently due o their
hetemogeneous densities and plasticitics (Fig. 6.6}

* During accelerations {respectively, decelerations), the lighter phases will temd o
go faster (respectively. slower), which will creste sheanng forces at the
houmdaries.

+  Impacts will deform the phases in different ways according o their plusticities,
The metals, which are ductile, wall tend w aggregate inio compact shapes; the
minerals (1., fibers), which are brinde, wall be fragmented while the plastics will
tend to stay in their original shape.

6.4.2  Maiterial Preparation

WPCBs are shredded and granulated o less than 22 mm. During the process, femmous
materials are easily separated by magnetic separation,

impact tool plastic-Al laminate plastic Oake Al granule

EEPEE

Fig, 6.6 Delamimation process m a fractionaor machioe | 14]
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Siadod

Fig: 6.7 Indusirial-sie fractionaior and its omss section

6.4.3  Delamination

The serics of high-freguency impacts are achieved in a fractionator machine which
leatures an anmulor space between o mdor and o stator equipped with radial 1ools,
Mutenuls are fed from the top and fall by gravity. The high-speed rotation of the
rodor drives the materials which then impacts with a high frequency the static iools of
the stator as shown in Fig, 6.7 (view trom the top) | 14].

G.4.4  Separation inte High-Purity Cuipeat Fractions

AL the bouwom of the fractionator, the various matenals (metals, plastics, minerals)
are liberated bt sull need w be separated, The size distribution = moch dilfferent-
ated at the exit of the fractionator:

*  Plastics are found in relatively coarse particle size distnbutions (e, big pieces).

# Metals (Al and Cu) are found as very pure granubes with sizes between 30 i and
5 mim {the st = a Tuncton of tee thickness and sudace of the metal laver imothe
imput .

*  Precious metals ore in the fine sizes (Fig, 5,80,
Thiz makes the two-stage separation process (by size and density) very efficient:

*  DMetals and nonmetals are separated by size.
= Light (AL and heavy (Cu) metals ore separated by density (sphencal shapes make
it easy ) in & Huidized bed separator (Fig. 6.9,

6.4.5 Cwuput Fractions

The process generates up to 22 different fractions:
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Flg. 6.% Fluidized bed separstor operation prnciples
+  Beveral (plosucs, resins, fibers, et nonmetalli: froctions with siees
= A ferrous fraction.
= Beveral bght metal Oypically Al fractions,
= Several heavy metal (PMs, Co and Cu alloys, MNi. Pb, eic.) fractions.,
* Three dust fractions (the three stages - granulator, fractionatos, and separator -

are equipped with aspiration systems and filters).

Figure 6,10 shows industoal-scale plant Dowsheet for the mechanical separation
with fructionator and Auidized bed seporator for delomination. This process has been
wsed in more than 20 power plants built worldwide since 1995 with the previous

menerations. Metal recovery rates are climed 1o be agbove 97%, and
fractions have a high purity, This process is environmentally friendly,

the output
due 1o dry

mechanical ireatment, bow tempersivre, no goses of Huids, and very limited
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Freparation of materials Delamination Separatien indifferent fractions

Flg, 6,001 Mechanical separation with fractionarer and Aaid bed separsior for delamination

{potentially zer) uliimate wastes. This flexible process has a capacity of 3 wons h™'
lor o very wide romge of wastes, suitable for very small Ios omd compaigns, This
plant layout is claimed to have a competitively low capex and apex and high
automation with only two workers/shift [14].

6.5 Electrodynamic Fragmentation (EDF) with High-
Voltage Pulses (HVP)

Mowvel comminution technologies are developing Tor breaking ores and secondary
materials. Some of them are patenied and some of them (ie. industrialized high-
voltage pulse (HYP) and electrodynamiie fragmentation (EDF) wchnologies) are
commoercialized by Selfrag AG {establihed in 2007} in recyeling (Fig. 6.11. HVP
uses high-voltage pulse power technology which allows liberation or weakening of
material along natural boundaries, [t also allows for controlked crushing without
comtamination due 1o a combination of pulse power lechnology, physical electrical )
material discontinuities, and high-voeltage and mechanical engineenng skills.

6.5.1 Pulse Power Generation

Research into HVP technology began in the 19305 using capacitors 1o discharge
clectricity for producing X-rays. Since the 1960, HVP technology rapidly devel-
oped, HVP creates repetitive electrical discharges o materials immersed in a process
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Fig. .11 HVP labormory-scole equipment and pulse power generation | 15]

ligguid, like water, which has a high dielectric srength when voltage rise time is kept
below 500 n=. As a result, discharges are forced through the immersed matenial. The
introduced elecirical energy is then ransformed into an acoustical shockwave
resuliing into a huge tensile siress regime within the material.

6.52 Material Treated

Particles inside a composite material (WPCBs) or defects in a crysialline material
lead i discontinuity in the elecincal and acoustical properties. The discontinmty in
the dielectric permittivity enhamnces the elecirical fiebd at the grain boundaries and
lorces the dizcharge chonmels wthe boundanes, The sudden expomsion of the created
plasma produces a shock wave with local pressures up i 1000 bar, The interaction
of o shock wave and an scoustical dizcontinuily concentrale ensibe stress ol thess
interfaces. The selective fragmentation technology of Sclfreg uses these effects o
lberate matenal along the material boundaries, @ weaken material along particle
boundaries, or to diminizh the size of material without intrroducing contamination.
Recovery is directly related 1o the selectivity of the process, Being able o
separate il components without damage at o coarse fraction 15 the future of
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recyeling. In selective fmgmentation, composibe materials are disnggregated along
the material interfaces instead of being comminuied. The form of the components is
largely preserved, and they are separated from other surrounding clements or
contaminams, Benefits of HVP are coarse liberation of different elemenis {ie.,
energy savings), recovery of original-size elements (aggregates), and selective
libcration of valuable metals, With the Selfrag technology, WPCB composites can
be seporated efficwenty withowt the fne comminution of the material often requined
with mechanical crushing. The valuable materials can be recovered as these are
lberated dunng the Selfrag process [15].

EDF technology with minimal size reduction causes depopulation {component
detachment) of ECs, delomination, amd board destruction, EDF wechnobogy delam-
inates the WPCBs and opens their structure, exposing Cu foils to leaching solutions
[1&]. The use of EDF enables selective fragimentation of materials for EC removal to
structure opening and size reduction through genemting elecirical discharges as a
means of feacturing. EDF can be used as a preweaking ool for minerals and
recveling materials such oz WHPCBs, corbon fibers, bodtom ash, and siliceous rods
[16]. It is logical o assume that the metals in WPCBs are somewhat repantitioned
between the boands amd the ECs on them. In o way o ease WPCB processing, 1
might prove therefore feasible o separate ECs and depopulated boards inie two
individual streames, with each of them o be ireated o dedicated way, EDF resulis
depend on the operating parameters such as voltage, frequency, and number of
pulses. EDF resulis in generation of a lesser amount of fines as compared o
conventional comminution [ 16]. Liberated materials can be thus processed down-
strgaim in a more efficient way especially when value-added Eol. elecironic equip-
ment is recycled. In EDF technigue, there are three stages: depopulation,
delamination, and entire fragmentation. Depopulation {for removal of ECs) followed
by delamination i= important for WPCB recycling. Finally, the entire WHPCHBs are
physically fragmented for size reduction. A 150 KV voliage has been wsed for
depopuloton and 130 kY for delomination omd entire fragmentation, Table 6.2
shows the comparison of energy consumptions for conventional hammer milling
and EDF fragmentation. Liberation-omented leoching resulis showed that EDF
treatment should be wsed as o prefresiment stage for depopulation of WPCBs,
Delamination and fragmentalion stages consume  more energy. Thus, EDF
depopulated WPCBs can be further size-reduced to render Cu available to hydro-
metallurgical downsiream processing,

Tahle 6.2 Energy comsumption comparison for shiedding and EDF wchnology [16]
Shredding energy :

CONEITPLI EDF preprocessing eiergy consuimnpion
Hammer-knife millng: | Depopulation: 132 KWhi (150 kY, 3 Hz, 40 mm elecrode gap)
23 KWhi |

| Delamuination: 877 KWhi (1= 180 kWh, 5 He, 40 mm electrode
| Fragmintation: |485 KW't (170~ 180 K'Wh, 5 He, 4 mm eloc-
| trode gupd
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Fig, 6,12 Uross-sectonal view ol the imlemal straciure of WRCBs, SEM view ol the componients
fixed an the PCB surface

Tor sum up, the increased number of EDF pulses, with rest operating parameters
kept constant, has resulied in immediaie EC removal, ie., depopulation. Then, when
the depopulated boands are impocted through further pulses, the mner loyers of the
boards start 0 delaminate. Provided that after this step the number of pulses is
further imcreased, the boards stort o frogment having their size reduced, In that
context, stage 2 could offer an ideal compromise between energy consumption and
resulting delamination effects banging an optimal hberation of Cu fods and thresds
without excessively reducing the size of the fragments [17]. EDF is a structure
opening along interfaces which enables metals leaching from WPCBs ata relatively
coarse size with minimum metal losses.

Figure 6,12 shows the cross section of an internal structure of a WPCB and 3EM
view of components fixed on the WPCH surface. Cu foal loyers in glass fiber-
reinforced epoxy resin can easily be seen, SEM views of the components fised on
PCBs show different ebements from Cu, Sn, N1 Br, Av, Ba, ete, Depopulaed
PWHBs and removed componenis afier EDF can be seen in Fig. 613, Figure 6.14a, b
shows o cross-sectional view of the intemal strocture of o WPCE aller depopulation
ireatment. Figure 6.1de, d shows cross-sectional piciures of PCBs afier entire
fragmentation [ 1G]

Laboratory-scale batch EDF systems, which can take 200-300 g of matenals,
have been on the market since 2008, But, the cost of the laboratory equipment is very
high. A fully sutomated pikot plant processing 2 th ™" is also available in Selfrag AG.

6.6 Classification Screens

Screen is a machine with surfaceis) used to classify materials by size. Screening is
defined as “The mechanical process which accomplishes a division of particles on
the basis of size and their scceptance or rejection by a screen surface™. Material
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Fig. 6,13 Depopulaied WHRCBs ond companenis ofier EDE

by

Fig. 604 i@ h) Cross-secional view of the imernal strocmre of a WPRCH afer depopulation
teatmenl [, d} Cross-sedtional pectures of WRCBs afler entime Iragmenlation

larger than the hole size is oversizefcoarse fraction amd smaller than the hole size is
undersizeffine fraction. Separtion size 15 the paricle size at which feed (i b )
separates o two products (undersize and oversize). Screening efficiency in

industrial-scale vanes between Y09 and 95%.,
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Fig, 6,15 Industrial-ssale sreen vpes

Fig, .16 ¥ibruling sreen
Tar sarting and clussificaion
[11]

Bound amd rectangular deck-shaken sieves and drom silers are vsed oo classily
and =on materials according o their size. Grizely screen, shaking screen, vibrating
soreen, and revolving sereens (rommel) com be used industmally (Fig, 6,15} Trom-
mel sercens are large drume-shaped devices with a grate-like surface with large
openings. Trommels are used w separate very coarse matenals from bulk matenals
such as coarse plastics from finer Al-recyeled material. Figure &, 16 shows indusirial-
scale rouwmnd vibrating screen For sorting and classification, Screens can be classified
according to opening size (coarse, mediom, and fine), according to configuration
(har and mesh), according 0 methods used o clean the entrapped materials (man-
ually. mechanically, raked, or water jet), and sccording o screen surface (hxed or
moving .

Adrfwoter classiliers, cones, roke clossihers, or evelones con alzo be vsed Tor siee
classification. Cyclones are essentially setiling chambers where the effect of gravity
hos been reploced by centnfugal scceleration, Screening 15 mdusinally vsed o
Galloo, Salyp process, Stena, B-plus (WE-53A-SLF). and YW-Sicon and irommel
separation al Argonne, Galloo, Salyp process, and Sweoa Tor end-ol-hife vehicle
(ELN} recycling.
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Fig. .17 Comveyor belis used in e-waste recycling

6.7 Conveyor Belis

Conveyor belts ranspon material between equipment, Conveyor belis in various
size= and configurations with or without magnetic mollers for removing fermons
fragments from the material siream during a recycling process are used. Conveyor
belt kength changes between 2000 amd 3500 mon; width betwesn 500 and B0 mm;
height between 1500 and 2000 mm; weight from 120 o 400 kg roller dinmeter size
Crosmy D00 aex 10 smom; eoller hedght from 100 G 530 mom; amd maotor power from (L5
EW o L1 KW. Figure 6,17 shows industrial-scale inclined conveyor belis used in
e-wizleWHPCB recycling [1E].

6.8 Filtration Systems

6.8.1 Pulse-Jet Bag Filter Dust Collection

Puilze-jet baghouse is an improved new type and high-efficiency dust colbector (99%:)
on the basis of fabric filiers. Advantages of wsing pulse-jet baghouse are high
filivation efficiency, stable performance, small footprng, large amownts of filration,
cte. Different from iraditional dust collectors, pulse-jet fabric collector improves the
structure and pulse valve and solves the problem of open air placement and oom-
pressed wr source, This dust collector inlet amd outler are compact ond air resistance
is liike. lis frame adopis scaling material, which reduces air leakage and enhances
pood tghiness, This dust colbector collects uny dust with 0.3 pm panticle size with
90% dusting efficiency.

Pulse-jet fabric collecior is mainly composed of dust hopper and upper, middle,
and lower boxes. When working, dust enters into the dust hopper through the air
inlet firstly, coarse paricles of dust directly drops into the bottom of the dust hopper,
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Fig. 618 Dust collecior systems, (a) Woarkimg principles of pulse-jei baghouse, (h) picione of
pulse-jer baghouse poture, and (eh e-wase recveling fowshees with pubse dust collecior and dd)
eonasie cnashing and milling Bowsheet with cyclone and pulsesjet type dust collection sysiem

and, at the same tme, fine partickes of dust enters mto the middbe and lower boxes
with the help of aiflow, Then, dust attaches to a filter bag for filtrution; besides, the
filtered air enters info the amosphere by an exhaust blower. Figure &, 18a shows
working principles of pulse-jet baghouse. Figure 6.1 8b shows the picture of pulse-jet
haghouse picture. The resistance of machine rises 1w set value when dust on the
surface of hlter bag is increasing, and, af the same time, tGme relay sends out a signal
that means the programimer has o work, Tum on the pulse valve ome by one so that
comnpressed air will clean the filier bag through jet Finally, Gler bag begins o swell;
meanwhile, dust separates from filter bag quickly and falls into dust hopper under the
elfect of reverse arllow, Dust will be discharged from o dumper afier blowing,
Figure &.18c shows full e-wasie recycling Aowsheet with shredder, pulverizer,
electrostatic separator, amd pulse dust collection system,

Filtration systems, operating with sleeve hlters, offer a full runge of solutions for
the dedusting of WPCH recycling process improving the air quality and increasing
the efficiency of plants, Belioble and robust SM filters can provide wir cleaning with
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conirol system. Tnple dust collector systems (tetra cyclone + bag + nir cleaner!
purifying electrostatic precipitator) are generally practiced. Dedusting system and
activated carbon adsorption tower realize that there is no pollution in the whole
recycling process, Plants are designed with exhaust gas treatment system. In order to
averid exhaust gas and bad smell for the high emperature, plants are equipped with
water spray and active carhon absorption system.
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Chapter 7 ' @
Sorting and Separation of WPCBs S

“No peilinticn iv fve bevd eodation™
Anonyvmaous

Abstract Manual and sutomatic sensor-based sorting and sepoaration syslems are
used in WHPCHE recyeling industrics. Physical properics of WEEE for separation
method selection are introduced here, Wert and dry gravity separation equipment
{such s rising current separators, cyclone, mboelectne cvclone, Kelsey centnfugal
Jigs, heavy media separators, jigs, shaking tables, Faleon separators, and Mozley
separators} are widely used in the crude metal and nonmetal separation for e-waste
recyeling. These processes produce huge amount of wastewater, dust, and residues
which may create serious secondory environmental problems, Dry gravily separators
{such as Figzag separators, fluidized bed separators, air tables, ctc. ) do mot have water
proflem but regquire expensive dust collecton systems, The advantages of density-
hased sysicms are simplicity, low ecnergy consumpdion at a bow product purity, and
I of =ome valuable metals, Electrostate and mognels separation [vpes and
industrial-scale equipment are covered in detail. Froth Aotation and mixed separation
method usage for e-waste recyeling are also explained in this chaprer as well,

Keywords Sorting - Wetldry gravity separation - Elecirostalic separation -
Magnetic separation « Flotation

7.1 Sorting Systems

Manual and aulomate sensor-bosed  =oting systems can be wed inoe-wosie
recyeling. People are probably the best sorers due to the learning capability of the
braom fed by all human senses and expenence, This 1= true where there are visual
differences between materials and while their concentration lasts. However, there are
limmars, L, on eve connol read an BFID g or barcode but a mochine can. Product
design can prohibit monual =orting. by designing in components that canmot be
separated by hand,

0 The Minerals, Merals & Maerials Sochery 201% 143
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hirpsctidon. org! 10, TOTATH-2-030-260543-89_T
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Fig. 7.1 Sensor-based suiomatic sorter For melal-glassiplastic separation

Automatie soring with dilferent detection systems (XETXREF) can substiuie for
rmanual zorting. For example, a camera, used as a detector in combination with a
computer (Fig, 710, scoms o product on a belt conveyor before processing eoch frame
by the computer. After processing and identification, for instance, based on color, the
computer can activate air valves that shoot identified paricles inio collection bins,
This type of sorter can detect over Y95 of all metal particles larger than 4 mm in an
input streaim, and, depending on the seiings, 93-98% of the metal will be remowved.,
An electrical signal produced by receiver coils can also be processed in different
ways o determine metals from nonmetallic materals, The difference between
stamnbess steel and nonferrous metals can also be determimed [1].

7.2 Physical Properties of WEEE

Figure 7.2 shows both physical properties of metals and plastics in WEEE and
potental physwal separaton method sebection for metal recovery from WEEE.,
Monmetallic fraction of WPCE has significantly low densities as compared to
metallic fraction. Densities of plastics are between 0.9 and 2.0 g cm *, In WEEEs,
cpoxy resin has o density between 1.1 and 1.4 g cm™ X Polvester resin hos o density
between 1.2 and 1.5 g em 7, Fiberglass epoxy composite has a density between 1.9
and 2.0 grcm"". Giluss fiber has o density of 2.5 g cm . Al is the lightest metal in
WEEE. Densities of Mg, Al, and Ti are between 1.7 and 4.5 g cm ™, Six metals (Cr,
sn, Fe, Mi, £n, Co, and Cu) have densities between 7 and 9 g cm . Ph, Az, and Mo
have density between 10 and 12 g em 7, and four metals (Pd, W, PGMs. and Au)
have between 19.3 and 21.4 g cm ™, For density separation of polymers between
cach other in WEEE, af least 0015 g o’ density difference should exist. However,
laminsted moterials are w be avodded because of separating the malenals [2], For
metils, the use of surface coatingsfreatments {such as sieel — Cu, Sn, Zn, Ph, Al;
Al — cast Fe, steel, Cr, Zn, Pb, Cu, Mg, Zn — Cast Fe, sieel, Ph, 3n, Cd; Au
coatings, ete.} reduces the recyclability of materials,
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Fig, 7.2 Fhysical propemics of metals and plstics in WEEE amd posencial physical separazion
method selection for metal recovery fmmm WEEE

Physico-mechanical recyeling steps included selectively dismantling, crushing,
and physical separation methods, Physical separation methods, criteria, possible
cquipment. and separation chamcteristics are summanzed in Table 7.1 along with
advantages and disadvantages [3]. Plastics and glass are nonconductor. Five metals
(Pb, Cr, Sn, Fe, and Pd) have ebectncal conductance less than 10; three metals (M1,
Co, and Al have between 10 and 40, and three metals (Au, Cu, and Ag) have
between 40 and 70«10°m ' £ ', Au, Ag, P, and Cu metals, plastics, and glass are
diamagnetic, Pd, 5n, Cr, and Al are paramagnetic; and Fe, Ni, and Co are ferromag-
metic metals, Based on these data, plastics and Al metal can be separated from other
metals by gravity separation; ferromagnetic (Fe, Mi, and Co) can be separated from
diamagnetic (plastics, glass, Au, Pb, Ag, and Cu} by magnetic separation, and metals
and Al-Cu can be separated from plastics by electrostatic separation methods [4].

WEEE is a complex system, containing about 70% MMF (various organic sub-
stances) amd 30% MF, Therefore, separation of MF and NMF without damage o the
structure of NMF is the precondition for NMF recycling and itself is also regarded as
one type of recyeling since MF separated from feedsiock can be sobd w the market
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Tahle 7.1 Physical separation methods used in WEEE recycling

Seprarion Separation | Separstion Separarion | Advamiages!
method orileria | equipment character tisadvantages
Crrmvily sep-  Specilic | &ar current sepa- | Separabes light | Avir wigkcily. pearti-
anmion (i8] provily | rticin  ACS plasticwiglass from | cle size, and density
| shaking 1akle:s, heavy metals, sepo- | affect separsion
| jigs. beavy medin | rates resins from |
| sepaTaLion fiher gluss
Mogrenc Magneli | Dy magretic Separales lermnas | Sudlabde for separal-
TrpTration sumpeplibility | sepamation metals fram man- ing Fe, seel, Ni, Cr
i LT fervoars maetals (AL | bl nod subtabde
Cu, Al Ag, el srpamaling nonlir-
| rodzs metals
Electrostatle | Electric con- | Eddy current sep- | Separares fermous | Becover nonfermous
TrOpTration ductivityy | aration [ECS) anid nomfemrous metallic particles
18] density materials 1Al Cud from -
metals iplastic,
| | glassp
Ele:mrical | Coronin ebectro- At {2-1.2 mim. Metls/precions
ooncluctivily | slalic separalin separales melallic melals froem plastic’
[ICES) partichs from non- | glass

| metallic paricles

directly. With the development of technologies, the method for MF and NMF
separation has changed from momoal disessembly o more advanced technobogies,
Additionally, the methods and technologies of recycling MFEz from WEEE are totally
different from techiologies of mineral separation, In order to develop and implement
both environmentally friendly and economically wvible recvcling processes of
metals, a large number of novel echiologies are proposed in recent years and
mainly include pyrometallurgical technobogy, mild extmcting technology, electro-
chemical techrology, vacuum metallurgical technology, ete. [5, 6], Owver the past
decades, the mvestgations on integrated recyeling processes [7-9] for waste deskiop
computers, mohile phone, CRT TVs, and so0 on have achicved greal progresses.
Mevertheless, some echnial obstackes alzo existed that lmat the indusinal applica-
tion of WHPCE recycling. Hence, up to now, the e-wasic recycling should be
developed wwand more depth and refinement o promede indostal production of
e-wiste resource recovery |10]. In this book, the traditional and some advanced
recyvcling processes and technigues of MFs and NMFs from WPCBs with high
efficiency and good purity are mainly focused on, Therefore, it makes it possible
1o treal MF and MMF separately, and it brings about the selling of high purity MF o
the market and al=o directing recyeling and modification of NMF from WPCB as
two potential ways o treat the NMF part of WPCH. Also, the separation of MF and
MMF avioads potential mteractons of NMF in further ireaiment stoges becoosse the
mectals in MF can cafalyze unwanied side reactions of MNME.
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7.3  Gravity/Density Separation

Gravity separation 15 bosed on the speciiic density differences, Concentration crile-
rion (CC} can be wsed for gravity separation possibility. CC = {o,—onuad
(= Pwal. Where m, is the density of heavy material, m is the density of light
miaterial, and gy 15 the density of fuid medivm (waterfairk, IFCC = £+ 2.5, gravity
separation is relatively easy. IF 2.5 < OO < 1,25, efficiency of gravity separation
decreases, IWOC = 1, gravity separation can be possible under coreful density control
comlitions,

For plastics OC = (205=1 W2=1] = .63 (Ciravity separation is

and Alglasses possible but not easy)

For plastics OO =¢7=l2=11 =464 (Cravily separalion is easy)
and metals

For Alfglasses OO0 = (7=1 W2 05=]] = 3.04d (Ciravily separation is easy )
and metals

Aler regquired liberation, plostcs and Alglosses can epsily be seporated from
metals by gravity separation methods. Plastics and Alglasses gravity separation can
be possible under careful specific gravity control conditions, Gravity concentration
micthods separate materials of different specific gravity by their relative movement in
water of air, Monetheless, this separation is not only dependent on the density of the
components but also on their size and shape. Besides gravity one or more of the other
forces, like foroe exenied by the viscows liquids, can serve as the separation medium.
Density-based separation uses te dilferences of partickes =siee and densaty o separie
MF and MNMF, and various equipment were developed. Water or airflow tables,
heavy media separation, and silting are common gravily separstors used inoe-wosle
recyeling, Rectangular riffled air tables can be used for e-wasie sorting. By using
different heavy liguids (such as etrabromoethane (TEE) {2967 gt.l'cm"j and aceione,
which lowers density and viscosity ), the metals can be separated from the plastics or
ceramics. Al went w the light fraction due w the lower density. Cu was more
effectively separated atb size 149 pm [11]. Different metal particles can be further
separated. For this purpose, the WPCE material is processed on concentrating tables.
The shaking tubles exploit the difference in the specific gravity and particle size to
achieve desired separation.

Drensity separation technigues which are well-known in the mineral processing
industry have found their way into c-waste recycling based on the fact that e-scrap
consists essentinlly of plastics, with a density less than 2.0 gfem®; light metal,
primarily Al and glass, with a density of 2.7 2 cm™ ' and heavy metals, predomi-
nantly Cu and ferromagnetics, with a density more than 7 g cm . In sink-float
separation, both PC and PCB scraps =500 (weight) of Aoats which is primarily
plastics can be separated out at the specific density of 2.0 g con * [12],

In the past, wel gruvity methods (e, hydraolic shaking tables) were widely vsed
i obstain only crude Cu particles, This process produces hiuge amount of wastewater
and residues which may create senous secondary environmental problems. Other
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metals and nonmetals cannot be recycled [13]. Recently, air classification is a
popular method based on the fact that the particles suspended in the gas stream
will bz separated due to the gravity and drag forces experiencing in opposite
directions, The heavier particles will gain larger terminal serling velocity and
move toward the bottom of the air stream, while light paricles go to the opposite
side, which is the top of the column. Zigzag three-way air classifiers were used for
dry separation {preamatie) o overcome above problems along with magnete amd
clectrostatic separators.

7.3.1  Wet Gravity Separation

WPCH recycling lines with gravity scparating fype use wet gravity scparators {i.c.,
shoking tables, jigs, nsing-corrent separators, hydmoyclones, sink-foal methods,
Falcon centrifugal separator, efc.) to recover metals from WPCB boards, Metals and
nonmetal {i.e., plastic and glass fiber) materials have different densities (Fig, 7.2). IF
there is o large difference in densities, gravity separation i= more economical than
electrostatic separation. Figure 7.3 shows a typical wet gravity separation Aowshest
tor WHCHE recycling, Co metal can be separated from plastics. Ferrous material 15
removied after shredding by magnedic separators. Wet separation reduces air and
moise podlutions, recveles water, and revses hmited resources, Doom et al,, (20049
used a Falcon SB<H) centrifugal separator 1o recycle metals from WPCBs crushed o
less thom | mm. This separator separstes molenals by density using up o 300 g
acceleration [14].

Industrial-scale plants have a capacity of 0.8-1.0 1 d ', power requirement
160 KW, water requirement 20-30 t d~°, and floor space requirement 154 m'.
Dimensions are 26,3:0.0=04 m Fe recovery rate is claimed o be 99% and Cu
and epoxy resin recovery rales are more than 95% [15]. Sink-float separation s
industrially wsed at Galloo, Salyvp Process, Stena, and VW-Sicon, and heavy media
separation 1= industnally vsed ot Stena plants.

TALL  Rising-Current Separators

In the rising-cument method, a continuous rising water column is projected through a
tanks codumn that receives the feed material, Material that sinks Goster than the nsing
water column falls o the bottom of the separator. The material carmied up by the
codumm of water can be separated from the water by o screen or o sieve (Fig, 7.45 A
complication is that the water muost be constantly cleaned from dissolved
comnpounds [1]
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tuhles

Fig. 74 Rising-cument separsior

T.3.1.2 Hydrocyclone Triboelectric Cyclone and Kelsey Centrifugal Jig
Separation

A hydrocyclone is a device to classifyfseparate or sort particles in a liquid suspension
hosed on the densities of the poarticles. A hydrocyelone may be wsed 1o sepamte
solids from liquids or o separate solidsfliquids of different density. A hydrocyclone
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will normally have a cylindrical section st the top where liquid 15 being ted and a
base, The angle and hence kength of the conical section play a role in determining
operuting charactenstics. A hyvdrocyclone has two exits on the axis: the smaller on
the bowom (underflow or reject) and the larger af the top (overflow or accept), The
underflow is generally the denser or thicker traction, while the overflow is the lighter
ar has more Auid fraction. Intemally, centrifugal foree is countered by the resistance
of the Lguid, with the efTect that lorger or denser particles are transported w the wall
for eventwal exit at the reject side with a limited amount of liquid while the finer or
less dense particles remain in the Bguid and exin ot the overflow side through o ube
cxicnding slightly into the body of the cyclone at the center. Forward hydrocyclones
remove particles that ore denser than the sumrounding fuid, whike reverss:
hydrocyclones remove particles that are bess dense than the sumounding fuid. For
long wear life, improved abrasion resistance and characteristics for cyclones allow
consistent and enhanced separation.

In hydrocyclone separation, water of a heavy media suspension is made 1 rotate,
A aresult, the larger and heavier particles move o the wall of the eyclone and then
sink to the bottom (Fig. 7.5). Lighier, or smaller, material will remain suspended and
lemves the cyelome via the overlow or o vortes al the wop of the cyclone, This method
is widely used for cleaning coal and has alsoe been adapied for separating metals. For
lomg wear life, improved abrasion resistomee and chameteristics for cyclones allows
consistent and enhanced separation.

When vou need very fine matenial recovery and concentrate grades beyond the
capacity of conventional gravity separation, the Kelsey Cenirifugal Jig extends the
efficient size recovery range of fine mineral separation processes down o 10 pms by
combining the principles of conventional jiz technology with centritugal forece.
Continuous processing, nominal throughputs 1o 501 h™', adaptation 1o feed varia-
tions, high mechanecal reliability, automatic screen cleaning system. imtegrated
lubrication system, PLC control compliant, and heavy duty, rubber, and cersmic
lined comstruction are mapor features of Kelsey centrilugal pigs. Higher Gne matenal
recovery and concenirie grades than conventional gravity scparation iechnigues,
improved separation efficiencies down o 10 pmes, abiliny o separate manerals with
small specific gravity differences, and enabled economic re-ireatment of tailings and
environment-friendly operation (no reagents required) are the benefits of these
couipment.

Triboeleciric cyclone separator wis used w separate ABS from ABS-PS mixmure
plastics (Fig. 7.6). DO power supply was used. Based on the different charges of
plastic types, ABS goes to negative with 10K recovery and P5 goes (o positive side
with T4% recovery,

T.A1.3  Sink-Float Methods (Heavy Media)
Sink-float methods separaie materials based on whether they float or sink in liguid.

For example, wood and insulation (paper, PUR foam, board, ete.) will Aoat on water
and can be removed from the surface. Figure 7.7 shows sink-Hoat drum separation
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Fig, 7.5 A cvclome separating mased Teed mio ight and heavy Tracmens alomg with imdusirsd-scale
hydroeychane haiseries working together

system cross section and industrial-scale eguipment details. The method s used in
plastic separation, making use of the fact that PVC has a specific weight of
=1 g em ™ (heavier than waterh while other plastic types, such as PE, PUR, PP,
and P8, usually are <1 g em . Sink-float methods can use water. another liquids or a
suspension of water and a solid materal theovy media) (eg., Termoslcon (FeSip or
magnetite (FegOyh to vary the density of the liguid medium, adapting o which
materials will Doat and sink, This vanation 15 vsed particularly Tor the separation of
shredded Al and Mg from o nonferrous mix. Sufhcient FeSi or Fes0Qy is added o
water for making a constantly agitated suspension with a specific density of any-
where between 1LE and 3.3 5 om” * This enables, for instance, Al with a density of
2.7 gem 1o sink and Mg with a density of 1,74 g cm 1o float, Sink-float method
+Hotation was used tor PET and PE separmation with 0.3% PET recovery and ot
90. 7% PET grade (Fig. 7.8} [1a].

7314 Jigs

Jigging is one of the oldest methods of sink-Aoat separation. In a picce of equipment
called a jig, inpui material is formed inio a thick laverbed. This is Auidized by
pulsating o water current through i, On pulsation the bed of mpot matenal = Bifed a5
a mass] then, a5 the velocity of the water sircam decreases, the panicles fall with
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Fig. 7.6 Tribaeleciric eyclane for ARBS and PS separation

Fig, 7.7 Sink-lloal drum sepamisn syslem
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different speeds o the bottom, depending on their density. When this process is
repeated, the different materials will stranfy in relation o their density and can be
recovered accordingly (Fig, 749 This method 1= very similar to the rising-cumrent
separation process; but, here, the water jet is projected through the screen in pulses,
Jigging i= used for separating shredded metals and particulady plastcs from metals.
The magnitude and direction of the water-jer force can be varied 1o change the
separation result, A g s penerally vsed lor concentrating relatively coarse materials
doan o 3 mm. When the feed is fairly similar in size. it is not difficult io achieve a
good separation ab low cost,

Sarvar et al. (2005) used a wet jig for +0.3% and 168 mm PCB panicles with
metal recovery between 85% and 97.5%. However, lower grades around T0% were
obtoined amd o significant part of Au is lost ot the fiotation process [17].
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Flg, 7001 Shaking table wp view (a) and indusnial-scabe separation (b

7215 Shaking Tables and Mozley Separalors

Gravity concentration on inchined planes i= cormed out on shaking wbles, which can
he smoothed or grooved and which are vibrated back and forth at right angles to the
Moow of water, As the pulp Bows down the mcline, the groond material 15 siratifed
inice heavy and light layers in the water; in sddition, under the influence of the
vibration, the paricles are separated in the impact direction, Shaking tables use a
controlled vibration and the property of particle density to separate materials. The
Aowing film effectively separates coarse light particles from small dense particles,
Figure 7. 140 shows the shaking tuble top view and industrial-scale sepamtion picture.
Heavy fraction of material goes w the concentrate launder on the left side, and light
raction goes o the wiling loonder on the right side, Mised paricle goes o the
middle launder of the iable. Holman Wilfley wet shaking tables can be used for
recovery of PMs, Coowire, synthetic diomonds, chromite, heavy mineral sonds, omd
Au. The different models process feed streams of between 5 and 2500 kg h™'.
Holman models are available for all fine mineral concentration (e.g., mineral sands,
sn, W, CUr. Aw). Wilfley model 7000 15 avoilable for metal recyeling and
reprocesaing of WEEE materials, 20-25% solid by weight can be used. Paricle
size can change from 100-150 pm o0 5 mm at capacities from 0.5 w0 125t h™'
[15]. Capacity can be increased using double or triple deck tables,

Veit et ol (2004} investigated the wtilization of Mozley concentmtor for
preexiraction of metals from WPCEs, The Mozley concentrator consisis of a flag
tray and seporation Yeshaped oy for Gne and coarse poartickes, respectively, The
water Aow rate and tilt tray angle were considered as parameters to be optimized. Iis
reported that the matenal =ee focton of — 1+ 25 mm s vsed 0 the graviy
process, after taking the loss of materials and interference of fine pamicles in the
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oravity process inio consideration. It appeared that it was possible to pre-concentrate
B3% Cu, 93% Sn, %% Mi, and 98% Ag, while Aland Au could not be recovered due
o its density and lamellar form,. respectively [19].

7.3.2  DryfAir Gravity Separaiion

Dy WPCE recyeling equipment with air-separation type 1= applicable o recycle
various waste and bare PCBs. The mixiure of metal and nonmetal materials gained
from crushing-pulverizing-classifying of WPCB raw materials is fed into the mae-
rial hopper of air separaior and then into the separating zone of the separator o
separate metal, fiber, and resin mixiures. Since the separator is connected with a dusg
removal system, a horizontal air current 15 tormed which moves the materials in
horizontal direction, Meanwhile, with the action of the gravity, the materials move
downward. Due o the different specific gravities of materials, nonmetal materials,
such as fine dust and grains with lower gravity, are taken away by the dust remowval
system when the mixture posses the separating plate, leaving the metal matenals
with larger gravity inie finished product recovery zone.

Habab et al, (30030 successlully vsed vertical vibration genersted by a par of
connecied loudspeakers o separate the metallic and nonmetallic fractions of PCBs.
When WPCEs were comiminuted 1o less than 1 mm in size, metallic grades as high as
95% (mensured by heavy liqguid analysis) could be achieved in the recovered
products under diy conditions [20]. Dy treatment in the absence of water is limiting
dewntenng and sludge disposal costs. But, successive stage crushing and milling are
resquired for higher metal liberation,

TALL Figeag Separnlors

The separatson of metal from nonmetal matenals s achieved, Zigeag (hree-way ) air
classificators remove the light pan of hetcrogensous materials by means of an air
Aow in coumercurrent inside a zigeag pipe. They clean residues and separate light
paris in WHCH recvcling. Figure 7.11 shows normal and zigeag air classificator
details and dey gravity separation plant picture, Indusirial-scale plant capacity is
about 0.2-0.3 t h™'. Low noise, no need for water, no dust pellution, power and
labor savings, and o waste and above 95% metal and nonmetal recoveries are main
ndvantages. Floor space regquirement is T=5+5 m and boad weight 15 more than 10 1.
Dust pollution i prevented by two-in-one dust removal device: eyelone collector
and pulse bag dust collector [15] Aar classification technigue = vsed at Argonne,
Giallon, MBA Polymers, Salyp Process, Stena, B-plus (WESA-SLF), and WW Sicon
for ELY recyeling plants [1].

Eswarniah et al. (2008} used air classifier to separate WPCB and recover %, 75
Cuin the sink and 98% plastics and glass fibers in the float, However, there is still
T09% of other materials in the sink, which makes the purity of Cu only 26.8%
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fl

Fig. 7.11 Figeag nir clossificnion principles (n. b deiails amd pilotvtindustrinl-scale dry gravigy
separalion equiprment (e, dplam Layout (e, 1)

[21]. Habib er al, (2013) alao use vertical vibration 1o separate MF and MMF from
WIPCH feedstock. and they obtmined n MF fraction as a combination of Cu (=50,
Fe {~10% ). Sn (=1}, En (=8%), and Ph (-E%), as well as some NMF [20)]. Also,
the WMF froction mcludes 65% NMF and 25% Cuo as well as o certain amount of
metals. The advaniages of density-hased separation are the simplicity of its equip-
ment and Jow energy consumplion, while the common problem s low product
purity. adding workload and difficuliy o further refine [22].
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Figg, 702 Segregation process of metallic md nonmetallic pamicles m a vibraied gas-solid uidieed
hed sepamtion sysiem; (O oo blower, IR pressure innk, G rotnmeser, () vibriing tehle, 5
gas-salid Auidized vessel, () comrol wit, (Compiled from [23])

TAL2  Fluidized Bed Separators (FES)

Zhang et al, (207 vsed vibeating gas-solid fluidized bed separator (FBS) for
recovering residual metals from nonmetallic fraction (Fig. 7.12) [23]. Vibruied
Auidized bed column segregates metals, plastic organics, and glass fibers at different
sive closses according w porticke siee, shape, and density ot different superficial air
flow rates (0.1-0.2 m =~ "), Auidization frequencies (20-30 Hz), and fluidization
times {130-150 =), Compared with coarse fraction, the segregation of fine particles
has a need for bower vibration freguency and superficial air velocity but longer
Muidizing tme, The metal recovery of — 1 4 05 mm, — 0.5 + 025 mm, and
—{1.25 mm size fractions are 86.4%, 82.2%, and T6.6%, respectively, meaning the
bed sepregation efficiency of FBS for fine paricles [23],

TAL3  AirPoeumatic Gravity Separators (Air Tables)

AIr gravily separalor 15 o separation equipment that can separate mistore of powder
materials into light and heavy two parts through air suspension. Air gravity separator
lifis the material by vacuom over an imclined vibrating sereen covered deck, This
resulis in the material being suspended in air, while heavier particles are lefi behind
on the deck and are discharged from outlel. Air gravity separator is suitable for all
kinds of metal particles, nonmetal particles, powder materials, granular maternals,
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and other mixed matenals. Air gravity sepamiors con be wsed with cyclones, dust
collectors, and drafl fans. Air separators play an important role in the separation of
recyvelable materials, The principle of the air classification technigque i= based on the
suspension of the particles in a fowing air siream and the separation of the paricles
bused on their density difference. Density separation is achieved with basically two
componenis, mechanical vibration and air fluidization. The air gravity scparator
makes o highly sensitive dry separation on te basis of one of the three particle
charactenistics: density, size, or shape, When size and shape are controlled within
ceran limis, the gravity separator 15 unmatched inoas abaliny o separate a comples
mixiure by density. The relative size and shape of cach component of the mixiure
alse bear on the efficiency of the separation, Wide vonations i these matenal
charactenstics can drmatically aftect the separation results, Where o wide range
of particle size is present, screening may be required o segregate materials into
managenbkle size runges prior o separntion. Where significant vanations in shape are
found 1o be detrimental o separation efficiency, size reduction may be added o the
provess, These Toctors becomes more important as the densities of the maerial o be
separated become closer.

Adr table gravity seporators are equipped with a porous rectangular or trapesoidal
deck, which is inclined and subjected to vibration which causes material in contzet
with the deck surface o convey up the inclined surfoce of the deck, Low-pressure air
is forced through the deck o Auidize the dry mixiure so that the lighter materials are
lifted from the deck surface and allowed to float down the inclination of the deck,
The final result, presented ab the discharge fuce of the deck, §5 & continuous,
graduated progression from the beast o densest, smallest o largest, and beast w
most aerodynamic,

Air tables move back and forward shaking at 200-300 mpm. Air tables have an
upward tili. The feed side is lower and concentrate side is higher. Namow size range
feed {(0.25-3.2 mm) is introduced to the air table [24)]. The riffles are always taller on
the feed side of the mble and decrease in beight as they progress wwand the taling
side of the able. Material is fed perpendicular o the riffles, and the high density
material remains behind the afMes amd low density matenal Dows above and over the
riffles, Air tables are used for separation of metallic and plastic components from a
feed of =7 mim in size after ferromagnetic separation, T6%, B3% and %1% recovery
rutes for Cu, Aw, and Ag, respectively, achieved from low-grade WPCE or general
e-serap. Adr table technigues can be utilized for the separation of particulate fractions
in the 5—10 mm, 2-5 mm, and <2 mm ranges, respectively [24]. TrpledS Dynamics,
Inc, model T-20 air separator has a trapezoidal deck with 1.86 m” surface area and
separates Cu ond Al gromobes from electne wire (Le, PYC) and cable recyeling
aystems. Meial particles can be separated from nonmetal panicles. Exiraction raie is
between 60% and B0, Exhaust hood for dust-free operations and for high-
temperature applications is available, Deck power is 1.5 HP, fan power is 10-2)
HP, and oral weight = 2.1 1 Closed loop air supply recyeles B5-905 of the air wsed
Diust emission is less than 40 mg m~ " and noise is lower than 75 dB.

Criginally developed for seed separation, predmatic of air tables have an impor-
tant wse in the treptment of heavy and light matenals. Pneumatic tobles use a
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throwing motion o move the feed along a riffled deck and blow air continuously up
through a porous bed, On the air table, both particle size and density decrease from
iop down which is different from wet tables. Dry air tables use a shaking motion
similar o that of wet shaking tables, but instead of water, air is used 10 separate
heavy moterials. The table deck 15 covered with porous mitenal, and wir is blown up
through the deck from a chamber undemeath. The chamber equalizes the pressure
fromm the compressor and thus ensures om even Bow of ar over the entire deck
surface. Generally, air fables consist of a ripped top deck mounted over a hase that
comtains o compressor, The deck = uliable and riffles are wpered, much like a2 wet
shaking tahle. The aftached motor powers the system. The dry feed is introduced ag
one comer of the deck. The deck 15 shaken Laterally, and wir pressone 15 regulated w
keep lighter matenials move down slope along the shorest route. Heavier particles
move wpslope due o the movement of table, Spliners allow an adjustable middling
fraction to be collected (Fig. 7.13).

PVC {density of 1.4 g m1™ ") and PP (density of 0.9 g ml™ ") were separated by air
table with an air flow velocity of 1.6 m s~ ', deck frequency of 11.95 57", end slope
of 447 and side slope of 2.57 at paricle size of 2.38-3.36 mm. P%C was seiitled on
thee bed omed PP weas Dosted on the wop of the bed and was seporated [16], Figune 7,14
shows a laboratory-scale air fable for plastic separation.

7.4  Electrostatic Separation (ES)

Electrostatic separation {c-soring) adopis high-voliage electrostatic processing prin-
ciple, seporating the conductive metal (MF) and nonconductive nonmetal/monfemous
(MMF) materials sccording o their conductivity/resistivity differences, Conductors
have valence electrons from a sea of elecirons between positive ion cores, amd
inzulators have valence electrons tghtly bound to nuclews, Figure 7.15 shows the
conductor and nonconductor Cinsulatorfdielectric) properties of WPCB components,
Conductors have high conductivity and nonconductors do not have conductivity.
Semiconductors have an average {low) conductivity for eleciricity. In conductor
metals, vakence electrons form o sea of Tree electirons, while in msulators, valence
clectrons are tightly bound. 5i, Ga, Ge, As, 5S¢, In, 5n, Sh, and Te have semicon-
ductor properties,

Elecirostatic separation system is the most innovative technology for an efficient
final stream granulometnic separation in recycling processes, Exploiting the eleciric
fields genemied by the more dicleciric conductive fraction (ie., metallicd can e
separated from the dielectric lower comductive fraction (for instance, paper, plastic,
rubbrer). The charged nonconductors are attracted o an oppositely charged electrode
and collected.,



16 T Rorting and Sepamtion of WPCHs

Ll TR ﬂ CRET Y
WA B Faaw g rreaed e
_

Fig. 713 Diry shaking air @ble details (a), material separation principles (b), imlusirialscale
cquipment iy, and wble deck surfoce (d)

Flg, 7.14  Labormory-scale
air Lable




T4 Elecirosmne Separaton (ES) 1l

Condior Noncondcion sulator Diefecivic |
Ag, Cu, Au, Fe, Al Mg, £n, Od, Mi, Sn, Ceramic, glass, Plexiglns, wood, paper, plasiic,
graphite, O . Teflon, paraffin, resin
Condwctivity decrease
Saimi Al asionr
il [ Nickous
- 8 8 :::.'_':% [ ':'-“T rlnr:-:l-
o -
.o e
e ®| [
L [R5 lisivin | o |
o ok y

Fren dections

O .00
T

Insulaior Conductor

Fig. 715 Comducror and insulmordielectric maierials with free ebectrons in WPCBs

741 Conductive Materials

A conductive material, which has low electrical resistance, allows electrons to fow
casily poross it surtpce or through its volume. When a conductive material becomes
charged, the charge (i.e., the deficiency or excess of electrons) will be uniformly
distributed across the surface of the material. If the charged conductive material
makes contact with another conductive material, the electrons will transfer between
the moterals quite easily, 17 the second conductor s attoched w an earth grounding
point, the clectrons will fiow o ground and the excess charge on the conductor will
be “neutralized.”

4.2 InsulatorsfNonconductors

A materal that prevents or lmats the Bow of electrons seross s surface or through
its volume is called an insulator, Insulators have an extremely high electrical
resistone, A considerable amount of charge can be generated on the surface of an
insulator. Because an insulative material does not readily allow the flow of electrons,
both positive and negative charges can reside on insulative surface af the same tine,
although st different locations, The excess elecirons ot the negatively charged spot
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might be sufficient to satisfy the absence of electrons at the positively charged spot.
However, electrons canmot easily flow across the insulative material's surface, and
both charges may remin in place for a very long time,

7.4.3 Twpes of Electrostatic Separators

The partickes may be charged through contact elecmficaton, conductive indwction,
ar high tension {ion Bombardment). However, iribocleciric charging is the most
common, High-voltage jonization, induction, mbo-charger, and lifting electmodes
can be wsed around rodating grounded drum. One or more than one electrode series
can be employved for charging, Conductor materials are pulled woward positive-
charging elecirodeds). Monconductors are scraped from the surfoce of rotating
dium with brushes, There are three typical electrical conductivity-hased separation
technigues: (1) coronn electrostabic sepamtion (CES), (2) nboelectne separation
{TES}, and 3} eddy current separation {EC3). The clectrostatic separation capability
depends on the difference in polarity and the amount of charge acquired by particles
i be separated. Induction or corona charging can successfully separte the mixed
porticles that hove large difference in conductivites, Trbo-elecinicny or contoct
charging is uscful for charging and scparating materials that have similar conduc-
tvities. The principle of BECS i that i separation zone, gravitatonal, centrifugal,
frictional, and magnetic deflection forces influence the falling partickes; but, only
magnetic force deflects the ferrous particles w a higher degree. To separate ferrous
particles, the magnetic deflection force acting on the ferrous particles hoas o be
greater than all competing forces [13]. Some examples of the use of high-voliage
electrostatic separators;

* Recovery of light fractions of nonfermous metals (Cu and Aly (NFM) from the
plaztic fraction (NMF] of the recyeling operations of cables and electrical wiring

 Recovery of light fractions from PMs (Au, Ag, and Pd) in the recyvcling of
WPCBs, e-scrap, and WEEE

Simplicity, low energy consumplion, and no wastewater discharge are some
advantages of ES. High-voltage level and high roll speed are the main disadvantages
of the ES process, In general, ECS is used for particles coarser than 5 mm, CES is
used for particle sizes between (001 and 0.5 mm, and TES is used tor particles finer
than 5 mm.

In general, mixtures containing conductors {Cul, semiconduciors (exirinzic sili-
con, e, and Ga arsenide), and nonconductors (woven glass-reinforeed resing can be
separated by ebectrostate separation, The results of binary mixiure separation show
that the separation of conductor and nonconductor and semiconductor and noncon-
ductor need a higher-voliage level, while the separation of conductor and semion-
ducior needs o higher mll speed. Furthermore, the semiconductor separation
elficiency 15 more sensiive W the high-voltage level and the roll speed thon the
conductor separation efficiency. An integrated process was proposed for the multiple
mixiire separations by Xue et al. (20012) [23]. The separation efficiency of
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conductors and semiconductors can reach 32.5% and 88%, respectively. ESs
efficiency is influenced by electrical, mechanical, material, and environmental fac-
tors. At present, ES alrendy has been proved o be efhcient for recycling conductors
and noncomductors and has been applied in industial scale with remarkable eco-
nomic and environmenial benefits [25].

T4.31 Corona Electrostatic Separation (CES)

The rotor type corona-electrostatic method 15 perhaps the most effective separation
technology for the conductive (metallic) (MF) and nonconductive (nommetallic)
{MMF) fractions at present. The method has the advantage of being environment-
friendly, producing no wastewater and no gaseous emissions, The feed sample in the
separator will be bombarded by the high-voltage electrostatic field generated by a
corana electrode amd electrostatic electrode, Now, the MF will be newiralized
quickly as they contact the earthed electrode and leave the rotating roller whike the
charged MMF are pinned by the electric image force o the rodating roller and mowve
with the rotating rolber, Gnally falling into the holding tomks, In the CES, elecinde
ayglem, rotor speed, moisture content, and particle size have the grestest effect in
determining the separation results, CES com be wsed Tor recovery of Cu or Al from
chopped elecirical wires and cables and for the e-soning, downsiream of the WPCH
system, =eparales metals omd allows W recover the Gner froctions of PMs, The
WIPCHs with the metallic components removed must be reduced o very smull
particles which can be achieved by accelerating them at high speed w impact on a
hordened plate. Then, the small particles, typically less than (L6 mm, are possed
along a wibratory feeder 1w a mdating roll 1o which is applied a high-voliage
clectrostatic feld using a corona and an electrostatic electrode [26, 27]. The non-
metallic particles become charged and atiached to the drom eventually falling off
e storage bins, whereas the metallic paricles discharge rapidly in the direction of
an earthed clectrode. Figure 7.16 shows the principles of scparation operation in
corong-electrostoli separator and laboratory-scale CES equipment,

There are two series of CES machines: double-roller and multi-roller electrostatic
separators, Roller length changes from D000 o 2000 mm, roller quantity 1-4, power
1.5 o 4 KW, speed 20300 pm, and owtlet motor 0.75-2.2 KW st o production
capacity between 300 and 500 kg h ', Separation efficiency is as high as 99%.
Electrostafic separators feature a high precision separation with easy operation and
simple maintenance. They cover a simall area and easily move, I0has been found thar
particle siees of 006-1.2 mm ane the most suitable siee for separation imoindusinal
applications. Therefore, a two-step crushing process has been proposed o achieve
thiz particle siee,

Li et al. (2007 and 2008} used CES with the pretreatment of pulverization of
WPCH Feedstock o successiully separate the MEF and MMF of WPCE and achieved
more than 0% recovery rate along with high capacity (0.5-1.0 t h™") with no
obvious side effects compared 1o Auidized bed separation, which has wastewater
dizscharge or air-current seporation with a dust-releasing issue |28, 29). The MF has
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Fig. T.16 Principle of separation operaiion in cormoa-electrostatic separior (o) amd labomiary
scale CES equipment (h)

viery high purity and can be sent to a smelting plant directly or with minimal refining.
Li et ol (200800 also found that s the angle of the staie ebectrode reduced and the
corong clecirode angle was increased. the separation efficiency was enhanced [30] It
wi reporied that apphied volage of 2030 kY, center distance of 21 cm, stabc
clectrode radius of 1.9 cm, corona wire radius of 114 cm, static electrode angle of
27, and corona elecrode amghe of 607 were the optimum opersting parameters
influencing the separation ethciency. Considerable work 15 continuing in this area
with particular focus on the elecirostatic behavior of the system and the fiekd
intensity [27].

Jiang et al, (2009 have designed a new two-roll electrostatic separator that takes
advantage of the foroe of zravity o pass the mixture io the second step for recycling
of metals and nonmetals from WPCE [31]. The production capacity was signifi-
cantly imereased for maximum 506 with 45% redocoon of middling products,
However, mechanical processes for recycling WPCE nomally needs o undergo at
lenst tw steps, imcluding coorse crushing amd fine pulvenzng, and especially duning
fine pulverizing. the temperature will increase up to almost 300 °C [32]. Dust and
ash are common issues for mechanical separation, and although it can be avoided by
using personnel protective eguipment, it still adds (o the cost of the process, which
imakes the economic feasibility of this energy-intensive process even worse. There-
tore, an upgrading of NMF to make valoe-sdded products is necessary to remedy the
expenditure of energy and equipment cost. Also, noble metals will be bost in the
crushing process since they will attech on the surface of nonmetallic fraction and
cannot be recyeled [33].

Hue el al, (012 wsed CES (50 kW20 mA) for recveling conductors {(Cu),
semiconductors (silicon), and nonconduciors (woven glass-reinforced resing from
e-wpzte [25], Binary and moluple synthetic mixiwres were fed onte the elecine
teeder that ensures 1 monoloyer of material on the surfoce rotating moll. Volinge
level, roll speed, and grain size were selected variables for the separation tests, Two-
and multiple-stage E5 flowsheets were proposed for Cu, silicon, and woven glass-
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reinforced resin. In the first stage, woven glass was separated from mixed partickes.
In the second stage, Cu was separated from silicon on conductors with size
— .45 + 0.3 mm.

CES methods are now capable of producing two sireaims from WPCE comprising
a MF and a NMF portion with little cross-contamination; the method 15 dry at room
temperaiwre and as such is almost zero polluting depending on the quality of the dust
extraction system. The residual Cu metal in NMF, which was separated from
WIPCHs without ECs by using the CES, showed that most of the residual Cu is in
line =iee range (-9 pm} [34] In order o solve the imitatons of the one-roll CES, a
six-roll CES was designed and investigated 1o satisfy the requircments of indusirial
apphications. As a consequence, above 953% with punty of abowt 97.5% of metals
could be recovered through this automatic line [35].

Industrial-scale electrostatic separators (Fig, 7. 171 adop physical high voliage w
separate conductor metals from nonconductor nonmetals with a separation efficiency
of 93-99% purity. Elecirostatic separator power changes from 1.5 o 3 KW, mia-
tomal speed from 20 w0 3 rpm, and stone elecriciy from 30w 150 EY adjusable,
Cionsidernble work is continuing in this arca with panicular focus on the electrostatic
behavior of the system amd the field imensiy,

7432 Tribselectric Separators (TES)

Static eleciricity is defined ps an electrical charge caused by an imbalance of
electrons on the surface of a material, Electrostatic charge is most comimonly created
by the contact and separation of two similar or dissimilor matenals. Creating
clectrostatic charge by contzet and separation of materials is knrown as “riboeleciric
charging,” I involves the ansfer of electrons between materials, The aomes of a
meaterial with no static charge have an equal number of positive (+) profons in their
nucleus and negative (=) electrons orbiting the nueclews, In Fig, 7,184, Material ©“A™
consists of atoms with equal numbers of protons and elecirons. Material B also

Fig, 707 Industrial-scake elecinsialic sepamlon
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Fig: T.1E (a. b) The iriboelectric charge. Materials make intimae contact and the mboelectric
chirge — separation

consists of atoms with equal (though perhaps different) numbers of protons and
electrons, Both materials are electrically newiral. This process of material contact,
electron transfer, and separation is really a more comples mechanism than described
here. The amount of charge created by triboelectric charging is affected by the area
of contact, speed of seporation, relative homidity, and other foctors, Once the charge
is created on a material, it becomes an “electrostatic™ charge Gf it remains on the
miaterialy, This chorge may be tromsfemed from the matenal, creating an electrostatic
discharge (ESDN event [36].

When the two matenals ore ploced i contact and then seporsted, negatively
charged ekectrons are ransferred from the surface of one material o the surface of
the other material. Which material loses electirons and which gains electrons will
depend on the nature of the two materials. The material that loses clectrons becomes
positively charged, while the material that gains electrons is negatively charged. This
is shown in Fig. 7.18b [36].

This imbalance of electrons produces an eleciric field that can be measured and
that con mfluence other obpects ol o distance, Electrostate discharge 1= delined as the
iransfer of charge between bodies ai different clecirical potentials. When two
materials contoct amd separate, the polanty and magnitade of the chorge are indicated
by the materials” positions in the riboeleciric serics. The tribocbectric simply lists
materials aceording w therr relative imboelecine chorging charscienstcs, When two
materials contact and separate, the one nearer the top of the series takes on a positive
charge and the other a negative charge. Materials further apan on the table typically
menerate a higher charge than ones closer together. Triboelectric series can change
like in Table 7.2 for substances in WEEE. Figure 7,19 shows the laboratory-/
industrial-scale TESs.
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Tahle 7.2 Triboelecinic series

Pasitive (+++)
alass Brass, Ag
Nylon T i
Ph ‘* Parlyester
Al " AR%
Faper - PFET
Seeel * P&
wood  F PL
Ruhber FE
Mi,Cu f PP
¥ PVC
Tedhmn
Megative (---)

7433 Eddy Current Separaiors (ECSs)

An BCS wzes a powerlul magnetc field i separate NFMs from woste alter all ferrous
metils have been removed previously by some srmangement of magneis. The device
makes wse of eddy currents 1 effect separation, ECSs are not designed o sort Fhs,
which become hot inside the eddy current ield. This can lead o domage of EC3 unit
belt. ECS is applied 1w a conveyor belt carrying a thin layer of e-waste, NFMs are
thrown torward from the belt into a product bin, while nonmetals simply fall off the
belt due o gravity. ECSs use a rodating drum with permanent/eleciro- magnet.
Figure 720 shows the seporation principles of ECS for nonmetallic-nonferrous
materials and Cu and Al separation. BECSs produce high-frequency aliemating
magnets: feld on magnete moller; if conductive NMF goes through the magnetic
field, it will produce induced current, and it this induced cument will produce
magnets: feld opposite with onigingl magoete feld, then the MMF (e, Al Cu,
cte.} will Ay ahead according to its ransporting direction by repulsive force of the
magnetic field; hence, MFM is separated from other NMF materials (plastics),

Mot gll NMF can be separated out through ECS because only material with o high
el can be separated oul, where pis the density of the material and o is the electrical
conductivity of material. Table 7.3 shows the materials that con be separuted by an
ECS, from which it is obvious that Al and Cu are the most casily separaied materials
whike stainless-seel, ploste, and gles hove o zero valee Tor the conductivity-to-
density ratio, meaning it is nod applicable io separate them by an ECS [37].

ECSs are munly vsed for recycling Cu, Al and other NFMs from indusiral
waste, and living garbage can be widely wsed in garbage disposal, recycling of
WEEE, other environimental industry, and nonferrous metal material processing
industry. The main criterion to distinguish is the ratio of matenal conductivity and
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Tahle 7.3 Materials that can be sepamted by an eddy current separator and their properties (@
electricnl concuctivity, o density, & miio of elecirical condusaivity s density)

Materials | e 10 ML) 10" kgfm™) [ il 107 L kg)
Aluminum | Al [ .35 27 [13.1
Capper (Cal |0.39 | 89 | 64
Silver {Agh [ 1.63 |10 | B
Zinc (Zn) [0.17 7.1 | 24
Briss (Cu # Znj .14 5.5 1.7
Lead (Ph) | 0,05 113 | 04
Flasticizlassa'Fe | | LU ]

density values: the higher ratio value is more likely o separate, Typical particulane
sizes processed tend o be in the 3—150 mm size range. High-frequency ECss, where
the magnetic ficld changes very rapidly, are needed for separastion of smaller
particles [24].

ECSs are composed of a separator and an eleciric controlling cabinet. Main body
mcludes separating assembly, motor, frome, cover, ek, Seporating  assembly
includes permanent magnet roller (FeBNd) and transporiing system (includes
iransporing belt, driving roller, and reducer). They have a good separating resuli
tor muoltiple MEMs, strong adaptability, reliable structure, and strong adjustuble
repulsion with high separating efficiency, Magnet roller diameter is generally
A mm. Magnet roller revolution changes up o 3000 rpm. Belt widih ranges
From 430 to 1230 mim and speed up w L0 m s ' Handling capacity changes from
2w 261 [3E].

Lhang et al. {1996) used an ECS to recovery Al from e-waste and achieved more
than 905 Al recovery rte with o punty arcund 33% For o single pass [39], Yoo et al,
{200/ used a vwo-step magnetic separation o recover MF from WPCH, and from
Uhee first magnets separation ab 700 Gowss, B3% of the Miand Fe was recovered inthe
rmgnetic fraction. The second magnetic separation at 3000 Ganss increased the potal
amoint of Mi recovery bt caused a drop of the Mi puricy from 76 (o 56% [40],

Turn keys 200-300 kg h™', 300-500 kg h™', and 1000-1500 kg h~' WPCB
recyveling lines with electrostatic separation are available today, Power T-ET.IiTE‘II‘EﬂI
changes trom 43 KW to 172 KW and aren requirement from 80 o 200 m™. Lowest
capacity plants have one shredder, classifier, cyclone, dust catcher, vibrating screen,
and ebectrostate separator along with two buckel elevators, Highest capacity plants
have one double-shafi shredder, hammer mill, bucket elevator, and storage bing
twirbelt conveyor, specialized crusher, classifier, cyclone, four-devel cvelone,
threc-in-one dust caicher, and vibrating screen; and four clectrostatic separsiors
and six bucker elevators, Figure 7.21 shows WPCE recycling Aowsheer with
ECSs, indusirial equipment, and feed products obtained, ECSs are indusirially
used at Argonne, Galloo, MBEA Plastics, Salyp Process, Stena, and VW-Sicon for
ELY recyeling plants | 1.
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Fig, 721 FCB recycling Nowsheat with BCSs, imdusir] equipment pictures, amd Foad procucts
abdained

7.5 Magnetic Separation (MS)

By crealing an environment comprising o mognetss force (50, a gravitational force
(Fy) {detcrmined by particle size and density), and a drag force (Fy) (for wet
magnels: separsiors determined by particle diameter, shope, lgusd viscosity, amd
velocity and for dry magnetic separators, determined by panicle size, density, and air
velocily ), maognets: paricles can be separated from ponmagnetic particles by
MS. Magnetic separators cxploit the difference in magnetic propertics between
particles. All materials are affected in some way when placed in a magnetic field

Magnetic atraction force (Fg )=V X Hagrad H (7.1}

Where

V= Particle volume {determined by process)

X Magnetic susceptibility

H: Magnetic field (created by the magnet system design) in mT

Cirad H: Magnetic field gradient (created by the magnet system design} in mT
(T milli Tesla, 1kCGuuss = W mT = L1 T}

Materials are classified into two broad groups according 1o whether they are
aitrucied or repelled by o magnet. Non-‘diamagnetics are repelled from and
ferromagnetics/para-magnetics are atiracted 1o a magnet, Ferromagnetic substances
are strongly magnetic and have a large and positive magnetism. The magnetic
momenis in ferromagnetic material are ordered and of the same magnitde in the
abeence of am applied magoete Geld, Paramagnenc substances are weakly magnetic
and have a small and positive magnetism. The magnetic moments in 4 parmmagnetic
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material are disordered in the absence of an applicd magnetic feld and ordered in the
presence of an applied mageetic field, In diamagnetic materials, magnetic field is
opposite 0 the applied feld. Magnetisms are small and negative. Nonmagnetic
material has zero magnetism, These materials are not aitracted wward magnet [41],

Ferromagnetism is the basic mechanism by which certain matenals {such n= Fe)
form permanent magneis or are attracied to magneis. Ferromagnetism (including
lermmagnetsm) s the strongest ype, Ferromagnets: matenals con be separated by
Low-Inicnsity Magnetic Separator (LIMS) at lower than 2 T magnetic inben-
=iy, Paromagnetic materials con be separated by dry or wetl High-Intensiny Magnetic
Separators (HIMS) at 10-20 T magnetic intensitics, Diamagnetic materials creste an
induced magnets: Geld ina directon opposie ooon extemally applied mognets: Gebd
and arg repelled by the applicd magnetic held. Monmagnetic substances have litile
reaction o magnetic fields and show net zero magnetic moment due o random
alignment of magnetic feld of individual atoms [41].

Strongly magnetic materials can be recovered by a magnetic separator with the
wse of relatively weak magoetc induction, up e 015 T (1,500 Gouss), Weakly
magnetic materials can be recovered by a HIMS generating induction up to (08 T
(B0 Gawss ) with modest values of the gradient of the magnete Geld, Indueed roll
separators, field intensities up to 2.2 T, and Permmoll separators can be used for
coarse o dry materials (=75 pm) Fine motenals redoce the separation efficiency
due to pamicle-rotor and particle-particle adhesions agglomeration. For wet HIMS,
Giill and Jones separators are wsed at g maximum febd of 1.4 and 13 T, respectively,
at — [50 pm size [41].

Dy LIMSEz are used for coarse and sirongly magnetic substances, Magnetic fiekd
gradient in separution zone (approximately 50 mm from drom surface) changes
0,1-0.3 T. Bebow 0.5 cm, dry separation fends o be replaced by wet methods (wer
LIMS). Concwrmrent and countercurment drum separators hove ronmagnetic drum
containing three to six stationary magnets of allemating polarity. Separation depends
on prk-up principhes, Mognetic paricles are liled by magoes and pinned w the
drum and are conveyed out of the Aeld. Field intensitics up o (007 T at the pole
surdfaces con be vsed, Coorse particles up o 6 mm-0.5 mm con be wleraed. Drum
diameter is 1200 mm and length 60U0; 1200; 1EOD; 2400 3000; and 3600 mm.
Concurrent operation is normally used as primgey separafion (cobber] for large
capacities and coarse teeds. Countercurrent operation is used as rougher and finisher
for miultistage conceniration,

Moderately magnetic dry substances on o conveyorbelt can be collected by
overhead, cross-belt, or dise separators using magnetic feld inensities between
08 and 1.5 T, Very weakly poramagnetc substances con only be removed of fGekd
inicnsities are greater than 2.0 T. At 5-200 mm size fraction, overhead permanent
magnets are vsed o oremove lerromagnetics, Mognene separators, such as dry
low-intensity drum types, are widely used for the recovery of fermomagnetic mate-
rials from monferrous metals (AL and Cud and other nonmagnets materials (plasts
and glass) af —5 mm in size. The magnetic ficld may be genersied by permancnt
magnets oF eleciromagnets. There have been many advances in the design and
operation of HIMS due mainly to the introduction of rare-carth alloy permanent
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magnets with the capability of providing high field strengths and gradients, There are
soime problems associated with this method, One of the major issues is the agglom-
cration of the particles which results in the atiroction of some nonferrous fraction
attached o the ferrous fraction [41]. This will lead w the bow efficiency of this
method. Through the process of magnetic separation, it is possible to obtmin two
fractions: MF, which includes Fe, steel, Ni, etc.; and MMF, which includes Cu
[42], For WEEE, magnetic separation systems ulilize fermte, rare-earth, or eleciro-
magnets, with high-intensity electromagnet systems being used exiensively.

Werl er ol (2005) emploved o magoets Geld of 06065 T w separate the
ferromagnetic elements, such as Fe and Ni [43]. The chemical concentration of the
MF was 43% Fe and 15.2% Mioon overage, However, there was a considerable
amount of Cu impurity in the MF as well, Yoo et al. (2009} used stamp mill, size
classification, gravity separation, and a two-stage magnetic separation 1o PCBs
|40, The milled WPCBEs of particle size =50 mm and the heavy fraction separed
from the <30 mm WPCB particles were concentrated by gravity separation. In the
first stage, a low magnetis Geld of 007 T wos applied which led wothe separation of
#3% of Mi and Fe in the magnetic fraction and 92% of Cu in the NMFE. The second
magnels: separstion stage was conducted ot 3 T which resulved in o reduction inthe
grade of the Ni-Fe concenirate and an increase in the Cu concentrate grade. Hanafi
el al (2002 hod an agglomerstion problem of nonmetals which was pulled with
ferrous materials | 11]. Magnetic separation is industrially wsed at Argonne, Galloo,
MEA Polvmers, Salyp Process, Stena, B-plus (WE-3A-5LF), amnd YW-Sicon for
ELY recycling plants | 1.

7.6 Froth Flotation

Froth fotation s o process for selectively separating hydrophobic matenals from
hwdrophilic. This is used in mineral processing, paperfwaste recycling, and wasic-
winler treatment industres mone than a century, Historcally, this was first used in the
mining indusiry, where it was one of the great enabling technologies of the twenticth
century, Contact angles of some hydrophobic plastics with water are PE 95,587, PP
Hs¥, ABS HY3Y, PV 2647 PS 8637, and PET 76.5°. MF in WPCHs can be
separated from MMFs by reverse flotation without reagents, Froth Aotation method-
ology 15 a promising technigue for rejecting hydrophobic plastics from the comimi-
mution product of WPCES o recover MEs, It has been found that nearly reagent-fres
fotation of relatively coarse size (— 10 mm) pulverized e-waste is feasible with a
reasonably good product at a high vield and excellent recovery, The liberation
studies accompli=h that beraton of metal valee from aonmetallic constuents
— 1.0} mrm size is excellent, and the parficulaie system is significantly rich in metal
vitlue, comtaining arcund 23% metal, Single-stage Dotation enbomees metal content
from 23% 1o over 37%, contributing a mass yield of around 75% with recovery of
mearly 3% metal values, suffering nominal loss of amound 4% metal value only
while effectively rejecting 32% of the materials in feed through Aoat fraction. The
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interdependence of kinetics and process vanables has been discussed, and it hos been
concluded that a high rofor speed aids efficient rejection of the plastics, However,
addition of frother 15 essential to help stobilize the froth and enbance the kinetics,
while efficient preconcentration is facilitated through a combination of moderate air
How with low pulp density. Generation of preconcentration through Hotation route
from the entire — 120 mm comminution product stands accomplished [44). Indusiri-
ally, Argomne wses otaton for ELY recycling,

Crrunnivi and Varmack {2008 recovered Au and Pd with 64% recovery at
enrichment matio of 31 [45]. Mikinen et al, (20050 showed that even though
fodation, withowt reagents, could produce the concentrated metal produocis, a rela-
tvely large amount of Cu, Mi, Ph, and Sb were found in the froth, which contrabuted
o severe consequences of disposal and loss of metals [46]. Moreover, Yidyadhar
and Das, (200 3} repored that under the conditions of a stirrer speed of 1198 mpm,
frother dosage of 0,61 kgfton, and pulp density of 902%, s well as air Aow of 500
Iph, 37% metal content with 76% mass vield was obiained, which meant that neardy
95% metal valuwe was recovered [44],

Crallegos-Avecedo e al. (20014) used conventional laboratory flotation cell o
separate MEF and MMFs from WPRCB= with particle nonconventional size [47] 005 «
(.5 cn WPCH fragments are subjected to chemical ireatment o remove resin that
hobds MF and MMFs, Chemical-trested samples hove o vamsety of shapes, siees, omd
materials and contain abouwt T0% of nonmetallic and 30 metallic material.
Dodecylamine is wsed as a cationic collecior, MIBC as a syinthetic frother
{530 ppm}, and NaDH as o pH regulator. Mixing speed changed from 1200 to
A0 ppins and solid content varied from |% w 3%. Conditioning time was 20 min,
and flotation time was 1 min. ot a slorry fempersture of 30 °C. Nonmetallic glass
fibar material was floaed (e, reverse Aotaton} and metallic matenal was sunk. At
5 ppm MIBC, 1200 rpm, and 3% solid content, 9% .45%% medal and %5.5% nonmetal
recoverics were obtained.

Estrada-Fuie et al, (20060 efficwentdy seporated the metallic and nonmetallic
fractions from arcade PCHs at 1.25% solid content and —250 pm particle size in a
continwous laboratory column Dotation [48]. Green reverse fotation wchnology with
anly water and air in the absence of reactive was used at pH: 7. Optimuwm superficial
air velocity was of 0.4 em s ", Hydrophobic plastics (reinforced fibers) were floated
and went to the concentrate, and hydrophilic metals (mainly Sn and Pb from solder)
went 1o the tails,

7.7 Pyrometallurgy+Supergravity+Hydrometallurgy
and/or Electrolysis Separation

WPCHs contwin low (Pb and 5n) and high (Cu, Zn. Auw, Ag, and Pd} melting point
metals. Phand Sn can be meled ata emperature of 410 °C and Cuoan [ 300°C, Afier
size reduction of WPCBs o 1 mm, nonmetallic part is removed. Heated centrifugal
separation apparatus with a gravity coefficient 1000 can be used fo remove Ph-5n
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alloy in 5 min. WPCB residues from this separation are reheated o 1300 “C o melt
Cu For 30 min, Melied blister Cu is separated by again supergravity separation amd
quenched in water. Befined Cu can be produced from this blister Cu by elecirolysis,
The residue from the second heat goes o keaching o recovery Au, Ag, Pd, Fe, and
Mn. The ial recovery of Cu, Zn. Ph, and Sn over the whole separation process was
97D, 93, 59%, 9E.29%, and 97 .69%, respectively. Compared with the amounis of
PMz present in the onginal WPCB=, the contentz of Ag., Au, and Pd i the Cu alloy
increased by 506, 2, and 185 times, respectively, while those in the final residues
imcreased by 2920 159, and 154 umes, respectively, Upon combination of the
appropriate hydrometallurgical process and supergravity separation of metals or
albovs, this cleom omd efficient process provides o new way o recvele valuable metals
and effectively prevent environmental pollution from WPCBs [49],
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Chapter 8 ' G}
Industrial-Scale E-Waste/WPCB Recycling o
Lines

“Nalwral resourrees are Iike mir — of poe greal impeerimace anil
NN G T gy ey’
Anonymonis

Abstract This chapier introduces indusinal-scale state-of-the-art e-wasie/WPCH
recycling plant applications in the world. Simple WPCE recyveling Aowsheer adapis
physical recycling methods o recover Cu, fiber, and resin powder. Today, integr-
tion of electronic component disassembly, solder remowval, fine pulverization, dry
rravity, and electrostatic separation to obiain Cu-rich mixed powder and gloss fiber
+1esin powder are very important in most of the current plants (with 1.0-15th™'
eewisle processing capoacity b in the world, Umicore"s imtegrated smeler-refinery has
the biggest e-wasie recycling capacity. MGG, Elden, Daimler Benz, NEC, Dowa,
Sepro, Shangha Xinpinguas, SwisRETec, WEEE Memllica, Hellotron, Auvrubas,
Adtero, Nomnda, Rénnskar, and Taiwan e-wasicfWPCB recycling practices, aims,
capacities, and application Aowsheets are presented and discussed in degail. It seems
that pyrometallurgical treatment methods are most widely vsed than hydrometallor-
gical methods in the world, But, aguecus recovery methods for e-waste recycling are
paining more imporiance. Lostly, academic and industria] research and practices for
e-waste recycling are compared,

Kevwords Hecyeling lines - Recyeling chain - Integrated smelier-refinery -
Pyrometallurgical processing

8.1 Unpopulated/Populated WPCE Recycling Lines

WPCE recycling line adopis o physieal recveling method i get Cu, fiber, and resin
powder. In the recveling of populated boards, fiber and resin powder mix with EC
material, Therefore, unpopulaedbare WPCB recycling afier EC remowval is much
more benehicial due o ease of special and precious metal separation which do not

0 The Minerals, Merals & Maerials Sochery 201% '
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

ipsatidon omgd 10, N7 H-2-030-26503-9_8
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B Imnhsinal-Scale E-WasicWPCE Recveling Lines
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Fig: B.1 Imtegration of disassemibly, solder removal. and pulverizing with separation processes for

WPCR recveling

Fig, 8.2 Wastefscrap WPCB recyeling Dowsheel aller dismantlmg ECs

mix with board fiber and resin, Dismantled ECs are separately and efficiently
recyeled according to their metal confents,  Afier dismantling the ECs from
WPCHs, bare PCBs are shredded and pulvenzed w obtaon mixed meal and resin
powders. Then, through the air separaior and clecirostatic separator, Cu metal
powder (Cu, 5o, Pb) s seporated from resin powder (Fig. 8.0) To prevent dust
pollution in the production process, pulse dusters (ie., impulse precipifators) are
used, Typical WPCB recyeling Aowsheer for industrial application is given in
Fig. B.2. The recovery rate is high and the purity of metal 15 as high s 98%. Later,
ECs can be recyeled by chemical methods {i.e,, leaching ) through the Au recovery



8.1 UnpopularedPopulmed WHPCH Recyeling Lines

Tahle &1 The five stages of WPCE recycling chain

Stape | Size Osjective | Process
1 5« Size reduction | Shredder
5¢m Likweration | Harmmes ikl
| I Pulverizery
[2mm |
2 Monmetal-metal separes | Plastic/ceramic foals | Seitling chamber with
ticin Demise metal sinks wiler
Monmetal-metal separa- | Denser nommetals’ | Ebctrastalic sepasator
i CERics | Magnetic separaior
Perous-ramnfermmes Meaks
sgparalion |
L Mednls dissoluicn . Leaching (H-501)
4 Cu | Ekcarg winnimg (AR
Al |
Ag
i | Pd |
5 Acidd peulralised | | Waste sl
Memsaluhle | Membrune separition

equipment o gel pure Ao and other PMs [1] These ypes of Dowsheets ome ool very
commen now but gaining importance recently.

The pulse air separator wogether with high-voltage elecirostatic separator, which is
different from the common vibrating separator and electrostatic separator, has a
larger capacity and high rate of separation (99.8%) without pollution, More than
95% of metals can be recovered, Technical features of 1t h™' copacity WHCH
recyvcling line dimensions are 200000 « T3 000 « $100 mm (] = w « hi, woal power
demand 15 160 KW, and space need is 300 m®, A low energy consumption, low
noise, high auiomation, and high efficiency and land occupation are the main
charactenstics of the mecyele. Totad power requirement chonges from 55 o
120 KW and area requirement from 90 to 200 m® [2].

Table .1 shows the live stages of WPCB recveling chain, The objectives of the
processes are given along with suitable particle sizes. The first stage is size reduction
for liberation using shredders and pulverizes. The second stage contains physico-
miechanical separation methods for MF and NMF and ferrous and nonferrous
separations, The third stage is hydrometallurgical leaching for BM and PM dissolu-
tione, The fourth stage includes metal refining with electrowinning, and the last stage
comprises waste treatment for neutralization.

Four-shalt shredder, crusher, sorer, vibroting screen classifier, ovelone dust
collector, pulse dust collector, hlower and exhaost gas purification tower for clean
air discharge Dowshest, layout, and plomt pretures are shown in Fig. 8.3, This system
operates in oA iodally scaled negative pressure and prevents duost emission and
secondary pollution,

D to the complex nature of feed material, sophisticated flowsheets and sutti-
cient economies of scake are crucial for integrated smelting and refining (I5R). Such
facilitics exist in Belgium, Canada, Germany, Japan, and Sweden. These 15Es have
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Fig. 8.3 Typical WPCB recyeling Bowsheer, o, and indusimial applicaion plerures [3]
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Table 8.2a I000-1500 kg b~ ' capacity plant details

Mo o Power (KW ) | Cuaantity {PCS) | Demension (m)
Drowble roller crusher XG0 pr | 1B+ 18+2
Himamer mall BN -AHD Ih5 +3 1 { 1.5« 1K w2
Buckel elevator X220 22 1 NE«0K s 55
Storuge bin SX-AO0 <3000 || ERXERE.
Canveyor belt [SX600 s dm |11 |2 dels2
Specialed crusher SX-T00 55 2 2ada LT
Classifier SX-H0HD 1.1 2 1.2+012+4
Cyvelone EX-H0H 2 lwlwd

Four level eyclone BX-1600 2 1LEx 164
Theee-in-one dust cutcher | $X-1500 : HES [15+15+55
Buckel levaror EX-180 1.1 s O« 04« 5.3
Vibrating scneen HX-1HO 0T 2 |3 1.5=35
_Z!EIFEI._I:D.':I.n.I:iL' sepIraEier _S_.‘-_'li-_!.ﬂ'!!l:_l_-_l_ el Ll +22 4 2+ 1Ee23
Qutlet HO00-1500 kg b~

Tirtal pavwer 172 KW

Gk 200 m

Tahle 82h  300-3M0 kg b " plam

Mame  Model | Power (KW} Quantity (PCS) | Dimension (m)
Crasher RM-TOik LY 1 2x2=017
Classifier SX-RO 1.1 | | 2w |.2%d
Cyclone SXH00 [ JEIET
Drislusler HM-15H) L (15=15=55
Buckel elevator QK_-IEI'I' I.1 | 3 _l'I'.E w4 5.5
Vibrating sereen  SX-1000 | 037 [ 3e15e35
Elecuosiatie separaior SX-1000-2 1.0+ 22 2 24 18+ 25
Cutlet 30050 kg !

Total power |47 KW

Total arca |90 m’

been recovered and supplicd back to the market in 20 metals since 1998, About 25%
of the annual production of Ag and Au and 65% of Pd and Pt originate from Eol.
recyvelables (e-waste materials plus catalysisk The e-waste fractions are mixed with
other complex PM-bearing materials such as automotive and petrochemical cata-
Iv=ts, imdustrial wostes, and by-products from the nonfermous indusines,

Tables 8.2a, 8.2b, and 8.2¢ shows equipment details and technical parameters of
LO0-1.5 th™", 0305 ¢ h™', and 0.2-0.3 t h™" capacity 1planl:'i. respesctively,
1.0-1.5 t h™' plant requires 28 picces of equipment, 200 m” area, and 172 KW
energy. 0.3-0.5 t h " capacity plant requires ten pieces of equipment, 0 m® area,
and 49 KW energy. 0.2-0.3 t h™' capacity plant requires eight pieces of equipment,
B0 m” area, and 43 KW energy. Figure 8.4 shows both industrial-scale Cu powder,
resin-glass fiber production plant layout, and equipment piciune.
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Table 8.2c 200-MM kg k™" plart

Mo Modied [ Power (KW} '-l.‘lmmn:.- (PCSE | Dimension (m|
Specialized crusher | SX-T00 |37 ! (2e2=13
Claasileer SK-KOk | 1.1 1 1. 2= L2x4
Cyclone | SX-BO | L [l#l=d
st carcher SH-1 500 | L 3= 535
Buckel elevarar SK-150 1.1 2 kb =06+ 55
Vibrating screen SX-100HD 037 1 341535
'I-'.IF_»;ImIEI.I.ri;: SEpOrEinT _5?’.’-II’H_'I_|‘.IT"_" i [ 1.1 +22 | 2+ 18«23
Quepis | 200-300 kg b’

Pawer 43 KW

Aren 180w

Bk

Fig, 8 Gieneral industrial Cu powder, resin-glass fiber prosluction plant flow sheet, amd pictures

8.2 Umicore's Integrated Smelters-Refineries (15Rs),
Hoboken, Antwerp

The unique processes are based on complex PhOCwNi metallurgy using BMs as
collectors for PR and SMs, 15K has two main routes: the precious metal operations
{PMO) and the base metal operaiions (BMO) (Fig. £.5a) Umicore I5E recovers
20 different metals (Au, Ag, Pd, Pr, Bh, Ir, Bu, Cu, Ph, Zn, Mi, 30, Bi, In, 5e, Te, 5b,
As, Co, REE} from WEEE with modem technology and with world-class environ-
mental and quality standards (Fig, 8,50 [4]. A Umicore in a wotal of over 200 dif-
ferent types of raw materials, about 350,000 tons are processed each year in a highly
flexible Aowsheet [5]. The plant is one of the world’s largest and complex PM
recveling facilivies with o vearly capaciy of 50 wns of POMs (e, 7% of world’s
mine production), 10 tons of Au, and 24000 tons of Ag. Indusirial by-products arc
E6% by vodume (73% by revenve), and EoL recyeles are 13% by volume (25% by
revenue ) for Umicore, For most of the e-waste matenials, the smelter is the first step.
The smeler uses verical DeaSerelt furngce subimerged lance combustion technology
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Py ama Mirips Cpesesss

M‘i

PLriaulian

b)

Flg, &5 Umicore Incgravsd smehing and refining (ISR opermion fowshee (@) snd recoversd
metals {h)

using oxygen-enriched air (S0% ) and oilinatural gos injection and s egquipped with
extensive off-gas emission control installation and processes abour 1000 tons of feed
material perdoy. At abooat 1200 “C, ennched air and fuel are injected through o lance
in @ liguid bath, and coke (4.5% by mass) is added for chemical reduction of the
metals, Organk: components from the creuil boards Tunction sz an additional
reducing agent and fuel, thus being classified as feedsiock recyeling. The fumace
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15 fed from the top. Blowing air and fwel inio the bath ensures rapad chemical
reactions and good mixing as the solid feed material, the Cu metal phase, and the
Pir slag phase are stirred vigorously. The PMs dissolve in the Cu, while most other
SMs are concentrated in the Ph slag together with oxide compounds such as silica
and aluming. Molten metal and slag are tapped from the furnace bottom. Afier
amelting the Cu goes to the keach-clecirowinning plani and the Pb slag goes o the
blast furmace,

At the leach-clecirowinning pland {buili in 20001 -2003), which combines hvdro-
and electrometallurgy, the granulsed Cu is dissolved wath Ha504 resulting i a
copper sulfate (CuS0,) solution, and the PMs are concentrated residoe. In the leach
residue, the PM content i= ten Gmes higher than in the Co leed matenial, The CoS0y
solution is sent to the electrowinning plant for recovery of the Cu as 99,599% pure
cathodes, The remaining acid is retumed o the dissolution step. The PM residue is
turther refined ot the PM retinery. All possible vanations and mtios of Ag, Au, and
PGbMs are recovered one by one as high-purity metals (>9%9.9% pure), using well-
established pyro- and hydrometallurgieal methods combined with onigque in-house
developed processes. Ph oxide slag from the smelter, containing Ph, Bi, Sn, Ni, In,
Se, b, Ax, and some Cu omd PMs, 15 Turther treated in the Pl blast fermace 1ogether
with Ph-containing raw materials. The fumace produces about 200250 ipd of Ph
bullicn (95% Pb) o which 5Ms and Ag are collecied. Besides bullion the blastg
furnace prodwces Cu matte (retumed o the smelier), Mi spiess (sent to the Mi refinery
and any PMs sent w the PM refinery), and slag, which is sold as a construction
materialfadditive for concrete. Refining of the bullion in the Pb refinery vields -
besides Ph - Bi, As, 5n, Sh, and two residues. The Ag residue is further ireated in the
PM refinery. The In-Te residue is further treated in the 8M relinery together with the
Se residue from the PM refinery, The imegrated process achieves high PM recover-
ies from complex e-waste materials. A gold recovery of over 95% has been reported.
Independent of the route, the PMs and 5Ms take through the fowsheed, and in the
end they ore all seporated from the camier metal and recovered, while substances of
concern are converted into useful products {Ph, 5b, A5) or captured and immobilized
in o environmentally sound momner (Hg, Be, Cd) As also the produced lag 15 a
certified building material, the integrated smelter process converts kess than 5% of its
Feed materials mix into a waste fraction that is sent o controlled deposing; for e-scrap
the final wasie is even much lower [4].

821 Off-Gas Treatment

The Cu smeler, the Ph blast furnoce, and the Pb refinery are equipped wath heat
recovery sysiems, which generate high-pressure steam for internal use. lsaSmel
provess 15 equipped 0 deal with the comples mix of metals, organic resins, amd
plastics as it is connected 0 an external off-gas treatment plant. Dust is capiured by
electroatatic precipitaior and retumed w the smelter: oxic dioxin emissions ane
prevented; and 50: gases are converted o Ha30), for use in plant and external
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sqles. 500 and NGO, emissions are continuously monitored from stack. Dust emis-
sions are prevented by intensive water sprinkling o the roads and siocks amd
covering conveyor belts to minimize the precious metal losses.

8.2.2 Resource Efficiency

Smelting of WPCBs requires 1500 kJ kg ' and further refining needs 6500 kI kg '
The energy content of WPCBs is around 9600 kJ ke~ '. WPCBs fulfill the necessary
energy during smelting and generale excess energy for steam generation. Further-
mare, the recovery of metals trom WEEE materials avoids the high OO emissions
associated with primary metal production, The C0 emission o produce PMs from
ore ranges between 9380 ond 13954 tons COsfton PG s compared to 3.4 fons CO0.f
ton for Cu, The primary production of the metal demand (4.7 million 1 y~') for
WEEE manufacturing accounts for an annual OO0 emission of 23.4 million tons,
almost OO0 of the world s C0; production. The O0. emission of the Umicore
provess when used o recover 75000 wns of metal froom 300,000 wns of recvelables
and smelier by-products is only 3.73 fons CChfton metal produced compared o 17.1
toms OO0 metal when wsing a prmory production route, This single operation
can thus prevent O0; emissions and lower the environmental foctprint of the metals
substantially [4].

8.3  Austrian Miiller-Guttenbrunn Group (MGG)

The Austro-American Joint Venture, MBA Polymers Ausiria
Funssiodverarbeiiung GmbH located in Kemoten™ bbs, was founded in Movember
aof 2004 between American-hased MBA Polymers Inc. and the Ausirinn Miller-
Guttenbrunn Group, On an area of 20,000 m® including around $000 m” of built-up
area, one of the most advanced plastic recycling facilities developed with a capacity
of SO0 iy, MGG Polymers produce high-grade plastic granulates and com-
pounds, mainly from PP, HIPS, ABS, and PCYABS as used in various applications
for electronic and automotive components. The raw material for MBA Polymers
Austria granulates mainly come trom Eol plastic from WEEE.

MGG s one of the key recyvelers of e-waste in seven Central and Southeast
European countries with numerous facilities in the region from Auvstria and the
couniries along the Danube. The process handles collection (with an own fleet of
trucks, rails connections, amd hoarbor links along the Danube), depollution, shred-
ding, and ferrous metal separations followed by nonferrous separations and even
plostse recyeling, Mixed plasuc 15 lrst separated from nonplostics ond then soned by
type and grade using fully automated process steps converting the material 1o high-
value new materials 1w be used for many demanding applications, The produced
plastics are BoHS and BREACH compliant and con be used tor new electronic
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products. Depollution and shredding sieps include a smasher, hand soming, shred-
ding, and femrous recovery at Miiller-Guuenbrunn plant, Low-energy opening of
c-wiaste with “smasher” and picking cut pollutanis and valuables before shredding
are the main difference of this plant from other recycling plants, Monfermues metals
are separated by sieving, eddy curment (Foucault current) separation, two-sicp heavy
media density separation, optical separation, air table separation for PM concentra-
tion, and finally smelting to generate Cuo and PMs at Metran Plant. MBA Polymers
process the recyveled plastics 1o result in pewly compounded and pelletized ABS,
HIPS, and FP. This flowsheet provides the lowest possible loss of PMs (Fig. 5.6).
Plastics are recycled to produce plastic raw materials by MBA Polymers. MGG
treats yearly 30 Krof eowoste, Becovery mle of B5% 15 achieved which is over EU
target in 20018, MGG recovers 850,000 ¢ of metals and contributes to a saving of over
I million ons of OO [6],

8.4 Eldan Recyeling, Spain

Elden Recyeling produces combi plants for WEEE and cable in Zaragoza, Spain,
The WEEE is hirstly grab fed into super pre-chopper 31412 and then ring shredder
ST, with 40 % [ 25 mim sereen, Overband electromagnet removes ferrous metals.
Then, two-stage ECS is used o remove nonferrous metals. Heavy granulators
(FGLE04 ) and two separating air tables (C20) separate organics and metals, Screens
and shaking tubles are also used to separate organics from metals. Capacity changes
from 800 to 7000 kg h™' (Fig. 8.7). Ring shredder has 10,000 m* h™" filtering
system. Cyelones and filters recover ight materials and dust, The Eldan planis are
designed for automatic processing, i.e., staff is reguired for surveillance only.

In the Eldan WEEE recycling plants, most of the iems mentoned i the EL
WEEE Dircctive Annex |B can be processed. Exceptions ane refrigeratorsffreezers,
which instead are processed in Eldan refrigerator systems, The system offered by
Eldun Becycling for processing of WEEE 1= modular and designed to process the
following types of input:
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Fig. BT Example of o setup of large WEEE recycling system (5 th™ "} 7] (1) Shredder. (2) Eddy
aurrent separnior. (3 Tumble hack feeder, (4) Mubipurpose rasper, (3 Eddy cument sepamiar,
16) Heavy granulator. (T} Separation table

* Compadter serap containing the mainframe of computers, PCs, keyboards, mon-
itors without glass tubes, printers, faxes, et

*  Small home appliances comaining videos, TV seis without glass mbes, recond
players, COr players, hoir dryers, ioasters, vocuum cleomers, colfee mokers, imons,
MECroWave Ovens, ele.

* Handheld wids such oz drlling machines, gonding machines, e,

=  Electrical scrap such as contactors, relays, main breakers, fuses, contact bars,
swilches, instruments, el

*  Electronic and telegraphic scrap such as electromechanical switchboards/relays,
computerized switchboards, printed circuit boards, eic,

= Small electrical motors up to approximately 1-1.5 HP

From an Eldan WEEE mecvcling plant, the following owipuot fractions are
retricved:

*  Varous fraction of ferrous and stainless steel (55)

= Warious fraction of NFMs (Al Cu, brass, and PCHs)

*  Relining matenial contaning Cu, brass, Zn, P, PMs, e,
= Chrganic fraction with plastic, rubber, tree, textile, eic.

* [l

There are three different capacity WEEE systems at Elden. Small-capacity system
has o capacity of 1.5 wns h~', complete-capacity system 3.0 tons h™', and large-
capacity system 5-7 tons h™'. Figure 8.8 shows industrial-scale input WEEE
materials, shredder, and outpot systems al Elden,

8.5 Daimler Benz in Ulm, Germany

Germans have developed o mechamical treatment approsch, which hos the capaciy
i increase metal separation efficiencies, even from fine dust residues generating
post-pariculate comminution, in the reaiment of WPCB assemblies, They consid-
ered a purely mechanical approach to be the most cost-effective methodology, and a
major objective of their work was o increase the degree of purity of the recovered
metals, such that minimal pollutant emissions would be encountered during
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Fig. 88 Inpun WEEE munierials, shredder, and ouspui sysiems @ Elden

subseguent smelting process. Their process comprises the imitial coarse-size reduc-
tion i 2 o 2 ocim, followed by magnetic separation for ferrous materials, which is
tollowed by a low-temperature gninding stage. The embrittlement of plastic compo-
nents ab temperatures <700 °C was found o enable enhanced separation from MEM
components when subjected w grnding within o hammer mill, In operation, the
hammer mill was fed with liquid nitrogen at — 196 °C, which served both to impan
braleness w the plastc leedsiock constituent ond w0 effect process cooling; the
grinding of material within such an inert simoesphere eliminated any likelihood of
oxmlation by-product Tormation from the plostics, sauch os dioxins and furans,
Suhbsequent io this enhanced grinding stage, the MFs and NFMs were separated by
sigving and elecirostatic separation, This process was claimed w be cheaper even for
lonw-grwde WPCHs [2]. Yang (201 3) developed a mechanical separation + hydromet-
allurgy technology with a relatively high PM recovery. This technology includes
primary crushing, liguid nitrogen refrigeration, classification, electrostatic separa-
tion, and hydrometallurgical dissalving [9].

8.6 NEC Group in Japan

WNEC Group combined the automatic disassembly with mechanical separation.
ECs from WPCEs were removed on a convevor with IR heating, and sobder
{whout 4% ) was taken awny by belt =anding, after fine pulvenization gravity and
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clectrostatic separation technigques were used o obtnin Co-nch powder and glass
fiber-resin powders, The main objective of this work was o reduce the inirinsic
material loss from mechanical tregiment and wtilize more fully the uneven material
distribution betwezn the bare boards and ECs | 10],

8.7 DOWA Group in Japan

DO A recycling and smelting complex ai Kosaka accepts e-waste such as used
WPCHs and the residue from the Zn smeliing process as the maim caw igredients w
produce a large number of metals by leveraging technolbogical sirengths in the highly
elficient mecovery of precious and rare metals [T The DOWA proup has
catablished iis technology o collect |7 different kinds of valuable metals, including
mol omly Cuandd Zn bt alsor o small amownt of rare metals contoned imomineral ores
through = long experience in the mining and smelting business, In the DOYWA
group’s recycling metwork centering on Kosaka Smelting and Refining and Akita
fing, |1 recycling-related companies accept and receive varous types of recvcled
materials for exiraction of valuable metals, detoxification, and final disposal.

Kaospka S5melting and Befining accepts mobile phones and electronic substrates as
material for recyeling besides mineral ores and also accepis smelting residues from
Akt Zine, incineration residues from incinerstors of the DOWA proup companies,
and low-quality materials containing valuable metals o exiract Cu, Au, or
Ap. Kosoka omd Akite cooperste with each other in collecting valuable metals:
Kosaka also supplics smelting residues to Akita Zinc, and Akita extracts metals
such as Zn, which Kosaka cannod extract in s planis. In this way, the DO A
recyveling network forms Japan®s preeminent metal recyeling complex, where each
plant not only collects specific metals bug also accepis residues containing metals
which it cannot extract as materials to be recycled for other plants to extract to enable
effective collection of a great variety of metals, Figure B9 shows the material
recyehing Aowsheet for DOWA group.

Kaosaka Smeliing and Refining has Tnpan's first fumace that can process materials
lor recyching valuable metals from ebectronic substrates and mobike phones (TSL
Fumnace) besides mineral ores. Figure 8,100 shows smelting furnace and producis
obtpned of Kosaks, The lumace can process Znoresidues from Akia Zine omd
varipus materials from planis of the DOWA group in addition o scraps o extract
Co, A, ond Ag, Kosaka is one of the major refinenes of the DOWA proup together
with Akita Zinc and will sigmbcantly contnibute to building resource-recycling
spciety in Japan,

Im 20040, DOW A started up the first recycling model plant in China that has three
functions: home appliance recycling, hydrometallurgical processing, and pyromet-
allurgical processing. This plomt not only enabled metal recveling from a vanety of
types of materials but also enabled pyrometallurgical processing of CFC from home
apphiances amd efMuent from hydrometallurgical processing (Fig. 801 [12]
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Fig, 8.4 Maverials recycling alomg with e-waste in DOW A proup smelbrs

Figg, 800 DOW A’ Kosaka smelting lumace in Japan aleng with general view of the plant

8.8 PCB Manufacturing Waste Recycling in Taiwan

In Taiwan, the commercial recycling processes for the wastes of the PCB indusiry
mainly focus on the recovery of Cu and PMs. Recently, the average price of Cu has
risen significantly due o the imbalance of demand and supply. This is the driving
force behind the successful development of the Cu recycling industry in Taiwan,
Mevertheless, there are still many isswes that need to be addressed. Although the
recyeling of these valuable materials is economically self-sustaining, there are many
research actvities focusing on the improvement of current technology in order o
clevaie the technology level and strengthen the compatibility of recyeling indusiry.

The recveling of the nonmetal portion of WHRCBs, however, 1s relatively small, It
has been demonstrated, in a small commercial scale, that the plastic material can be
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Fig, 8.1 DOWA's first c-wasie hydro- and pyrometallergical recyeling plamt flowsheet in
Chima [ 13]

wsed for artwork materials, anificial wood, and construction matenals. Nevenheless,
the niche market is quite limited. Most of the nonmetal wastes of WPCBs are
therefore reated as landfll {7o-24%), In the USA, the nonmelal porions of
WPCBs are currently wsed as row materials for production by several industries. In
plastic lumber, it gives strength w the “wood™; in concrete it adds sirength, making
the concrete lighter and providing an insulation value ten times higher than that of
standard concrete, It is also being used in the composite indusiry as filker in resins o
make everything from furmiure o award plagques, More research on this izsoe 15
necded in the future. In view of the cument commercial processes, the recycled
products ore ot of great value, The development of more mnovative recyeled
products will help the indusiry by exiending the market o new ferrain. In addition
tex the efToris by the recveling industry, the PCB indusiry izl should also promete
and practice waste minimization. Facilities can significantly reduce waste production
i minimize the secondary environmental fsk of waste ransportation,

8.8.1 Recovery of Cu from Edge Trim of PCBs

PCB edge trim has high Cu content ranging from 23% o 60%, as well as PM content
(=3 ppmi). The process for recovery of Cu and PMs from PCB edge trim is similar to
that from WPCBs, In general, the edge rim is processed alone with WPCBs, The
recveling process includes [14];
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Hydrometallurgy: Edge iim is first ireated with stripping solution o strip and
dizzolve PMs, typically Au, Ag, and P After adding suitable reductants, the ions of
PM= are reduced to metal form. The recoversd Au can be further processed o
prepare commercially important potassivm gold cyanide (KAWCN) by elecirg-
chemical methods,

Mechanical Separation: Afier the PM recovery, the edge trim is further processed
to recover Cu metal. In general, mechanical separation is involved. The edge trim is
first shredded and grownd, Due o difference of density, the Cu metal partickes can be
separated from the plastic resin by a cyclone separator.

8.8.2 Recovery of Sn Metal from Sn/Ph Solder Dross

En/Pb solder dross generated from hot air keveling and solder plating processes
typically contains approximately 37% Pb and 63% 5n metals and oxides. The dross
may also contan approximately 10,000 ppm ol Cu and a small amount of Fe, The
dross is first heated in a reverberator furnace (1400-1600 “C} and reduced to metals
by carbon reduction;

S0y + Coyy — 30+ COyy (81}
MOy, + Ciyy — 2M + CO;z gy (8.2}

During the deslagging operation, the Fe impurity is removed in order to reach
the standard of 6350 solder, of which Cu < 2% and the trace amount of Cu
should also be removed. This can be achieved by placing the molicn metal in a
meling furnoce with the additon of 5. The 5 meacts with Cu o form copper
maonosulfide (CuS). which can be removed as slag, The tin-lead ratio is analyzed
with X-ray Muorescence (XEF) and readjusted o meet the standards in Toiwan by
adding high-grode 5n and Pb metals. Figure 5,12 shows the recycling process | 14].

883 Recovery of Cu Oxide from Wastewater Sludge

PCB manufacturing industry wastewater sludge typically contains high amounts of
Cu (=13% in dry base), The simple and siraightforward recyeling includes heating
the sludge to GO0-T50 “C o remove the excess amount of water and to convert the
CuwOHp 1o Culd, Howewver, the energy consumplion and environmental impacis
should be evaluated in detul before imdustoal vsage for each country,
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884  Recovery of Cu from Spent Basic Etching Solution

The spemt solution 15 generaled from the eiching process. Spent basic elching
solution contains about 130-150 g 17" of Cu. The spent solution is first adjusted o
a wenk sodic condition, of which most of the Cu ons are precipitated oul as Co
(M . CulOH); is filicred and further processed o recover Cu similar to that as used
in sludge recyeling. The Cu remaining in the filirate (about 3 g 1) is further
recovered with selective on exchange resins, Since the filtrate is acidic, the spent
solution can be used w peuwralize basic etching solution at the beginning of this
process, CufOH s con also be further converted o CulS00,. CulOH ), i= dissolved in
concentrated H304 After cooling, erystallization, filirsation or centrifugation, amd
drying, CufS0) 15 obtamed, Figure 8,13 shows the recycling process fowsheet [14],

885 Recovery of CuiOH); from CuS0, Solution in PTH
Process

Spent CusCly generated from PTH manufacturing contains Cu ions al a concentra-
tion between 2 and 22 ¢ 1=, The spent solution is loaded into the reactor. The
solution is agitated, while the emperature is bowered by a chiller to 1020 °C, o
which the CoS0y crvstal precipitates out of solution, The CoS0y crvstal is recoversd
by centrifugation. The pH of the effluent is funher readjusted to basic condition to
recover the remaiming Cu os ColOH b, of which the recyeling process i= ox descrbed
previously. Figure 8,14 shows the process Aowsheet.

8.8.6  Recovery of Cu from the Rack Siripping Process

The stripping process is performed to remove Cu from the rack and uses HNO5. The
Cuin the spent HMOs 15 i the form of Cu won, Therefore, the Cu won (approximately
20 g 171 can be recovered directly by elecirowinning. Under suitable electrochem-
icil comditions, the Cu ions can be recovered as metal Cu, The other metal wons in the
spent =olution can also be reduced and deposited along with Co on cathode. Afier the
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clectrochemical process, the HWNOY solution contains abowt 2 g 1! of Cu and some
trace amount of other metal ions, The solution can be used as nitrc solution o stap

the rack. The siripping efficiency is not affected by the presence of the metal jons.

8.8.7 Recovery of Cu from Spent Sn/Ph Stripping Solution
in the Solder Stripping Process

Afier the eiching process, the protective Sn/Ph solder plate should be removed to
expose the Co conpections, Sn/Ph solder con be sinpped by immersing PCBs in
HMO 5 or HF siripping solution (200 H.0., 12% HF). The spent solution contains
22151 " Cuion, 10-120 g1 " Sn ion, and 0-55 g 1" Ph ton. Cu and P can be
recovered by an elecirochemical process. During the process, 5nion is precipitated
out as oxides, which is filler pressed 1o recover valuable tin oxides, The filicate is low
in metal dons and can be used as SwPh o stipping solution after composition
readjusiment, The recycling process fowsheet is given in Fig, 5,15 [14].
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Current research activites in Taiwon are related o the metal separation amd
development of more  innovative  recycled  produects. Wastewater  from  the
manufacturing of PCBs contains high kevel of Cu™ and small amount of other
izl ions (mainly Zn**). Separation of Cu ions from other metals can improve
the purity of recyeled Cu, A D2ZEHPA-modified Amberlie XAD-4 resin prepared by
solvent-nonsolvent method can remove Zn ions, leaving Cu ions in the solution.
Ion-exchange isotherm showed that D2ZEHPA-modified Amberlite X A4 resin has
higher &n ion selectivity than Co won. The selective extraction results demonstrted
that DZEHPA-modified Ambedite XAD-4 resin can separate ZnfCu mixed ion
solution, After en bitches of contacts, the relative Cuo lom concentralion nereises
from 97% to mane than 99.6%, while the relative 2n ion concentration decreascs
froom 3.0% o less than (04% [14], As poimted ool previously, Cu in wastewater 15
iraditionally recyeled as copper oxides and sold 1o smeliers. The other alicmative is
o prepare Culd padicles directly from wastewater, This wall sigmificantly increoss
the value of recycled product. Culh partickes can be used (o prepare high-temperature
superconductors, materials with giant magnetoresistance, magnetic storage media,
catalysts, pigment, gas sensors, p-type semconductor, and cathode materials,

8.9 Sepro Urban Metal Process in Canada

Sepro Minerals Systems Corp. hos Sepro Urban Metal Process in BC, Canado. Sepro
has released a simplified Aowsheet and process descrption for s e-wasieMWEEE Au
and heavy metal recovery process. Combined with thermal pretreatment, the Sepro
e-wasleWEEE recovery process is ideal for recovering Au, Cu, and other heavy
metals from PCBs and other e-waste™WEEE materials [15], Specifically, the process
stans with chipped c-wasteWEEE and utilizes grinding, size scparation, low-g
gravily seporation, and high-g gravity separation o generale two concentrales amd
a clean reject stream (Fig. £ 16). The two concentrates include a coarse Cu concen-
irate composed mostly of Cu foil as well as a fine heavy metal concentrate containing
A, Az, P Pd, Cu, and other heavy metals. The resulting reject stream 15 clean and
nonhazardous for conventional landfll disposal or subsequent reuse,
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The high value of PMs in WPCBs constitutes a valuahle resource amd at the same
time a challenge from process view. The new approach reaches unmatched liberation
of PMs and Cu from the complex circuit boards 1o allow for optimam recoveres.
Toxins contained in WPCBs are safely removed and will not negatively affect the
sales value of the metal concenteates. Crushed WPCBs are fed 1o a thermal treatiment
system where WPCBs become froctural and wxins are removed safely, Thereafier,
the WPCBs are mechanically disintegrabed in a mill, and coarse Cu is removed from
the: mill discharge 05 o clean product, The remaiming fine slurry i then processed by
Scpro’s low-g and high-g gravity concentration stages to recover fine Cu and PMs,
The gravity concentration rejects are dewatered and disposed of as nonhazardous
residue [4].
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Fig. 817 Pyrolyzed
WIPCH photos

89.1 WEEE/E-Waste Pyrolysis Process of Sepro

Pyrolysis can be used 1o help turn WPCBs into cash quickly and effectively. Sepro
has heen working closely with e-waste pyrolysis specialists 1o develop complete,
wmkey processes for the recovery of PMs and HMs from e-waste. In simple terms,
pyrolysis means heating without oxygen. In other words, it means applying heat bue
mol burning or imcinerating the matenal, Pyrolysis 15 a process that s been wsed sinee
the 19505 and has gone through many improvernenis over the past several decades.
Becently, momy improvements hove been mode that allow For the production of
clean, nutural gas from recycled plastics and other waste. In fact, many counirics
now consiler the pyrolyzis of biomass o be o renewabbe energy source, Figure 8,17
shows pyrolyzed WHPCH boards. Pyvrolyzed boards look wvery different from the
original WPCEs, When WEEEE-wasie iz pyrolyzed, there are several changes
that take place in the WPCBs. Firstly, the solder connections on the board melt
and release many of the metal components, Secomdly, the epoxies in the glass fibe
breakdown, and the layers of the board start to sepoarate. Thirdly, the glass hiber
hecomes brittle and can be casily broken apan. These physical changes, along with a
lew others, rebease the HMs and the PM= contaned i the board, The Cu foil thal 1s
sandwiched between layers of glass fiber is rebeased in relatively large picces. The
PR Fall oway Trom melied solder connections and the brcle fibers,

8.10  Shanghai Xinjingiao Environmental Co., Ltd.,
and Yangzhou Ningda Precious Metal Co., Litd., in
China

Twoe-step crushing and cyclone air separation-corona  electrostatic separation
(CASCES) ore wsed o seporate metallic and nonmetallic matenals in Shanghas
Xinjingiao Environmenial Co., Lid. {established in 2000; employee: 200 full time),
and Yangzhouw Mingda Precious Metal Co,, Lid, (established 2004; employes:
L2 full timel, in Ching with the productivity of 5000 tons of WPWBs per year;
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vacuum distillation is wsed to recloim metals incloding Cu purification and other
metal, such as Ph, Cd, Zn, Bi, etc,, separation sequentially. Monmetal components
are used ps fillers for other products, ke nonmeta] — modibed asphalt. nonmetallic
plate  producis, phenolic molding  products, and wood  plastic  composite
produscts [ 16],

YWangzhou Mingda Moble Metal Co., Lid., dissembles e-waste and recycles and
proveszes Phds, The company 15 based in Chine As of Avgust, 2004, 00 operates as a
subsidiary of Shenzhen Green Eco-Manufacture Hi-tech Co., Lid, This line is the first
full-function demonsteation line of dismantling WEEE in Jiangsu Province, It can
dizmantle and dispose over 2 million sets of waste applisnces a vear, The company s
capacity i J00 woas of WPCEs, The process includes two-step crushing and
cvclone air separation-corona electrostatic separation. The mun products of the
company are Ge and In metals.

In Ching, Fig. 808 shows mtegrated process Tor WPCEB mecveling, Firsly,
WPCBs are automatically dismantbed with desoldering. ECs. solder,  and
depopulated WHRCBs ore seporated, RBemoved ECs are clossihed according w
type and recycled individually based on meial contents, while unpopulated
WPCHs are stre-reduced, separated, and meallurgically extracted. Metals and non-
metals are separaicly beneficisted. Process Aowsheet of separation for metals and
nonmetals from WFWES is given in Fig, 8.2, Unpopulated WPCBs are shredded o
5000 mm; two stages of hommer milled fo 2.5 mm; two stages of cycloned, vibrating
sereed at 1,2 and 0,6 mm; and six-roll electrostatic separator are used o recover more
than 95% of metallic fraction. Cyclone overflow are sent o dust collector which
catches almost all nonmetals [17].

Al Shomghot Xingingiae Environmental Co,, vocowm distillation s wsed o
recluim metals including Cu purification and other metal, such as Ph, Cd, Bi, cic.,
separation sequentially (Fig, 509 [17].

8.11 SwissRTec AG

SwizRTee AG provides engineenng, process equipment, and plamts w intemational
recyehing industiry. 1t i= based in Kreuzlingen, Switzerland. SwissETec is a producer
of shredders, composite material recycling, and recovery solutions, Tt is an expert in
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design, monulocturing, and commissioning of wmkey e-waste recveling Tocilines,
SwiszRTee offers a varely of solutions to composite waste streams including
WEEE, cables, and WPCEs, Composites are made up of more than one raw material,
E-waste composite contnins wires, WPCHs, plugs, plastics, etc. By breaking up,
disintegrating, and separating these composites valuable, high-vield raw materials
such ns Cu, Al plastics, and steel ore being recovered. SETI1 (shredding and
scparation plant) and 3RT2 (delamination and separation plant) are modular
provessng sysems thal con be wed mdividually or in combination depending on
meaterial input and operational requirements. SwissRTec systems have throughpor
runge from 110 25 wnsh ',

High wyiclds, low operating cost, excellent output quality, energy and wear
efficiency, high operational avalabdliy ond easy montenonce, copabality of
processing large WEEE, automatic control, and high operating reliability are the
main advantages of this sysem [18]. SETI plant bas Kubota vertical shredder o
liberate and downsize even bulky material in a single step with its breakers and
grinders. The combination of continuous impacts, shearing, compression, and grind-
ing delivers uniformly shredded particles, perfectly prepared for further handling or
separation, Massive, high-speed rotating breakers perform the primary downsizing
operstion, and rotating gonders cary oul the secondary grinding step, Figure 820
shows SRT2 plant, vertical shredder, and SRT2 products. High-quality separation of
ferrous, nonlermous, plastic, and WPCB from mputl WEEE matenal con be achieved
with MS&s, ECSs, screens, and sensor somers according o the following Aowsheet
(Fig. 8.21), For even higher vields, the nonferrous metal concentrate can be further
processed and purified in the 3ET2 delamination and separation plant, The heart of
the SRT2 system is delamination impact milling technology where the material is
cxposed 1o thousands of collisions that couse the composite particles to break up and
disintegrate into individual components, There are three types of delamination mills
with a diameter from L0 to 2.0 m and throughput from 2 to 7.5 tons b~ ' A size
reduction and an excellent ball shaping of metals facilitate and cnhance these
subsegquent steps of separation. Lower-densiy Al metal = seporated from higher-
density Cu metal at high purity with air tables (Fig, 2.21).
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In SET planis, process tvpe is dry mechanical and throughpot 15 between 1 omd
10 tons h™". Power requirements range from 300 o 1600 kW, Plant space require-
ment changes from 200 10 1000 m®, and height changes from 6 o 12 m. Low- o
medium-grade WPCHs are separasted to a variety of metals (Cu, Al steel), plastics,
and some PMs, which are further processed and refined by Ialimpiant refining
cquipment. Plant layowt 15 shown in Fig, 322 [ 18],

8.12 WEEE Metallica, France

A French company was established in Isbergwes in 2004, WEEE Medallicn with a
capacity of over 25,000 tons v ' is a market leader in the recycling of e-waste with a
spectalization i the treatment of WHRCBs, Using therr patented WPCB pyrolvsis
process, WEEE Metallica extracts valuahle metals from PCBs and delivers metal
concentrmes o smelers around the world, Shipments of WPCE armve daly o
Isbergues facility. The WPCBs are prepared for processing by using an automated
sequence of shredding, Fe separation by magnetic band, and Al separation by eddy
current. Multistep low-heat pyrolysis process at 5000 °C is the heart of the operation.
The fully automated pyrolysis furnace eliminates all the organic components (plas-
tics and resins) and retwins all the vsetul metals. The resulting goses trom the
prrolysis are ireated and pewtralized in oan independent post-combustion system,
The gases are collected directly from the furnoce by extruction and go through
several stages of remediation, These include the post-combustion - which desiroy
organic halogens, DeMos (catalyie nirogen oxide reduction), o= well oz sodiom
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bicarbonate and activated carbon injection. During these treatmients, the gases reach
temperature of above 10D °C, The resulting material becomes the main feeding
mgredient for the recyclhing Turnace. Aler the removal of orgonic omd fermous
components, the remaining final product contains high-grade Cu and PMs which
can be delivered w smeliers around the workd [19], Figure £.23 shows the general
plant view of WEEE Metallica.

8.13 Hellatron Recycling, Ttaly

Hellaron Becyeling division s om Dabian company active on the development amd
distribution of innovative environment and recycling technology solutions for sev-
eral waste streams such as solid urban, car batteries, solar panels, alkaling baenes,
and WEEE in general. Hellatron Eecycling is one of the market leaders on the
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Fig. 822 SwimsRTec WEEE recycling plam

WEEE secior, Its processes are designed 1o treat lorge and small domestic applhiances
(LA and SDA), IT and relecommunication equipment, cooling and freezing appli-
ances, and monitor and welevisions, achieving supenor environmental and recyeling
performances.

There are several technigues that con be wtilized w reevele WEEE, Some pro-
cesses are very manual, and some are exiremely sophisticated and automated {i.e.,
mvolving  Jarge mechanial shredding, expensive separation technigques,  amd
smelting processes), but it requires very high investments. Hellatron solution for
WEEE recyeling was designed o optimize the valorization of the materials coming
out of the plant (e, ferrous, Cu, Al and others) with a reduced plant dimension’
investment, highly auomated, and with low utilization of manpower (Fig. 824},
This environmentally friendly, compoct, and imnovative process represents  big step
toward an efficient and responsible WEEE recyeling. The key advantages of
Hellatron process i relation i radivonal technologies i meal WEEE are:

*  Hellatron WEEE process is designed o optimize:

—  Investment required: much bower than traditional planis that treat this type of
mterial

— Manual imervention: limited o few working stations  securing  correct
depollution and material soming

— Degree of separation of the outgoing matenal: clean and well-separuted
materials = best cost vs benefit ratio regarding fractions valorization

*  Flexible process, hoving the possibility io have several waste sireams as input
risterial (SDALDAITPC),
* Reduced plant dimension with scalable capacity.
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Fig. 823 WEEE Mesllica plant view

* Purely pneumatic material flow inside and betecen machines (continuous
misterial coling by airh,

*  Innovative milling process, with no traditional cuiting or grinding tools, reducing
energy consumplion and imcreasing material recovery,

+  Limited maintenance costs.

*  Easy w operate process [20],

8.14  Awrubis Recycling Center in Liinen (Germany)

A growing proporion of Cu production ot Avrubis takes place by processing
recyeling materials such as Cu and Cu alley scrap, Cu-bearing residues from
foundres omd  semis fabricaors, shredder motenals, galvomic shmes, slags,
WIPCHs, ashes. and hlier dust. A pumber of PM-bearing raw matenals are also
processed, including e-waste in various gualivies and dimensions (Fig. 823},
Auvrubis fabricotes products made of recycling materials at several of 1= sites
{Liinen and Hamburg in Germany, Clen in Belgium, and Pirdop in Bulgaria),
Aunibis procures Cu and Cu alloy scrap as well as Cu-beanng residues, Cu scrap
is used as input in the converiors and anode fumaces of primary and secondary
smelting processes, while alloy scrap and residues are vsed in Aorbis AG's Kavser
Recyeling System (KRS L Auvrubis recovers Co and PMs from the delivered WEEE=
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with environmentally sound methods, The KRS is well suited for utilizing recycling
materials with bow Co and PM contents and very complex materials such as e-waste.
During material prepartion, very coarse, moist, of dusty materials can be reaed, Al
and plasties are seporated from the materials i some cases and =old w other
recyeling companics.

Pyrometallurgical preparation - smelung and refining - begins in the KRS, The
central operation is a submerged lance furnace which is almost 13 m high. A special
leature 15 the v of o submerged combustion lance, which 15 immersed i the
furnace from above and supplics the process with heating oil, oxygen, and air. The
reduction process 15 very [ost in the submerged lance fumace, Chorging tmes are
short. The iron silicate sand extrocted in that step of the process has very bow residual
Cu contents. Cu, Mi, Sn, Ph, and the PMs contained in the raw materials are enriched
in an alloy with a Cu content of about 30% (i.e., black Cul. In a top-blown rotary
convertier (TBRC), the Cu content is further enviched o 95%, and 3o and Ph are
separated o a slag, The Sn-Pb slag 15 subsequently processed into a Sn-Pb alloy in
the directly connected Sn-Pb fumace. During the KRS process, Zn is enriched in the
KRS oxwde, o Mue dust (Fig. 8.26) [21].



#1014  Awnobis Recycling Center in Lilnen (Germnny ) 5

Copper
SCTED

Residues,
slags

Shredder
materials

Prirbed carcuit
baards

Copper-non
materials

Slimes,
industriad
residues

Fig, 8,25 Aunubis Recveling KRS system Foad amd producis

KRS oxide

Iron slicate u-am:li

Unwrought Cu is produced with an average Cu content of 95% and is further
processed in the anode furnace ino molten form. IEis refined with additional amounts
of Cu serap, The meln is initially oxidized with air and oxygen and then deoxidized
with nptural gas after the slag that has formed has been removed. At the end of the
pyrometallurgical process, the meanwhile 99% pure Cu is cast into Cu anodes, This
i Lthe starting product for the final relining stage of secondary Co production, the Ca
tank house process, where high-grade Cu cathodes are produced in a guality
identical w Cu cothodes from primary Cu production, Imporiant by-prodects, i
particular Au and Ag, are cnriched in the anode slimes. Ni s extracied as crode
nickel =ullae from electrolyie reatment,

Cu scrap, e-waste, and residues are used at Avrebis Hombarg (Cermany ). The
basic material for Hamburg's secondary Cu production process consists of a variety
of recycling materials rich in PMs as well as intermediate smelier products onginat-
ing both from Aumibiz” production plants and from external metal smelers and
PM-separating plants. The focus of secondary Cu production in this case 15 on
enriching and recovering PMs and separating various by-metals that result from
the: Cu production process, KRS s well suited w recyele maerials wath low levels of
Cu and PMs.

Im peccordance with the requirements of the specific row materials, thess matenals
are processed ina modem electric fumace in various smeliing campaigns. The most
il arget 15 the pyrometallorgical separaton of Pb and Cu and the ennchment
of PMs., By-clements still existing dunng Cu production, such as Pb Bi, b, and Te,
are separated in the connected Ph refinery and sold as Pb bullion, Ph-Bi alloy, 5h
concentrates, and Te concentrates, The PMs are tortified in a so-called rnich Ph. which
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Fig, 8.0 Aurmbis Cu recycling flowshest [13]

has a PM content of about 709, The anode slimes From the Aurmibizs Cu tank howses
are processed together with the rich Pb from the Pb refinery in the PM production
plant. With Aurubiz” modem, environmentally friendly PM production Facilities, the
company covers a wide range of feed materials rch in PMs, Thus, Aunubis also
processes anode slimes from other Cu smelers, bullion, PM, and coin scrap as well
a5 PM-bearing sweeps and slag. In addition o fine Ag, fine Au, and concentrates of
the PG, sales products from this process include wet 5e which is processed at the
Auvrubis subsidiory Retore GmbH.

8.15 Attero Recveling, Roorkee, India

With 2.7 mullion tons of e-waste generated, India now stands as the Gih largest
c-waste generator in the world, O1d mobile phones o the wune of 170 million are
discarded or reploced annually contributing heavily o ever-growing e-waste, A
recent report by the Centre for Science and Environment {C3E) found that Morad-
abad gets over 3% of India’s total discarded PCB e-waste; and over 30L000 people
are involved in the business of informalfillegal recyeling [22]. India loses 50% of
the Au during crude dismantling, according o Ge31 and Solving the E-waste
Problem (5tEP). an intermational initiative that finds solutions (o e-waste manage-
meni problem. According to Chaturvedi, 95% of the country’s e-waste is recycled
by serap dealers, but they extract nod more than 15% of the PMs, India makes huge
losses considering the country”s prajected growth for e-waste generation is 34%
every year, sceording 1o reports by nonprodit Toxics Link, Mumbsan, the highest e-
waste-producing city in the country, throws away 19000 tons of c-waste ina year.
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Business trends show that by 2020, e-waste from mobile phones will be an
astounding 18 nmes the current level, Computer waste will nse by 300 [23],

The bigeest e-waste recycling unit in the country, Roorkee-based Atbero
Fecycling, has the capacity o reat 12,000 tons of e-waste in a year, Attern
recycles mobile phones, WPCBs, display wnits, batteries, and [T goods. The
company claims it uses an environmentally sound technology, but technical
experts dilfer, There are o few more such as Mumbai-based Eco Becyeling Limated
and Bengaluru-based E-Parisaran Private Lid. which have capacities of 7200 tons
per annum and LB wons per annum, respectively. Bul they are sull upgrading
iheir technology.

WPCB= are complex assemblbies that mclude numerous motenals, omd thess
materials require large quantities of energy and other materials © manofacture,
They also include significant quantities of metals such as Cu, Ph, and MNi. While
some of these are toxic in nature, all of them are valuable resources. The recycling
WIPCBs begin with the circuit boards being passed through the Component Remowval
Machine, This machine suomatically seporates all the assembled components on the
circuit board. 1f is then pulverized and shredded. The outpui from these processing
stages 15 the blank boord and s components, The boreflank boord primanly
containg Cu, which iz smelied and eleciro-refined o obitain 99.%% pure Cu bars.
The separated components are classified as beavy and light chips and imclude
iransistors, dicdes, connectors, and miscellancous pans such as capaciiors and heat
sinks among others, Magnetic separation is carried oul 1o separate ferrous metals as
well a5 some of the Cu alloys. This is followed by ECE 0 separate nonfermous
metals. All of these components are smelted w obdain pure metals, Plastic compo-
nenis are separated through density-based separation [24].

B.16  Noranda Smelter in Quebec, Canada

It s currently owned by Kstrata and treats about LI wons of e-waste annually m
addition to its feed of mined Cu concentrutes, and subsequently 95, 1% pure Cu is
produced,

8.17 Rinnskar Smelter in Sweden

The Rénnskar smelier in Sweden also recycles both, high- and low-grde Cu scrap,
accounting for 100,000 wns of Cu per year vio two separste furmaoces (he Kaldo
furnace handles the e-waste fraction). The respective flowsheets are given by Khalig
et al, (20047 [25], Smeler system produces o mixed Cu alloy, which will be refined
i exiract metals, such as Cu, Ag, Au, Pd, Ni, 5¢, Zn, Ph, 5h, In, and Cd. Gas
cleaning and handling systems are also integrated, which capiure off-gases (o carry
out addittonal combustion and thermal energy recovery, Ronnskor smelter uses
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Tahle 8.3 Comparison of academic research amd indusirial practices

Acadernic rescarch Indussirial practices
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IMiCMOEanisms

fossil fuel as both a reducing agent and fuel, and thus, shredded e-wasie scrap
(=30 mm) wos considered ax an energy recovery source noaddition w the sl
metal extraction process.

8.18 Comparison of Academic Research and Industrial-
Scale E-Waste Recveling Practices

Based on reported imformation on current indusinal recyeling practices for recover-
ing materials from WHPCHs, generic comparisons between academic research and
industoal practices are summanzed in Table 8.3, Acadenmic researches focus on
mainly metals, while industry focuses on metals, gloss, and plastics. Dismantling in
the industry is performed both manually and automatically, Coarser sizes ane used in
the industry. Hydrometallurgy is the main meta] extraction route for scademic
research, and pyrometallurgy is the main extraction route for indusiry,

In industrial-scale e-waste recyeling, mixed type of WEEE'WPCB material is
feed in a bunker, Primary shredding to approximately 130 mm via rolor shear is
performed. Shredded matenal spreads via vibrating feeder on a conveyor tor hand
picking to remove contaminanis (such as batieries and hazardous wasie). An inclined
belt 1= wsed w ransler matenial w the secondary shredder with noisefdust contnol
aystems. Materials are shredded approximately 25-30 mm. Co wool is soried via
vibritory feeder, Heavy and light fractuons fe.g., fodls, dust) are sorted by ageag air
shifter. Light fractions are discharged into big hags. Fermous fraction in heavy
materials is separated by overband magnet during conveying, Rare-earth Md drum
magnet and eddy current separator are used 0 separate nonferrous Fraction and
remaining waste plastic, Grnding 1o minus B mm is performed via a hammer mill.
Ground material is sieved into 4 and & mm by screening. Density shifters are used o
sort Al Cu, Mi, amd brass,
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Chapter 9 ' @'
Recycling of NMF from WPCBs S

“Biy recyoling vow can okanee fomareow, deday”
Anonyvmaous

Absiract Cheap nonmetal Trocton (eposy nesin, gloss fiber, ceramics, el)
accounts for M0% of c-wastieWPCB. 1t containg most of the hazardous brominated
Aaime retardants. This chaprer covers the direct and chemical recyeling of MMF from
WIPCHs, Chemical recycling consists of combustion (smeltingfincineration), pyrol-
wais, and depolymerization processes by using supercritical Auids, hydrogenolytic
degrudation, plasma treatment, hydrothermal methods, and gasification process. The
purpose of thermal treaiment of e-waste is climination of plasticfepoxy resin com-
ponents, Detals of pyrolysis and hydrothermal depolymenzaton of WHRCBs with
different solvenis are presenied in this chapier.

Kevwords MNonmetal fraction {NMF) - Chemical recyeling - Pyrolysis -
Depolymenzaton - Solvents - Subcrtcal Doids

9.1 Direct and Chemical Recyeling of NMF from WPCEs

Despite diversity possessed by MF recyveling techniques, a common drawhback
shared by them is the absence of NMF treatment. which will give nse to the foxic
emission including BFR organic compounds, secondary particulates, and other kinds
of pollutants. Therefore, there is a need for a safe NMF recyeling technology. The
cffective separation for MF and NMF is indispensable for the purpose of more
detailed omd efficient recycling. Al the beginning, the purposs of recycling of MMF
from WPCH is simply to avoid the potential hazardous environmental impacis when
they end wp in landfll or menecation, The composiion of NMF 15 o random
combination of epoxy resin and glass fiber. The reuse of MMF is hindered doe o
understanding of the chemistey of them, Therefore, it is common o be directly used
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as filler, concrete, and modifier which means NMF was used without any forms of
madification and is a bow value-pdded material [ 1-9]. The modification of MMF o
make value-pdded products (e, catalyst, absorbent, and hlter support) con greatly
improve the value of NMF, Thus, the value added o MMF can possibly compensate
tor the high cost denived from mechanical separation.

9.2 Direct Recyeling of NMF from WPCBs

The direct recycling of MMF can help solve the disposal problem of MMF, However,
it i= still weak for them to compensate for the high operation cost of the MF and
MMF separation doe o the bow valve-added products they prodeced by MME, With
ihe reguirement 1o betier use NMF, which fakes more than half of the weight of
MMF, the modificaton of NMF followed by the upgrading was swdied by momy
rescarch groups,

Cru et al, (2008) has done a series of studies on the feasibility of replacing wood
Aour in the production of phenolic molding compound (PMC) using the NMF of
WPCR [6, 7], The sddition of 20% NMMF can significantly improve the impact
sirength and heat deflection temperature (HOT) and reduces flexural strength and
Faschig fluidity of the phenolic molding. Yokovama and Tji {1995) also investigated
the wse of MMF as lller in the reproduction of resin-type constroction materials, amd
the comparison of mechanical propertics of these materials with those of reference
materials with silwa powder was conducted [3]. The MMFs in the materials show
reinforcement in mechanical strength and thermal expansion properties of the epoxy
resin midd, which has beter pedormaonce than ke, coalciom corbonate, and silica.
This is probably because of the compatibility between the MMF= and the epoxy resin
matrix and also the incorporation of glass fiber.

Miu and Li (2007} used recycled WPCBs for cement solidification, which is
actually a method o use the WPCBs as a raw matenial for conerete [9]. It is proved
that the cement solidification can be significantly improved in terms of the compres-
sive sirengihs (4.8%9 MPa for slag coment and 793 MPa for Portland cement) and the
impact resistance of 200 imaximom} of NMF can twrm i inte strong monoliths, The
leaching test shows that the leaching of Phoin the raw material can be effectively
prevented (<5 mg 1 ') even under an scidic environment,

Fheng et al, (20068 used WNMFs as reinforcing fillers in PP composiies [8]. The
MMFs are modified by a silane coupling agent KH-330, and PP powder 51003 s
applicd as the matrix polymer. NMF and PP powder are premixed and the producis
are obtained by extruding. The mechanical charactenzation shows that the ensile
sirength, tensile modulus, fexural strength, and fexural modulus are significantly
improved 28.4%, 62.9%%, BT 8%, and | 33.0%, respectively, by the adding of MMF,
The optimum content of the NMF added is 30 wi% based on technical, environ-
rental, and sconomic consideration.
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However, Lu et al. (2000} found that WPCB can be liberated effectively with a
size berween 0.5 and 1,2 mm, while for a better recovery ratio, the over-pulverized
phemromenon 15 very serious. This limits the further u=e of the glass fibers that are the
support material of PCE {about 30 we.%0) [10]. The mechanical properties of MME
were spcrificed in order to achieve a high MF recovery rate. Therefore, the direct
reuse of WMF is seriously influenced due to this phenomenon. A more advanced
technology of NME modiGcation 15 imdispensable,

9.3 Chemical Recycling of NMF from WPCBs by
Degradation/Modification/Depolymerization
of Thermoset Organic Polvmers by Solvents

Other than land Al or combustion, the KMME can be reused in different febds, such as
huilding materials, additives, eic. Chemical NWMF recyeling refers io decomposition
of the waste orgomic polymers o monomers or vselul chemicals by means of
chemical reactions of high emperatures, Chemical recyeling consists of combustion
(smelingfncimeration ), pyrolysis, and depolymenzation process by using supercnl-
ical Huids, hydrogenolyiic degradotion, plasma treatment. hydrothermal method, and
gasification process, The purpose of thermal ireatment of e-waste is elimination of
plasticfepoxy resin components, Additionally, the gaseous product of the process
after cleaning may be used for energy recovery or as syngas. The refining of the
products {gases and oils) is included in the chemical recycling process and can be
done with conventional refining methods in chemical plants. Metal fractions in the
ash com be trested by pyrometallurgical and hydrometallurgical approsches, Bio-
technological processes are being still in their infancy.

Chee thought For the modification = based on the thought that NMF 15 a carbon
{C1 source for potential reuse considering the high content of C in its composition
due w the addition of epoxy resin or other polymers, Mormally, the C content in
MNMF 15 between 30% and 400%, which vanes with the source of WPCB [5]. Cur-
remtly, studies on thermochemical methods w recyele WRCBs are being investigated
i convert the resin fraction into monomers and o recover the metals. Pyrolysis
processing has been investigated where the polymer can be thermally degraded o
produce oils and the metals collected in the char atter the reaction [ 11 ]. However, the
metals are often recovered iogether with the char, so that further processing via
separalion processes becomes pecessary, along with Br contaiming emission gas, In
addition, for resing containing fire retardant bromine compounds, the liguid phase
comtains Br, which thereby comtaminaies the product ol Gosihication has been
investigated as a thermochemical reatment method which converis the organic
resin into gas products, mostly OO0 and Ha. However, high temperanires are used
to gusify all of the polymer fractions | 12].
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9.4 Pyrolysis

Pyrolysis of polymers leads w the formation of gases, mls, and chars which can be
used as chemical feedstock or fucls. Pyrolysis degrades the organic part of the
unpopulated PBC wastes, making the process of separating the organic, metallic,
and glass fiber fractions of WPCBs much casier and recycling of each fraction more
viable, Additionally, if the temperaure is high enough, the pyrolysis process will
melt the solder remaining on the WPCHs. The combination of the removal and
recovery of the organic fraction of WPCEs and the removal of the solder aids the
separation of metal components,

Lhow and Qui (20100 conducted vacuum pyrolysis of WPCBs at 240 “C. Pyrol-
yauis solid viehd wos between 0% and To%, Lguid vield was between 2000 and 28%,
and gas yield was beracen 2.7% and 4.3%. Gaseous product contains C0, CCy,
CHa, and Ha, The residue of pyrodysis contaimed varoos metals (e.g., Co, Fe, Al Au,
Ag, Pr. Pd, e} that could be fumher recovered by leaching [13]. In addition,
pyrelysis significantly reduces the volume of the waste which is beneficial for further
treatmient. The combination of mechanical separation, pyrolysis, and chemical
processing could increase efficiency of e-waste recovery,

Thermal behavior of epoxy resins, the most common polymer matrix in WPCB,
has heen widely investigated as a basis for pyrolytic recycling. In thermogravimetry
brominated  epoxy  resins are  less  thermally sable than the  comesponding
unhrominaied ones. They exhibit a steep weight loss stage at 300-380 °C depending
on the hardener, thoss hordened by aromatie amines and anhydodes decomposing al
higher tempersiure [14. 15]. Mostly brominsted and unbrominated phenols and
bisphenols are found mnothe pyrolysis oil; however, the balance betwesn phenols!
hisphenols and brominatedfunbrominaied species depends on the temperature and
residence time in the reactor. Higher temperamires and longer times make
debromination more extensive [16, 17]. WPCB particle size also affects the decom-
position emperature and degradation is posiponed when partickes are larger than
| em” due to heat transfer limitation [ 18].

Ke et al. (20013) pyiolyzed NMF of WPCE in the temperaine range of
S0N-E00 "C omd wsed physical or chemial activation i oblan sctivated C
[19]). Physical activation with Ha(} a5 an activation reagent produced granular
activated © with a surface area as high as 1019 m® g ' and pore volume of
1.1 em® ', while chemical activation with KOH as activation reagent obtained
the same product with higher surface area of 3112 m® g ' and a pore volume of
Ll3em® g\

Rajagopal et al, (20016} used the activated C prepared by physical activation with
OO subsequent to pyrolysis of MMF of WPCB and apply it in supercapacitor
[20]. The MMF activated at B30 °C for 5 h shows the highest suiface area of
700 m* g"' as well as 0.022 em” g" pore volume. Electrochemical charactenzation
of the activated C prepared under optimum conditions shows a specific capacitance
of 220F g~ " anthe current density of 30 mV s~ and 156 F g~ at the current density
of 100 mV s, which is comparable to activated C prepared by other methods. Also,
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the activated C has an energy density of 1584 Wh kg™ at 850 W kg, which is
very high compared 1o comimercially available supercapacitors based on activated
carbons that have an energy density ranging from 4 to 5 Wh kg~ ' with power density
vitlues of | w2 KW kg"' [21], Moreover, the retention value of the activated C was
studied 1o be 98% for over T cveles,

Hadi ei al. (2003} have developed a thermal-alkaline activation process o
functionalize NMF o produce on alomimosilicate sdsorbent for HM uplake from
wasiewater [22]. NMF was mixed with KOH solution and activated in 300 °C o
develop the porosity of NMF which 12 a nonporous material, Afler sctivation,
cquilibrium isothermal adsorpiion tests show that the modified novel material called
ANMF had a high uptake capacity for Cu{2.9 mmole g '), Ph (3.4 mmole g '), and
Zn (2.0 mmole g~ "), which is much higher than commercial adsorbents used in
indusery, Xu et al. (20014} siudied the factors affecting the adsorption capacity
including contact time, indtial Cd won concentration, pH. and adsorbent dospge
when this material was used for Cd uptake [23]. The results showed that pH had
an imporiant elfect on the Cd uptake copacity, and the masimum oplake capacity for
Cd was 2.1 mmole g~ obtained when pH: 4. This provides a possibility for the
porous struciure wning for the NMF of WPCEB, which will significantly enlorge the
potential applications of NMF as a catalyst, adsorbent, and filter suppon.

Mnsposal of WPCB= 15 regorded a5 o potential magor environmental problem due
to their heavy metal contents. Theretore, recycling WHPCBs represent an opportunity
o recover the high-value resin chemicals and the high-value metals that are present,
The resin 15 predominantly a thermosetting polymer such as phenolic- and cresol-
based epoxy, bisphenol A, epoxy resin, or cyvanate esters and polyamides. Hydro-
metllurgical treatment by acidfalkali dissolution destructs nonrenewable organic
resin resources, The nonmetallic fraction, which is the resin fraction of the boand, can
find application areas a= o filler for thermosetting resin composites [ 24, o reinforcing
filler for thermoplastic resin composite materials [B). as a raw material for concrete
[9, 25, 26] or as a modifier For viscoelastic mmerals [3].

(hher than the conventional physical processes mentioned abowve, atiention o
supercritical water, whose lemperaore ond  pressure are over o= cribical poant
{374 “C, 218 aim), has been drmwn as o technigque o pretreat WPCBs before
chemical processes, Compared with ambient liguid water, several unique properties,
such as lower dielectric constant, lower energy of hydrogen bond, and high solubil-
ity of organic compound, were possessed by water near its eritical point, Beactions
cotld ooour in a homogeneous supercritical phase because of the high miscibility of
organic compounds in supercritical water, which contributes t a fact that there are
i anterphase mass iransport lmatatons o ower rescion kinetics, Moreover, high
pressure and temperature of supercritical water provide high enough velocity and
tempersture rise o destroy particle strocture and make particles more porous, Thess
further result in the diffusion of supercritical water through particle structures and the
creption of big hole strucwres [27, 28] Typically, the supercritical wechnigques
applicd to recycling of WPCHs contain supercritical water oxidation (5CW0),
which is in the presence of oxygen gas, and supercritical water depolymenzation
(5CW D) under reducing atmosphere [27).
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Xig et al. (2003) investigated bodh SCWO and SCWD with regard o the
separation of organic substances from metals and ceramics [27] The effects of
temperaiure, retention time, and initinl pressure wene studied. It appeared that as
remperature increased, the weight boss of solid phase increased for both methods,
However, the degradation rate of organic matter on behalf of SCWO was higher than
that under the 5CWD process, which could be atiributed o the combination of
hydrolysis and oxsdation i the case of SCWO process, compared with SCWD
where only hydrolysis occumred. In addition, polymers with high mobecular weighe
were eventually decomposed nie Jow molecular compounds along wath SCWEx
however, in the process of 5CWO0, most organic matier was eveniually oxidized into
OO0 and HzD, resulting in high pressure generated in the reactor, The higher final
pressure in the process of SCWO also provided an explanation that 5CWO weas a
superior method, Xid et al, (2003} also found HCT could be applied w acid leaching
of BMs after the pretrepiment of SCWO, That could be explained by the fact that
SCWO converted Cu metal o copper oxides that could be soluble in HCI, even
though HC 15 a nonosidizng acid [27]. However, since wler nod only has high
critical temperniune and pressure but also unique propertics, such as ion product and
diglectre point, which could comribute w0 high requirement of reaciors, several
alternatives are undertaken.

K omed Zhang (0 vsed advanced degrodation of brominated epoxy resin and
simultancous ransformation of glass fiber from WPCBs by SCWO and supercritical
methanol (SCMO} oxidation process [28]. The reasons for wilizing methanol as a
supercriticn] fuid are that the critical point of methanol s 240 °C, 8.0% MPa, which
i% bower than that of water. Additionally, the boiling point of methanol is lower than
that of water. The results indicated that temperaiure, pressure. reaction time, and the
solidfliquid ratio affected the performance of supercritical methanol, The highes
conversion happened either at 380 “C with 120 min or 420 °C with 60 min, The
difference with the two conditions was that the oil recovery at higher temperature
with shoder reaction tme was less than that of low emperature with longer resction
time. Based on the elemental analysis of ICP-0ES, it urmed out that most metals
were concentrated alter the supercntical methomol process, Particularly, the comtent
of Cu afier the treatment was approximately three times of that in the original
material, and Ag were significantly concentrated up to 7902 ppm [29]. For 3CMO
recyeling, most of the heavy metals are converted 0 metal oxides with complete
conversion, except for Mn and Mi (50%), The Cu extracted from WHPCB will
undergo an electrokinetic process and can be synihesized to nanoparticles, which
functions as a photocatalyst.

King and Zhang (2002) also vsed SCWO o detoxily bromorganic compounds
inside WPCBE and achicved maximum debromination rate of 97.8% [30]. The
broamide was concentrted i water i the form of HBr. Also, the bromide free ol
with main components consisting of pherol (58.5% ) and 4- 1-methylethyl-phenol
(21.7%) wos collected, Moreover, Cu wos recovered in the purities of near 95% with
a recovery rate as high as 98.1%. However, supercritical technologics neod high
temperature (=300 “Chand high pressure (=20 MPa}, Thus, this process needs high-
quality eguipment, which increnses the cost significantly.
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Tahle 9.1 The hyvdmthermal depolymerizmion of WPCHs with different solvents
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Unilizing sub- and supercritical Auwids o hydrothermal depolymenze the resin
fraction of the WPCE represents o potentially cleaner and cheaper wchnology for
recyeling the waste, as it enables the recovery of metals in addition o converting
the resin into valuable chemicals feedstock andfor Tuels, The cleaned mixure of
metals obiained would also become easier to process or separate. There are various
studies with different solvents which have been investgated for the treatment via
depolymerization of plastic wasies reporied in the literatre. The most commaon
solvents are water and aleohols, and the process has been mainly applied o pure
polymers such as FET rather than WPCBs. The solvothermal depolymenzaotion of
WHCBs can be carned oul using water, ethanol, acetone, tetraling, efc, between
J00 nnd 400 7C. When water 15 used, alkalis (NaOH and KOH) and acetic acid can
be used as additives to promote the removal of the resin fraction of the WPCBs
(Takle 9,15 [31]. A 400 °C, 81% of resin removal wis achieved when water alone
was used, and %% of resin removal was achieved in the presence of NaOH and
KOH o water as the solvent, Addition of alkalis w the water selvent increased the
phenal yield up to 62.4%, and the residues were recovered in a clean state, ready
for metal separation, Gas products consisted of OO0y, Hy, ©0, CHy, and C3Hs
hvdrocarbons, The organic content of the liquid obtained from depolymerization
contains phenol and phenolic compounds which were the precursors of the original
thermosectting resin. Brominated plastics ended up mostly i the agueous phase,
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which results in ol recovery with near-zero Br content, due o dissolution in the
water medium. The clean residue could be further processed for the recovery of
viluable metals, such as Cu, Ag, Au, Pt, eic.

Today, there are very few possibilities for the recyeling of cross-linked polymers
{such as epoxy resins reinforced with glass or C hbers), This 15 becouse these
meaterials are inscluble and infusible. It is very difficult o cleave cross-linked poly-
mers o seluble compounds. Epoxy resins can be hguehed by ansfer of hydro-
genation  with  various  hydrogen  donors such  as  tefraline (1,23 4-
tetrahydronaphthaline) (CgH sk 9 00-bbydroanthracene (T Hz), or indoline
(CxHeM). Degradation liquid products analyzed by GOMS were bisphenol A and
is fragments phenol and peisopropylphenol A oz well o phithal anhydnde and s
tragments benzoic acid and benzene |52]. Keinforced epoxy resin circwil boands
covered with Cu foil on both sides and reinforced with 39,5% glass fiber mats was
liquefied in 1 + 5 (W * L) cm in size in an autoclave, At 340 “C without grinding
WPCB pieces, 9% of the resin was liquefied for feedstock recyvcling by
hydrogenolysis wsng terabine and 9 00-dibydroanthrocens (Table 90k Afler
cleaning with CyH O, the unharmed glass fiber mats and Co foil were recovered
with very itle contamination [32], When adding an amine ke ethanolomine w the
reaction mixiure, cross-linked epoxy resins can be liguefied at 280 °C in 24 h.

Simultaneous recovery of high-punty Cu and PYVC from ebecine cables by
diizononyl phthalate (DIMNPF} plasticizer exiraction using dicthyl ether, methanol,
and hexane amnd ball milling s achieved by Xu er al, (2008) [33]. Maximum
separation rete of 77% and highest Cu punity af 150600 pm of 9% were achieved
using samphes of which 100% of the plasticizer had been exiracted from PV resin a
5 h by diethyl ether, because the PYVC become brittle atter plasticizer remaowval.
Huang et al. (2009) used DC arc plasma to reat WPCBs, which decomposed the
WPCB in modien bath b 1400- 1800 °C ina DC are furmnoce [34], The product from
this process is homogeneous and vitreous slag and small molecular gases (e, HCL,
Hz5, MOy, and 50:) Although the safe disposal of solid ressdue 15 ochieved, o
prodwces a cenain amount of air pollution, and the cnergy consumption is huge due
iy the hagh temperature and bong durstion time,
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Chapter 10 ' @'
Hydrometallurgical/Aqueous Recovery S
of Metals

“The Earth does mof betong o uy. . .
W belormg fe the Earth™
Chief Seatke

Abstract This chapter basically covers solder strip leaching. base metal leaching,
and precious metal leaching rechnigues, Previously performed laboratory and indus-
irial leach test resulis, conditions, reagenis, extroction ratios, keach reactions, and
Aowsheets are reviewed amd discussed in detail. Alernative leaching reagents are
compared from chemistry, research level, and commercial extend points of view.
Analytic hierarchy process {AHP) is used to compare various leaching processes.
Brominated eposy resin lesching, punficaton of metals from leachates by solvent
cxiraction, and industrial scale refining solutions are also covered in this chapier.
Oceupational, health, and safety haeandous characiensics delermimation ests were
bricly mentioned.

Keywords Hydrometallurgy - Solder strip leach - Base metal leach - Precious metal
leach - BFR leach - Purification - Befining

Leaching is the initial step in a hydrometallorgical process; it is also the most
important key during both BM and PM recovenes from WHPCBs, Therefore, discus-
siom and summary on hydrometallurgical technology progress especially on progress
of leaching process hove been provided in this book, Besearch on recovery of metals
from WIPCBs by hydrometallurgical processing began in the 1970s; the initial goal
of that is exactly the recovery of such PMs as Au andfor Ag,

In the last few decades, many studies have been camed out in order to develop
environimentally benign production processes which allow the parallel recovery of
metals and the efficient treatment of the toxic compounds. The most promising
results have been obtained in the case of hydrometallurgical processes which
have the distinet advantage of offenng an eco-lriendly omd sebective separation

0 The Minerals, Merals & Maerials Sochery 201% |
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hirpszitdod ongf 10, IOOTATE-3-030-265493-9_ 1
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of the metals from the nonmetallic paris of the WPCBs [1]. However, in some
hydrometallurgical processes, the use of high volumes of leaching solutions leads
to the formation of large guantitics of waste, Therefore, it is imporiant o fnd
reliable and cost-effective heavy metal recovery techniques that do not produce
any secondary pollution threats to the environment and human health during the
processing of WHRCBs |2, 3]

Before lesching several components shoukd be manually removed from WHPCBs
{Li batterics, Al heat sinks, Cr'Ni plated bronze screws from the peripheral inferfaces
(RSZ32WOA, LPT, etc.), and the cvlindrical Al electrolyue capacitors) i mechan-
ical prefresiment step o avoid unwanted problems:

+  Risk of explosion when the extremely reactive imner of the Li batteries comes in
contact with the leaching solution.

= Risk of keaching solution contamination with extremely toxic polychloninaed
biphenyls presented in some cylindrical Al electrolyiic capacitors.

* Ineresed ol ume of leaching due o the high thickness of the mentioned
SCTRWS,

* Significant and unjustified consumption of leaching agent for the Al dissolution
due i the small commercial value of Al and the difficulty of Al recovery from the
resulting solution. Moreover, the reaction between Al and the agqueous solutions
of Br generates high amount of gaseous H and 15 extremely vigorowos and
cxothermic, increasing the risk of explosion.

10.1  Solder Stripping Leach

Additionally, recycling of other valuable BMs, including Ph, Sn, Ni, and Zn, is also
of significance in temms of economic and environmental perspectives, Studies on
recyeling of Ph and 5n from solder are reported vsing alkaline [4, 5], HNO5 [5-T],
HCH 5], or Muoroboric (HBF, ) acids [8] os leoching reagents. Bomitovi et al, (200 5)
reporied that MatkH was not a rehiable leaching repgent to exiract Pboand 5n becouse
of metal hydroxide dissolution and precipitation. HMNO; is capable of extracting Phy
v, 5n could not be extracted resulting from the fuct that 3o is oxidized o insoluble
form [3]. On the contrary, it is also shown that 90% of 5o could be extracted using
HCI at high temperature; however, the precipitation of AgCl resulted in an unac-
ceptable loss of Ag [5]. In the investigation of Ph leaching from solder, JTha et al.
(2002) reported that 99.99% Pb could be leached out from the swelling liberaed
solder under the conditions of 90 °C, 0.2 M HMO5, and 5/L radio of 1:20 {g/mL} in
21 7] Meanwhile, 98, 7% Sn could also be recovered al 90 °C wath 3.5 M HCI for
2 h. Mecucci et al. (2002) proposed a flowshest to selectively separate Cu, Ph, and
an (8] The fowsheet contans shredding, HNOy acid leaching, and electrodeposi-
tion, as well as electrolyte regencration. It was found that Cu and Ph could be
completely dissolved in the HNO; acid of & M, whereas at the high concenteation of
HMO;, the formation of metsstannic acid resulted in the fact that Snowaes able (o be
removed as a precipitate (metastannic ackd). The reaction was shown in Eg. {1001}
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Sn + 4HNO; = HaSn0s | + 4NO; + H0 (10.1}

The results indicated the Feasibility of simultaneous recovery of Pboand Cu
through electrodeposition, and 5n could be recovered by clecirodeposition afier
the dissolution of metostannie acid i the presence of HCL sod. Park and Fray
{200/ siudied the separation of Zn and Ni jons in a diluted AR using TEP, Cyanex
272, omdd Cwanex 300, It appeored that over 9% anc coubd be recovered using
Cyanex 301 at low pH (pH < 6}, while 20k% Ni could be extracted. The separation
factor was approximately 21700 at pH 6 [9],

(Hher several regenerable leaching systems were proposed and fested, e.g.,
electro-generated Cly in HOT solution [10], FeSOyWH50 [1], Fear501H:50,
[12] FeClo/HCT [13-15], and SnCLHC! (for solder strippingi | 16]. Unfortunately,
the elecirochemical regeneration of chlonde-based leaching agents presents the sk
of chlomine evolution, requinng well-sealed equipment, Also, the presence of sulfue
induces a low rate of the solder alloy dissolution if large amounts of Ph are presend.
The Bro-based lixivians can be also used, but zome authors suggest that these are
unattractive due to the high vapor pressure of Bra (28 kPa at 35 °C) [17]. Conirarily,
other researchers mdicate that the vse of the adequate complexing agents like
bromide or erganic ammanium perhalides can resolve this problem [ 18]

Domeanu {2007) used bromine-bromide (BroKBr) media for preliminary
leaching and dismantling of WPCHs. In this electmchemicol recycling system, all
metallic parts were removed simultanesusly with the lixiviant regeneration and the
partial electrodeposition of the dissolved metals (Fig. 1000y [19]. For dismantling,
specific energy consumpiion was 0,65 kWh kg ' of reated WPCH. Afier leaching
tests, the remaining udissolved parts (Gberglass boards, ECs, plastics, e, ) preserve
their original shape and structure, allowing an casicr consequent separationdclassifi-
cation and a more elficient recveling,

Jeom et al. (2017 separated Sn, Bi, and Cu from Ph-free solder pasie by swelling
and ammania leaching with cupric ion (Cu™) followed by HC1 acid leaching with
stannic ion (Sn™**) [20]. Cupric jons act as an oxidant. They leached Cu with 5 M
MHa (25% in water) solution, | M NH 000, 0,0 M CuC05 at 50 °C, 00 mpn,
and 1% pulp density. Sn and Bi were leached with 0.5 M HCL, 10,000 mg L' Sn**
(5L a0 50 °C, and 1% pulp density. Waste solder paste can be swelled by methyl
cthyl ketone (MEK) at 30 °C, 200 rpm. and 5% pulp density. BEesin can be
precipitated by distilled water addition,

Cu can be leached by ammonia with cupric fon (Cu™), CuCOy and (NHLCOy,
and CusChy and (MH, 150y or Cull; and NH,CL Cupric ammoniz complex ion {Cua
{NH31™ ) could oxidize Co metal as follows [21-23];

Cuf{NHa),** + Cu = 2Cu(NH;),"* (10.2)

1% Cu recovery can be obtained within 15 min. in carbonate and sulfate medi.
Cu is recovered from the ammonia-based solution through an elecirochemical
process, Cu electrodeposiion 15 o conventional process o recover Co from a
solution. [t is widely used under acidic conditions, which is alse the current indusirial
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practice [10]. But, current efficiency is quite low in electrodeposition as compared o
traditional elecirowinning from acidic solutions, Current electrodeposition efficiency
wis increased wsing cylindrical elecirodes instead of plaie elecirodes, At 4-h depo-
siion ime, 99.8% pure Cu was oblaned [24].

Kim ct al. (2016) reported that stannic ions (Sn**) and tin metal in HCl solu-
toms gave the following reaction [25];

SnCL + Sn = 28nCl (10.3)

Jian-guang et al, (2006) also ohserved that a new generated thin laver fine Cu
particle was covered on leach residue | 16]. The reason for some Cu dissolution by
AnCly is given by

Cu + 3aCly = CuCly + SuCl, [ 104}

CuCly + 5n = Cu + 5nCl; (10.5)

Yang et al. (2006) keached Y99%5% of Sn from WPCBs using 5wy and HCD at a
remperature of G0-00 "C, and then S was recovered from the purified solution by

electrodeposinon, They reported that with o 8L ratso of 1:4, applying 1.1 tmes of
stoichiometric SnCly dosage and HCl concentration of 3.5-4.0 mol L™' at a
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temperature of 600 “C, %% of Sn can be leached from the metal components of
WPCBs. The suitable purification conditions were obtained in the temperature range
of 3045 “C with the addition of 1.3-1.4 times of the sioichiometric quantity of 5n
metal and stiming for a period of 1-2 h, followed by adding 1.3 times of the
stoichiometne quamtity of Ma.5 for sulfide precipitation abowt 20-30 min al room
temperaiure. The purified solution was subjected (o membeane clecirowinning for Sn
electrodeposition. Under the condition of catholyte Sn™ 60 g L', HCI 3 mol/L and
MaCl 20 g L', current density 200 A m™*, and temperature 33 °C, a compact and
smooth cathode Sn layer con be obtaned, The obained cothode Snopunty excesded
90% and the electric consumption was less than 1200 kWh t'. The resultant SnCl,
solution generated in anode compartment con be revsed oz leaching agent for
leaching Sn agwin [26]. Yang et al. {2007 leached approcimaotely 87% of 5n-Fh
solder successfully with spent tin strpping {T55) solution a1 2 b [27]. Sun e al,
{200 5) used a two-stage leaching design tor Cu and Ps [24]. They used ammonia-
ammoniwm carbonate (99.0% )-based leaching solutions for Cu and Ha50y for PMs,
More than 95% Cu extraction was achieved. In the downstream to recovery of Co
from leached solution, direct electrowinning from ammonia-based leaching solu-
e wsoally ends with low curment efficiency.

dhang et al. (2007 leached Ph-5n solder with methanesulfonic acid (MSA)
comtaimimg Ha0y for effectve dizmantling of WPCEB assemblies, 3.5 M MSA and
(1.5 M H-0, with a reaction time of 45 min were found 1o be optimum conditions for
the selective desoldering separation of ECs from WPCBs [25], Although these
technigues were conducted st lower temperstures, new chemical reagents (such as
Snlly, HCL HBF,, Ha(h:) were consumed,

Pb. 5n, and In were successtully recovered from alloy wire e-waste through
acidfalkali leaching [29]. The scrap material was leached using a 5 M HCI-HMNO,
solution ot 80°C for 1.45 b, and o MaOH =oluton was added wo the leach Dguor for
metal precipitation. Under these experimental conditions, the metal recoveries
were 94.7% for Pb, 99.5% for Sn, and 99.7% for ln, Barakat (1998) also imvesti-
gated metal recovery from Zn solder dross used in WPCBs by means of leaching
wsing a 3% Ha80; soluton at 45 °C for | b [29], Z0 omd Al entered the soluton,
whereas Pb and Sn remained within the residue. Al was selectively precipitated as
a Ca-AlC0 by treating the sulfate leachate with CaC’0y ot pH 4.8, The Zn30,
solution was gither evaporated to obtain xinc sulthie crystals or precipitated as a
basic carbonate at pH 6.8, The undissolved Ph and Sn were leached by using a hot
5.0 M HCI solution. The majority of the POl (T3%) was separated by cooling the
leached products down to room tempersiure. From the soluble fraction, Snowas
recovered as un oxsde hydrated by means of alkalization with MaOH a0 pH 2.4, The
recovery efficiency of the metal salis was 9915 for Zn, 99.4% for Al 99.6% for Ph,
and 99,5% for Sn [30].

Lec et al. (2003) investigated the recovery of valuable metals and the regeneration
of the expended WPCE HMNOy eiching solutions [31], HNOy wos selectuvely
cutracted from the expended ciching solution wsing iributyl phosphate (THF),
whereas a pure HMNOY solution was exteacted using distilled water, After HMNO;
extraction, pure Cu metal eas obtuined through elecirowinning, and Sn ions were
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precipituted by adjusting the pH of the solution with PROH).. Ph, with a purity of
00%, was obtained by cementation with an Fe dusi.

Mlenetts and Tendrio { 1%%6a) depicted the steps for Ao, Ag, Cu, Fe, Al 5n, and
i recovery from three tvpes of e-waste using physical separation methods, Special
ntteniion was ziven o comminution, electmstatic, and magnetic concentration pro-
cedures [32]. Meneiti and Tendrio (1996 also investigated Au and Ag recovery
Froam the phyvsical treptment of e-waste o prodoce metalli concentrates [33]. Ao omd
Ag present in a sample of e-waste were beached with 1.0 N HMO: solution. The
lepched pulp was reated wath o 10 N HaS50 solution o caose AuS0y precipitation,
The remaining solid residue was melied at 1085 “C in the presence of MalCO,,
producing small pellets of A

Vet et al. (2005, 2006) used dismantling, comminution, mechanical separation
(size, magnetic and electrostatic separation ), ydrometallurgy, and electrowinning o
recover BMs imainly Cu, Ph, and 5n} from nonmetals (polvmers and cermmics)
[34, 353]. Cu conment reached a mass of more than 50% in most of the conduciive
fractions. A significant content of Ph (8% ) and Sn (24%) could also be observed. Cu
and Sn separation cannod be achieved with mechanical separation. Thus, hydromei-
allurgical method was necessary for Cu and So separation, In the second stage, the
fraction concenirated in metals was dissolved with AR or Ho50,; and treated in an
electrochemical process W recover the metals separately, especially Cu, The resulis
demonsirate the technical vishility of recovering Cu by means of mechanical
processing followed by an eleciromerallurgical technigue. Cu content in the solution
decuyed quickly im all the expenments, and the Cu obtained by electrowinning eoas
found 10 be above 95% in most of the tests,

Cosiro and Martins {2008 studeed the recovery of Snoand Cu by recycling
WPCBs from Eol. computers with mineral acid leaching and MaOH precipitation
| 38). Firstly, they were tnken apart the WPCBs by dismantling; WPCB powder was
obtained by grinding. Monmetal pans were removed by washing followed by drying.
Then, the metallic parts ot 0208 mom o0 siee were leached with different mimeral
acids (H-50,, HMO,, or HCl or acid mixiures for Co and Sn metal extraction.
Sn-Cu-beanng precipilates were obtaned from leach hguor ot different imival pH
vilues using MalOH. 218 N H.50,, 3.0 N HCIL, 2.18 N H-50, + 3.0 N HCL. and
JOMN HCE+ 1.0 W HMNOy acid solutions wene wsed ar 60 °C amd 1710 S/ ratio in
leaching tests to determing the best leach system for maximum Snoand Cu extraction.
The best acid for leaching both 3o and Cu was 30 N HCE+ 10 M HMNO; in 2 h, S
and Cu extractions were Y8 1% and Y932%, respectively. H-530,; exhibited the
poorest resulis (2.7% Snoand <0001% Cu). Two-siage 218 N H.50, + 3.0 N HCI
s ture leaching hos nod exhibied beter Sn and Cu extraction than only 3.0 M HCI
leaching. It is possible o conclude from this siudy that the 30 N HCI and 30 N
HCE & 1.0 M HMOy leach systems wene the most appropriate o recover 50 amd Co
simultancously. The precipitate obtained at the initial pH of the neatralization of the
leach Dguor from the 3.0 W HCL system presented the most significant mass of Sn
recovered (1.2 g oout of 50 g WHPCH) among all precipitates produced in this
experimental work, The precipitate comtaining the largest mass of recovered Cu
{026 g} was obtained at an initd pH 4.2 of the neutralization of the leach liquor
froan the 3.0 M HCT + 1.0 N HMOs system [36].
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HMY leaching of Ph from solder matenal of WPCB=s was studied by Jha et al.
{2002 [7]. Solder marerial on the dismantled and shredded WPCBs was swelled
using organic p-methyl-2-pymolidone. Co metal sheets were separated from epoxy
resin containing solder, After washing, drving, and cutting, small pieces of epoxy
resin were leached with 0.2 M HNOy a0 90 °C for 2 h for Pb extractuon, Then,
Sn-containing epoxy residue was keached with 3.5 M HC at W) °C for 2 h for Sn
extracton, Almost complete Ph dissolution and 98,75 S dissolution wene oblaimed,
Pir- and Sn-free resin can be direcily disposed to the environment. HBEF; containing
Ha0 was used 1o dissolve tin solder by Zhomg et al, (20050, and almost 100% of the
solder was dissolved [37].

Jiang et al, (20012} have developed a novel process based on green chemistry amd
oreen engineenng methodologies for recloiming valuable matenols from waste
electronics, They have demonstrated that they can recover metals and valuable
components from Eol products wsing cost-cifective, sustainable, and scalable
methods (e.g., systems that are closed-loop, energy efficient, and environmentally
benign). This process is developed by ATMI Inc. and includes both chemical
desoldering and PM reclaim from WPBCs and 1Cs near room temperatune with all
metals recovered and resold, In this process no shredding or grinding = regquined o
thiz point which may lead 1o loss of up to 40% of PMs andfor the formation of
dongerous metal fines, dust contmming BFE=, and dioxins, Afler nnsing the WHRCBs
o remaove surface dirt, dust, eic., all chips and components {capacitors, resistors, heat
sinks, connectors, eic,) are chemically desoldered, This step requires less than
2 min in an acidic solution at a temperature between 340 and 40 °C. The solder is
collected as a salt and resold, while the resulting chips are still fully functional, Motz
that the Au connectors remain intact on the board demonstrating the selectivity of the
desoldering chemistry, The chemistry is highly selective toward both PhSn amd
snfAg solders leaving Cu, Auw, etc. on the board and BM components intact. Ph, 5n,
and Ag salis (typically oxides) are recovered in high purity (=95%% recovery ) and ane
resold, The bath chemistry can be loaded 1o over 250 g L', and both this chemistry
and the rinse water are recycled muliiple times. Tests of the desoldered chips show
that they are stll operational and thus may be rewsed, Alemoaovely, 1Cs may be
ground and the race PMs exiracted wsing leaching ar 30 °C for approximately
F= 10 min (depending on composition and thickness of Au surface), BM components
{primarily steel and aluminum) are also collected and resold. Aw, Ag. and Pd metals
are collected with =99%% efficiency and =99.9% purity via chemical reduction or
electrowinning and are sold. After nnsing, the bare WPCE may be shredded and the
Cu collected and sold, =99% Cu recovery with =99.5% punty was demonsirated.
Because no sobder or BMs are present, the value of these boards 15 Tar higher than
with competing technologies. The remaining chopped fiberglass may be used as
filler in, for example, cement [38].

Figure 1002 shows ATMI automaied desoldering, Au leaching, and Cu leaching
recveling pilot ine photo and Bowsheet, ATMI process does ool requing comming -
tion cost, there is no need for hazardous lixivians like cyanide or AR, low volumes
of chemicals are used, and moom lemperatune is sufficient.

Fhu et al. (2012} reporied that [EMIMT][BF4 ™| could completely separate ECs
and solders from PCBs ar 240 °C due o the hydrogen bond of [EMIM*|[BF47]
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Fig, 1.2 ATKI auiamated WPCB recycling piloa line (n) and Aowshest (b [38]

[39], Zeng et al, (2003) investgated the vileaton of water-soduble onic liguod
|BMIm]BF, in dismaniling ECs and tin solder from WPCBs as functions of em-
perature, retention tme, ad wrbokence [40] The results indicoted that approsi-
meately Y of the ECs could be separated ot 250°C, 12 min, and 45 rpm. This study
also reported that due i high efficiency and reusability of ionic liguids, [EMIm]BF;
dizmantling is more favorable than mechanical dismantling, when the capacity of the
plant is over 3000 ipd,

10.2 Base Metal Leaching

A large amount of BMs, such as Cu, Pb, Zn, Cd, eic., can be found in WPCEs,
Generally, leaching, as the first step of hydrometallurgical meatment, 15 o dissolve
the constituents of the e-scrap o form a pregnant solution by a switable lixiviant.
Acid lesching with an oxsdomt reagent i= widely vsed for the ficst-stage leaching of
BMs= from WHPCHs. The BM leaching, particularly, Cu, was generally conducted by
wsing sowds such as HpS05, HMOs, AR, and HCIO with vamous oxidants including
Ha0, Os, Fe™, and Cl.

Silvas et al, (2013} recycled WPCEBs with physical processing and selective
sequential stage keaching for Cu extruction: hrst leaching on Ho50y media (1 M,
L0 S/L ratio st 73 °C for 4 h) and second leaching on oxidant under the same
conditions with 240 mL of H20,, Here, H20s worked as reductant or oxidant agent
[41]). During all iesis, the pH was between 0 and 0.5 and ORP was between 2200 and
2E0 mW, In alkaline medin, HaOy 05 reductor and ot acid pH, o has oxidant behavior
{Egs. (10060 and {10L7), respectively) [41]:

Hah + 20H" — Os + HaO + 26" {—0L15V) (10.6)
Ha0: + 2H" + 26 — 2H:0  (+1.77W) (10T

I the presence of HzaOh and Ha50, peroxysulfunic acid (H2505) acts as a sirong
oxidant for Cu:
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Hy 500y 4+ HpOn — HaS0e 4 2Ho(0 (108}
Cu + Hy 505 — Cu™t + S’qu_ <+ H.0 [ 104y

Molecular oxygen obtuined from the increased mie of decomposition of Ha(k 15
adsorbed onto Cu surface. The presence of oxygzen on Cu surface improves the
comtact with HxS0, [42],

It is well knoem that three inorganic acids can chemically sitack metallic Cu in
the presence of dissolved oxygen (Egz, 10000 and 10011 High scid concentrations
provide an adequate amount of hydronium ions, and continuous stirming of the solid-
liguid mixture can improve the incorporation and dissolution of oxygen gas in the
ligquied:

2Cu + Oy + 4HY — 2H,0 + 2Cu*" (10,10}
For HCL, the following reaction can also take place:
4Cu + BCl™ + O3 + 4H' — 2H;0 + 4CuCl; - (10,1}

REeactions among BMs, HaS0, and Hp0s are given below along with Gibbs free
COCTZics:

Cu + Hy504 + HyDs — CuSOy + 2Ha0  AG = —77.% 1 keal/mol  (10.12)
Zn 4 Ha80y + HzDa — EnS0y + 2H:D  AG = — 127,965 keal/med (10,13}
50 + HaS04 + Ha00 — Sn80; + 2H:0  AG = —136.895keal fmol  (10.14)
Fe + HaS0y + Ho0y — FeS0y + 2Hy0  AG = —115.847keal/mol  {10.15)
Mi+ H: 50y + HyDy — MiS0y + 2H 0 AL = — 101234 keal /mod (10, 16)

In addimpon, HaOy s environmentally friendly, simee the fioal decomposition
products are oxygen and water. [t is easy o handle and is found in several indusirial
apphications. Compared o many other oxidant agents such as hypochlonte and
permanganate, HxOh docs not carry any additional or interfering substance caoept
Hz0 for the reaction system. The keaching in oxidant media aimed the Cu dissolution
since it presents high solubility in oxedant H250), media according with the Pourbaix
diagram. To understand and 1o analyze the results, Pourbaix diagrams can be plomed
for Al, 5n, Zn, and Cu-Ha0 system using Software HSC Chemistry 7.1,

Al the first stage, the leaching of monmagnetic fraction in Ha504 media was
camied out in order to remove impurity metals (e, Al Zn (in brass alloys), and 5n)
in the Co extraction. 90% Al 9% Sn, and 4¥% Zn were extracted. At the second
stage, HaS0y keaching on HaOs oxadant medio was performed o completely extrct
Cu along with Zn (60F% ). At this siage, the solution pH increased until 4. Co is
ineoluble i dilute HCT and Ha 500 acids due v ns standord electrode potential which
i= positive (+0.34 o Cufuty, although any solubilization can ocour in the presence
of oxygen [41],
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Lisinska et al. (2008) found that 5 M H.50, and 3% H.0s significantly
dissolved Cu ot 70 °C for & b leaching; bur, Fe, Zn, and Al dissolution were nof
substantially influenced by HoOh |43 Kinoshita et ol (2003 used two-step leaching
and solvent extraction for Mi and Cu extraction from WPCEs, Mi was selectively
lepched with 001 3 HMNO; solution in the Grst-step leaching at 800°C for 72 b with
QE% recovery. Remaining Cu was leached with 1.0 M HMNO; solution in the second-
step leoching at 90 °C Tor 6 b, Aw was recovered in fakes ot 9% punty insolids,
Solvent extraction with LIX9E84 and siripping with 4.0 M HNO; were used o
recover Cu [43],

Hydrometallurgical extraction of Cu has been well-established with regard o Cuo
ore, however, there is o flowsheer that could be applicable w recyele Cu from
WHCBs on the industrin] scale. Typically, Cu is dissolved in H.50y o produce
impure Cu-bearing pregnant solution, and then the pregnant solution goes through
solvent extraction o upgrade Cu purity. Eventually, pure Cu is obtained by further
electrowinning. A Ha50y leaching with H20; is shown in Egs, (1007 and (10, 1Bk

Cu” + HaO: + Ha504 = Cu?* + S0,% + 2H:0 (10.17)
Za® + HaOs + Ha804 = Zn** + 50,7 + 2H:0 (10.18)

In the study of selective leaching of valuable metals from WPCEs, it was found
that 100% of the Cu and Zn were leached out within 8 b by emploving 2 M Ha50,
and .2 M H2Ow ar 85 °C; meanwhile, 95% of the Fe, Mi, and Al were dissolved
within 12 h. Whereas Ph hod low dissolution rate in the H.50,-H-0- and
(MHs) 505 CuS0y-MNHOH systems, thus, the solid residue, mainly PhSC,
undertook Nall leaching solution o form PBCls, followed by a solid-liquid separa-
tion [44]. Devect et al. {20000 found that concentration of H,0: and temperatune
were the most significant factors through a 2° full factorial design [45], Yang ¢ al,
(2001 1) studied the cffects of particle size, emperature, and initial Cu concentration
with regard 1o Cu lesching, The resulis mdicated that the Gne particls (=1 mm} was
cfficiently treated, and temperature and initial Cuo concentration had insignificant
effects on Cu leaching [42]. Moreover, a negative effect was mentioned that the high
stirmng rate decrepsed the Co extraction, which could be ptiributed o the fact that the
increasing stiming speed caused Ha0h degradation [46],

In acidic =ulfate solution, even though H20O4 was extensively used as the oxidant
as mentioned above, it suffers from its remarkably high consumption due w s
decomposition and high temperature, Thos, femic on s regarded o5 an oxidant
aliernative because of its bow cost and regeneration [45]. The downsiream can be
purified by goethite and jarosite precipiation before electrowinning [47, 48],

An environmentzl assessment was investigated by Fogarasi ot al. {2003) o
evaluate two Cu processes which were the direct ebectrochemical oxmdation and
mediated clectrochemical oxidation using the Fe*/Fe™ redox couples [13]. Unfor-
mnately, there was o beaching data reporied. Furthermore, Yazici and Deveci
(2014} investigated the effect of feric ions on sulfate leaching of metals from
PCBa. The stuwdy indicated that high exiractions of Cu and MNi were obtained, and
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increpsing  temperature, fernc concentration, and acid concentration  positively
affected the metal extraction, while the increase of solid ratio was an adverse effect
on keaching of metals. The pddition of ar or H20s could maintain the high mtio of
Fe**/Fe?* [49].

HL 50 ~CuS0,-MNaZl system has atiracted avention ool only becausse of the ft
that chloride solwion has higher solubility and activity of metal compound oom-
pared with i sulfate phosse but also due o the advomtage of Cu ons, which means the
usage of Cu can avoid the contamination of Fe' and decrease the high cost when
Mz 05 wsed [50, 511 The mechanism in Ha S0y system 1s shown i Bgs, (10019
{100.23). Ping ct al. showed that in the electirooxidation conditions, the recovery of Ca
wis [0 within 3.5 h [50].

Cu + Cu?t = 2Cut 10,19y

Cu" +CI" =CuCl; CuCl+ Cl™ = CuCls [ 10.20)
4CuCl; ™ + Oy + 2H;0 = 2[Cu[OH), - CuCly | + 4C1° (10.21)
2[Cu{OH), - CuClz] + Ha80y = CuS0y + CuCly + 2H20 (10,22)
CuS0; + 5Hy0 = CuS0y - 5H,0 (10.23)

Further investigation was performed with regand o other metals such as Fe, Ni,
Ag, and Au by Yazier and Deveci (20013) [51]. The experimental results indicated
that the C1~ACu™ ratio is the influential factor for the extraction process. At 19 solid
ratio, more than 90% Fe, Mi, and Ag could be recovered with 58%, under the
condition of a €1 ACu™ ratio of 21 and 30 “C. Furthermore, the addition of oxygen
could increase the recovery of the metals even at a higher solid ratio [12].

In addition to Ha50y treatment of Co, other aods are also vsed, Kasper e al,
{2001 1y studied Cuo exiraction by using AR, followed by electrowinning. The material
fied 1 the acid Jeaching was a metal concentrate by the mechomical process
containing 6% Cu. Nincty-five perceni of the Cu purity was obtained on the
cathodes [52], Havlik et al. (2000} proposed a method that wsed HCL acid o leach
thermally treated by pyrolyed or bumed =amples. An improvement of the Co
extraction was accomplished, when the burning emperature increased, which
coitld be explained by the fact that Cu is released from the WPCBs and is oxidized.
AL the pyrolysis emperature of W00 °C, the highest exraction of Cu was achieved
because copper oxide was more efficiently leached out in a nonoxidizing environ-
rment than pure copper metal [53]. Kim et al. {201 1) eere highly interested inelectro-
generated chlomne im o HC acwd solution, The effect of cuprous ions amd leaching
kinctics of Cu from WPCHs were investigated. It appears that depression of cuprous
poms 15 helpful for incressing the leaching rate of Cu, which 15 due o the Gt that the
chloride generation preferably occurs in the anode [10]. Moreover, a comparnison
wins made 1o differentiate the perfommances o combined reaciorn, which coubd be
used as both the chlorine genersior and medal beaching, and in two separied reactors.
The resulis showed that current and temperature were of importance in eems of the
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kinetics of Cu dissolution and metal leaching, The generation of cuprous ions has a
negative effect on the leaching efficiency of the metals, Funthermore, it was observed
that the surface layer diffusion was the kinetics law of Cu dissolution, which meant
that from the viewpoint of kinetics, the rate control step of Cu leaching was the
diffusion of the hixiviant through the porous product layer [54).

In a recent study, Yazici and Deveci (2005) further studied cupric chloride
leaching of Cu as well oz other metals (Fe, Mi, Ag, Pd, ond Au) from PCBs, The
study showed that almoest complete extraction of Cu, Ni, and Fe was achieved over a
leaching period of 2 b at 79 mM initial Cu™ . Increasing the initial Cu concentration
remarkably enhanced the metal exiraction except for Aw. Increasing emperature and
oxvgen supply could also increase the extraction of Pd and Ag o 90% and 98%,
respectively, which could be attributed to maintaining the high ratic of Cu®*/Cu™ and
thermodynamically Favorable reaction between Pd/Ag and dissolved oxyvgen [55].

Pressure leaching of Cu has been extensively investigated in recent years dwe to
twr henefits: high concentration of oxygen in solution and fast kinetics [56]. How-
ever, o limited amount of Beraiore mentoned the applicaton of pressure oxidation
leaching in recycling WPCRs, In the study of JTha et al. (201 1), it was found that ag
15007 with 2 M HS0 and 15% HaOy under the oxygen pressure of 20 bar, about
07% Cu could be recoversd from the liberated metal sheets, which was pretreated by
organic =welling [37].

A chemical preliminary treatment using inorganic acids (HCI, HMNO,, and
Hz50) and organic EDTA and citrate was found necessary o remove Cu before
the Au can be extructed from WPCBs by Tomes and Lapidus (2016}, The effect of
auxiliary oxidants such as air, ozone, and HaOn was siudied. HCVeirate + HzOb
pretreatment achieved Cuo extraction more than %0%. In the second stage for Au
recovery with thiourea resulted in greater than 96 Au removal in | b In the
absence of air, for higher Cu extruction in 24 h, HCl was the best (1 M HCL > 1 M
HMO 5 = | M Ho50,). Air sparging did nod significantly improve H250, 1o beach Co
[36], Tomes omd Lopidus (2006} suggested two routes: Cu prefrestment with (0.5 M
HCl and air sparging during 6 h, followed by Au leaching {83%) with 0.4 M thiourca
solution at a pH of L5 for 3 b and Cu pretrestment with (05 M citrate omd 0.1 M
peroxide for 6 h, followed by Aw lewsch (9350 with 024 M thiourea for 3 h [36].

Selective Cu remowval using cupric chlonide (CuCl:) or ammonivm sulfate
{IMNH, 50y 0, solder dissolution with HMO5, and PM dissolution with AR con be
used, Monselective dissolution can be carried out with AR or chlorine-based chem-
iztry. In hydrometallurgical methods, large amounts of chemicals are used, generat-
ing huge amounis of waste acids and sludge, which have to be disposed as hazardows
winste, Furthermore, the overall process = very long and complicated. Processes
hased on sirong inorganic acids and Ha0. have been developed for WEEE with
Nuorobone acid providing vseful extracton from mixed stream, mcluding products
from pyrolytic processes [38]. Doe o oxidation and cormosion of equipment by acids,
Thiosullate com be wsed o o nomtoxie and low-cost reagent [59, 601, Liw et al, (20049)
firstly leached the crushed WPCB scraps in the NHyMHCO, solution to dissolve
Cu [61]. After the solution was distilled and the CuC05 residue was converted o
copper oxide by heating. After Cu removal, the remaining solid residue was then
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lepched with HCH to remove Snoand Ph. The last residue was used as a hiller in PVE
plastics which were found to have the same ensibe strength as unfilled plastic bur had
higher elastic modulus and higher abrasion resistonce and were cheap.

Some efforts were made in recyveling Cu by employing the Culll-amming com-
plex [22, 62 ]. Om the basis of the thermodynamic prediction, the oxidation-reduction
potential of CufMNH, ), fCuiNH,; ¥ was greater than that of CuiNH,)* fCu, and the
oxmlation-reduction potential of Coll¥Cu was greater than hydmogen poteniial,
which meant. in this case, that CuiNH;),"" could be regarded as an oxidant and
Cull) could be reduced w meallic Cu. The theoretical power consumption was
lower than the conventional electrowinning process. The resulis indicated that the
Cufll-amine comples had the positive effect on the keaching rate of Cu [22]. Chshi
et al. (2007 found that the Cu(l) amine contained the impurities, such as Zn, P, Mn,
and some Mi, in both ammonium sulfate and chloride sysiems. However, Zn, Ph, Mi,
and Mn could be removed in the seguent purihcation process by using LIX-26 (alky]
substituted B-hydroxy-guineling). The main impurity for Cu concentrate was Ph,
which was due to similar potentiol between Cu and Pb [62]. In sddition, the
application of ionic liquid was studied to recyele Cu from WPCBs because of s
outstanding properties, such as neghgble volatliny and high conductivity,

Dong et al. (20080 investigated the behaviors of [bmim]HSO, in leaching of
chalcopynte, The resulis suggested that [bmim JHEOy acted as an ocid and cotalyst o
facilitate the dissolution of chalcopyrite [63]. In the study by Huang et al. (20004,
[hmimH30, was further studied o recyele Cu from WHRCBs, Particle size, ionic
liquid concentration, H-Ck dosage, and sohd-liquid mdie, s well as temperature,
were considered as the parameters, It was observed that 99,95 Cu could be reached
under the conditions of 25 ml 80% (v ionic lguid, 10 mL 30% HaO5, 50 mtio of
125 an 700 °C within 2 retention howrs, Moreover, diffusion through a product Taver
wis the controlling step, using the shrink core model [6<4].

Table 10C] summarizes some of the previous BM leach fesi resulis and conditions
along with metallurgeeal performances,

10.3  Extraction of Precious Metal by Leaching

PM= have been uwsed n electric and electromic industies due 1o their excellent
clectrical conductivity, low contact elecirical resistunce, and comrosion resistance,
even though rare earths have stared parially replacing PMs in electronic industry.
Therelore, a large number of e-waste contan significant amount of PMs, particulady
Au, Ag, and Pd. It is of imporance 1o recyvcle PMs from e-waste. For instance, the
A content in WPCBs 15 35-50tmes higher than notural Ao ore [73], even though i
has been noticed that the Ao content in PCHs is decreasing. Exiraction of PAMs from
WPCBs, including leaching, purification, and recovery, 15 the second stage after the
recovery of Bhbs.

WPCEs have an inherent value because of the PM content, Eighty percent of
WPCRs intrinsic value comes from PMs, which is kess than 1 wi%. Pretreatment is
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of necessity prior o leaching of PMs from WPCBs including phyvsical and chemical
pretreatments. Physical pretreatment is io mechanically break and crush PCE scrap
after dismantling the ECs and then, according to the differences of physical charac-
teristics of metals and nonmetals, w use one of the methods, including pneumatic
sgparation, magnetic sepamation, screening, ECS, and electrostatic separation, to
obtain the enrichment of metals and nonmetals, Chemical pretreatment is oo dissolve
BMs such oz Cu, P, and Snoin solution, leaving PMs in residuee, and then o isolae
and purify PMs from the residue. The commonly used chemical pretreaiment is
HMO; prereatment or HaDOy & Ha50, prereatment. Figure 103 shows tvpacal
fowsheet of recovery of PMs from WHPCHs,

Hydrometallurgical processes enable selective recovery of PMs from resources
using pgueouns chemistry bosed on a vanety ot liziviants including cyvanide, AR,
thigsulfate, thiourea, and halogens, because of the stable metal complex formed,
Some of the above lixiviants are less oxic than others, Advantages and disadvan-
tages of above reagents were summanzed before in Table 5.4, The search for less
hazardous reggents continues today. Thioures and thiosulfate are candidates, as well
as polyhydric aleohol, ketones, polyether, or cyelic lacione [74). Table 1002
summarizes aernative lixiviants for Au leaching [T3].

——

Fig, 163 A pepical Bowslweer of PM mcovery fom WRCHs
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Senanayake (2004} summanzed a senies of equations o illustrate the mechanism
of Au complex formation regarding different lixiviants and also showed the linear
correlations of stability constants of  Aw(lj}-complexes. following the order
CN = HS =804 =SC(NH:=0H =1 =5CN =80:" = Br =CI [T5].

4Au + Oy + 2H,0 + SNaCN = 4NaAu{CN), + 4NaOH (10.24)
2A0 + Ha0s + 4L~ = 2Au(1)L;
+20H (L =CI".8,087,8C(NH:),)  (10.25)

280 4 Ly 4+ 217 = 2Auil)L, [L = ClLBr.L 5CHN.SC{N H:]:] [10.26)
Au+ 1.5L; + L~ = Au{lIlLy(L = CL Br.1) (10.27)
Au + Cu(IT) or Fe(lll) + 2L = Au{l)L; + Cu(l) or Fe(ll) [10.28)

(L = C17,8:0:*", 5C(NH;},, SCN~, NH.CH,CO0~, NH*CH{CH:) CO0O™ ).

Cyanide as lixiviant for Au has dominated in the mining indusiry for more than
one century for s advaniages such oz bas high efficiency, 15 an inespensive reagent,
iz used in lower dosages. is operating in an alkaline solution, eic. Most cyanide
leaching provesses occur al pH 10, becouse of the fact that cyanide 1on 1= sable o
pH 102, Below pH 8.2, cyanide exists as hydrogen cyanide {HCM) that is highly
volatibe, which resulis i cyomide loes and harmifulness of operstors” health,
Becently, the slow cyanidotion rate and severe environmental impact of cyanide
gokd leaching sccelerate the development of a substinae that is more effective amd
environment-friendly. Cyanidation principke is to dissolve Au and Ag of the WPCB
surface into the solution by alkali metal cyanide and then w recover Au and Ag by
reduction from the cvanide solution, Cyomide leaching 1= only effective w leach
AufAg at the surface of WPCHs, Aw'Ag found inside WPCBs is hard 1o dissolve by
cyanile process, Although cyamide leaching 15 sl dominant in the Au mining
industry, plenty of wasiewater confaining cyanide is produced in the leaching
provess, which 15 hormiul for both operators and  surrounding environment,
Cyanidation has a long residence time for production cycle due o slow leaching
rate, Therefore, metallurgical researchers have provided multiple noncyanide
leaching processes in recent vears, and some of these processes have made signif-
icant progress that they are almost w be used in commercial production, Currenly,
mare attention hos been paid o the study of several noncyanide leaching process,
including thivurea keaching, thiosulfate leaching, and halide keaching,

Thiouren, MH:C5MNH, 15 considered o most promising aliemative to cyanide
regarding leaching of PMs due o its fast leaching rate and nontoxicity. Thiourea was
first synthesized in 1E68, al=o known as sulfurzed orew 10s an organic complexing
agent with reducibility, being able to form white crystal of complexes with many
mietal oms, The thioures keaching s conducted ot pH = 15 following the reaction
shown s BEg. (10L28) The demernts of thwourea leaching are high cost and
conmsuimption because of s poor stability, Under acidic conditions, with the presence
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of oxidant {usually Fe**), thiourea and Au will form soluble cationic complexes.
Comparing with other leaching reagents, thiourea shows much poorer stability, Tt is
casy 1o decompose to sulfide and cyanimide in alkaline solution, and cyanimide can
be further converted i urea; and it is easy 1o be oxidized into disulfide formamidine
and elemental 5 and other vanous products in acidic solution. Therefore, iU's very
important o sclect suitable oxidant and the oxidant concentration so that Au is
oxilized as much o possible o the solution; bot, thiouren 15 oxidized o bk as
possible. Disulfide formamidine, as the product of the initial stage of oxidation, helps
o acceberate lesching mate, However, with the imerease of disulfide formamidine
concentration, it is prone to immeversible decomposition o generate clemental 5,
which will form a stable passivation layer on the sudace of Au particles, hindering
An dissolution. At the same time, a great deal of chemical repgent 15 consumed. That
is the main reason why acidic thiourea leaching has not been used widely amd
industrially up to now [17. 72).

Stability, process contrel, reagent recyelability, and economics are the outstand-
ing mwes for leaching method, Catalvine processes are being developed for Sn and
Ph. Electrochemical methods, microwave-cnhanced hiodigestion, and ionic liguid
extracton for PMs are under imvestgation. Becently, mechanochemial treatment
{MC} technology has been widely applied in exiractive metallurgy and wasic
treatment. In MO meatment, repeated froctunng omd cold welding occurmed w the
reacting particles during collisions with co-milling reactive chemicals. MC treatment
techiologies include MC leaching, MC sulfidization, and mechanical activation,
Mechanical activatiwon involves an increase in the reactivity of target substances,
which coubd promote the subsequent keaching process, MO echiology has been
applied to recover metals from fluorescent lomps, LCDs, WPCHs, CRTs, and li-ion
hatteries.

10.3.1 An Leaching

To our knowledge, the recovery technigues for BMs from WPCHs are mature.
However, recovery for PMs is stll improper in practice, There is a need for the
development of an approprigte technology for Au recovery trom secondary
respurces, which should have salient feamires like selectivity, high recovery, eco-
nomical, and eco-triendly even when operated under small-scole operation. The
techmologies currently available for the recovery of Au include mechanical, pyro-
metallurgical, hydromedallurgical, electrochemical, or bictechnological processes or
their combinations. However, most of these methods suffer from environmental risks
and from the need for exensive preprocessing of the materal, Hydrometallurgical
processcs have proven o be successful for leaching of Au from WEEE, bt the
recovery of Au from solution s ollen laborous, contoming several seps,

The recovery of PM can be accomplished only afier the BMs (e, Cu, Sn, Ph,
ete. pare mainly leached; otherwise, the process involves an excessive use of leaching
solutions due to the high BM content (e.g.. Cu > 15%). Theretore, preliminary sieps
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are required to separute PM from BMs and other complex materials present in the
WIPCBs. This is achieved by using efficient hydrometallurgical methods which can
extract the metals selectively, as in the cose of Cu recovery coupled with the
enrichment of Auw, However, there are siill issues that need 1o be solved, like
increasing the leaching rate and selectivity while reducing the reagent consumpdion.
Moreover, stringent environmental regulations have stimulated further research on
the recyching of WPCBs through environment-foendly and energy-saving processes,
Presence of Cu, Sn, and Pb has significant effect on the recovery of PMs. [t is well
known that the exraction of high-purity Auw omd Ag is nol possible of the solution
containg Cu. Furthermore, the dissolution of 5n and Pb (solder) is crucial in the
separation Au-rich ECs from the other parts of WPCB=, Besides, if the leaching of
Cu, 5n, and Pb occurs efficiently in the identified optimal experimental conditions,
then there i mo doubt that the most resctive BMs like Ni and Fe will be dissalved,
from the entire WPCH, wath high performances [ 14].

Hydrometallurgical processes for Au recovery from secondary sources involve
thres sages: prereatment, extractonfrecovery, and refining. Ao leaching can be
performed by using a variety of reagents which include HNO 5, mixiures of HNO,,
HCI, and Ha500: Ha S0 & HNO 5 + HaOy: agqua regaa; FeCls; thivuren; B =ocyanate;
K iodide and iodine; iodide + nifrite mixiure; thicsulfate; and cvanides [76]. Ao
lepching with Cu-catalyzed ammoniacal thiosulfae solution bas been extensively
giudied. Au recovery from thiosulfate solution studied less with cementation with Zn
or Fe powder and adsorption on O,

Thiveulfate keaching o recover Au from ores is known for several decades, It is
monioxic, nomormosive, as well as economical, Osygen carrying catalyst (Cu
(H N;].,"“:l is required. Thiosultete leaching has many advaniages over the
cyanidation process including higher leaching rates and less interference from
forcign ions. Potassium persulfate (K500 15 also nontoxic and strong oxidizing
ageni. Their decomposition producis like C0., H20, and potassium sulfate are
eco-frendly, Halides/chlondes are reliable, safe, nontosie, noncomosive, and very
selective. Consumpdion, reagent cost, chlorine gas, and special reactor requircments
are dissdvantoges, Tabke 5.4 shows some of the acids or coustic solutions ke halide,
thiouren, thiosulfate, and cyanide to leach PMs (Aw, cte.) from WHPCBs [T7].

10,311 Cyanide Leaching of Ao

Cryanide 15 the most commonly used conventional leaching reagent for Au and other
PM= from complex ores more than a century. Due o ioxicity and having serious
environmental issues, it use has been prohibited in many countries, Cyanide is
largely uwsed due to highly efficient recovery, low cost, and simple operation. The
mechanizms of cyanide leaching are the noble metals forming cvanide complexes
into the solution during keaching and the reaction for Au is given as
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4Au + $ON™ + 03 + 2H,0 — 4[Au(CN),| ™ +40H" (10.29)

Toxie cyanide keaching of Au bz been selecuvely vsed ino mining imdustry afler
the nineteenth century. Leaching by cyanide is dependent on cyanide concentration,
oxslonl concentration, emperature, pH, partcle siee, and other physcochemical
features of the leaching system. For example, magimum Ao leaching rate in cyanide
solution can be reached ot pH O 10=10.5, Cyanide = widely wsed as lixiviant for PM
recovery due to low cost. However, the environmental concems and toxicity to
humans have pushed the development of noncyanide lixivianis.

10.3.1.2 Thisurea Leaching of Aw, Ag, and Pd

Thiourea is an organic sulfide, whose crystals can be dissolved in water or acid
solution, and then could react with Aw'Ag w produce a stable cationic complex or
awrons jon. Thiowren 15 noncyamide, less toxic, and noncomosive, has less environ-
mental impact, and dissolves Au and Ag an faster keaching rate. But, thiourea is
regarded os corcinogenic (dee o low chemmcal stabiliny ) omd sensitive o the presence
of BMs {i.c., Cu, Ph, As, and 5b), which are present in WPCBs. The use of thiourea
i= mol an economical woy Tor Ao kesching due w s high consumption and cost,

The kinetics of Au dissolution in acidic thiourea solutions in the presence of a
variely of oxmomiz, nomely, HaOp, Fea(S8040, formamidine disulfide, oxygen,
Ma05, and Mn{Os have been studied by many authors [ TR ], Commercial application
of thiourea in Al recovery processing has been hindered due o the higher
consumption of reagents and complexity of the keaching system when treating
various oresfeoncentrates and different recycled marerials,

At 154 pm, 9% Ao and 50% Ag could be reached. Further size reduction
achieves full PM recovery., However, thiourea consumption is uswally very high
and 15 more expensive compared w evanide and thiosulfate hxiviants [T9], There ane
gtill a lot of challenges existing in PM recovery from WEEE. e_g., low total recovery.
In proctse, <20% of PMs recycling from WEEE hos been recovered, PM loss durning
prereatment and muliisiep leaching should be minimized in WEEE ircatment.

Li et al, (2002) examined the thiouren keaching of Au and Ag from WHPCBs as
tunctions of particle size, temperoture, and thiouren concentration, as well as Fe't
concentration. It appeared that the optimum condition for A leaching happened
when 24 g/L. thiourea and 0.6% of Fe** were used within 2 h. It is also provved thit
thiourea is less woxic and highly efficient [59], Bidoaga et al. {2014) found that 695
of Au was extracted under the conditions of 200 g L™ thiouren, 6 g L~ Fe™, and
10 g L™ Ha80,, as well as 600 rpm. Furthermore, under the same reagent condition,
a mulistage crosscument leaching wos vsed o reduce the consumption of thisures
and improve the efficiency of Au leaching from WPCEs [B0]. Yin et al. {2014)
compared thiourea leoching with iodine leaching of Au from WPCBs, [1 appeaned
thear 93.5% of Au was able o be leached out directly by iodine without preireatment,
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while thiouren leaching of Auw was cormied oot after Cu leaching, which resulted in
the high consumption of thioures [B1],

Thiourea lenching Au and Ag from WPCBs was also camried out by Xu and La
(2001 [B2], and the infuence of keaching time, reaction emperature, thioures
concentration, Fe™ concentration, and material particle size on Au leaching rates
were investigated. The resulis showed that Au and Ag leaching rates can reach
O0.9% amd 39.8%, respectively, under the best comditions, Ressarch by Wy et al,
(200 [83] also showed that selectively beaching Au and Ag from WPCH in acid
thaouren sedution is possible amd effective, The optimal lesching condition was 571,
1/10; N, 300 rpm; T, 20-25 C: ¢, 1 h; thiourea concentration, 12 g L™'; Fe'*t
concentration, 08%; and pH = 1.5, The leaching vields of Au and Ag were 91,.3%
and 30.2%, respectively. Results of the experiment of leaching Au from WPCBs
with thiowrea showed that suitable 1e.1:n:hinE conditions are a5 follows: 54, 155 T,
A5 °C; thiourea concendration, 10 g/L: Fe™™ concentration, 0.3%; H.530),, concen-
tration 3%; and £, 1 h, Compared with cyanide leaching, thiourea leaching Au has the
advantages of quick leoching kinetics, low toxicity, high efficiency, environmentally
fricndly. and less interference ions [34). Commercial application of thiouresa
leaching has been hindered by the following fctors [85]:

= Inis more expensive than cyanide,

= iz consumpdion in Au processing i= high because thiourea i= readily oxidized in
soluition.

* The Au recovery step requires more development, However, il was implied that
the high costs attached o leaching are likely due to the thiourea process still being
in om inlamcy stage,

Bamasan ef al, (2018) used sequential high-pressure oxidative leaching (HPOHL)
(C: 1 M HB0,, T 120°C, P 2 MPa, N 750 mpon, 6 300 min with Oy gas fow) and
thiourea leaching (0.5 M < H.50; < 4 M; 025 ¢ L™ « thiourea < 20 g L™;
DpL ' <oxidam < 75gL 25 °C<T<80°C: lh<t<10hm50gL"" pulp
density and N 50 rpmp. After HPOL, the significant amount of BMs reacted with
dilute Ha50y sodution (e, Cu recovery was 99.3%, Zn 96%, Al B1.6%, M B2.7%,
Cio 34%, Mn 71.4%, and Fe 63.2%). Au, Ag, Pd, Pb, and 51Ck remained in the solid
residue due 1o HPOL conditions, The use of oxidant {Fea(50):) significantly
increases Au and Pd dissolution. Increpsing the Fe'* oxidant concentration to
5 g L' significantly increased Au dissolution {from 18% 1o 68%) and slightly
increased Pd recovery (up to 7.1 %) but reduced Ap dissolution (down to 16%0 | T48].

Fe™ oxidant enhances leaching [TE]:

Au + 2CS(NH:), + Fe** — Au[CS(NHz),], " + Fe** (10,30)
Pd + 4CS[NHz), + Fe’* — Pd[CS[NHZ).], " + Fe** (10.31)
Ag + ICS(NH3), + Fe'" — Ag[CS(NHy),|," + Fe™ (10.32)

Further increase in oxidant in the thiourea solution sdversely affects the
efficiency of PMs due to oxidation of thiourea to form stable ferric sulfate
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complex and formamidine disulfide, which mpidly decomposes o thioure,
cyanimide, and elemental sulfur as follows:

Fe'* + 8047 + SC(NH, }, = [FeSO04,.5C(NH, ), )’ (10.33)
28C(NH,), + 2Fe™ = (SCN;Hy ), + 2Fe®t + 2H* (10.34)
(SCN;H;), = SC{NH; ), + NH;CN + § (10.35)

Low Ag dissolution is related to the formation of insoluble thiourca complex and
silver sulfide (Ag:5) under the oxidation conditions:

2Ag + (FeSO.SC(NH;). )" = (Ag;S04.5C{NH;), )" + Fe*? [ 10.36)
2Ag+ 5 = Ag,S (10.37)

The effect of thioirea concentration on Aw, Ag, and Pd dissolution is important,
The muximum dissolution efficiencics of Auw, Ag, and Pd were 91%, 31%, and
11.9% at thiourea concentration of 12,5 g L.™". Occurrence of formamidine disulfide
[SCMHAby 15 beneficial for leaching PMs [TE]. The use of appropriaie concentr-
tions of thiourea and formamidine disulfide resulis in an increase in the leaching of
M=, which con be expressed as follows;

2Au 4 28C{NH; ), + (SCN3H;), + ZH' = 2Au[SC(NH,)|,* (10,38}
2Ag + 28C(NHa), + 2(SCN:Hs), + 4H* = 2Ag[SCINHa)|,"  (10.39)
2Pd + 45C(NHa), + 2(SCNaHy), +4H™ = 2Pd[SCINH, ), |, [ 10,441}

Ag.S + 68C(NHa), + 2H* = 2Ag[SC{NHa).],” + H:S (1041}

These results indicate that the formamidine disulGde (SCNHz b prodoced can be
hencficial to the efficiency of leaching of PMs under precisely optimized leaching
conditions, It s noweworthy that, with addivon of thioures, the pH of the leaching
medinm does not change remarkably, whereas the redox potential in the medium
falls from W67 1w 043 ¥, The varatons of the redox potental with addivon of
thicuren and oxidant show completely opposite trends, which are probably related to
oxidation of thivurea o form a ferric-thiourea complex and formamidine disulfide,
respectively.

Thicurea leaching under the optimized conditions (Ha50y, 1 M: thiourea,
12,5 g L' oxidamt concentration, 5 g L™"; pulp density, 50 g L™' T, 25 °C; N,
500 rpm; & & h) was several times faster and could take place under ambicn
conditions, compared with the conventional cyamidation process that 15 carmed oul
under alkaline conditions (9.5 < pH < 12} at temperaiuwre between &0 and 95 °C
durng 24 b in the presence of oxygen, These resulis suggest that PMs, especially Ao
and Ag, present in WPCE ash samples can be effectively recovered using such a
sequential leaching procedure [TE] They found the following resulis:
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+  Home BMs present in the WPCB ash sample were effectively extracted via HPOL
with dilute H530 solution, including recovery of Cu, Zn, MNi, Co, Al and Fe of
W 545%, o 0%, B2, 7%, B4.0%, 81.6%, and 63.2%, respectively.

* The optimized thiourea keaching process dissolved 100% Au, B1% Ag, and 13%
Pd from the WPCB residue sample alter HPOL i acidic thiouren solotion,

*+ Higher oxidant conceniration played a vital role in leaching of Ao and Pd bui had
o deletenous effect on Ag leaching in thiouren solution,

* The cfficicncy of dissolution of PMs strongly depended on the concentration of
both thioures amd oxidant i the keaching medivm,

10.3.1.3  Thivsulfate Lesching of Au

Several studwes highlighted thiosulfate lesching of Au, Thiosulfate keaching s
operaied in alkaline condition to prevent thicsulfate decomposition [#6]. Thiosulfate
has bow chemical stabiliny omd low metal recovery, A typreal noncyamide hxiviant 1s
ammoaium thiosulfaie which is nonmtoxic and economical; but, Au recovery rates ane
low. Cu*? can be used as a catalyst 1o enhance the recovery:

Au + 582007 + Cul{NHa), ™ — Au(S:04)," + Cu(8204),>
+ 4NH, (10.42)

There are two kinds of thicsulfate commonly used in leaching Au: one is sodium
thassul lte; the other 15 ammoniom thiosulfae. Ao and thiosulfate will form o stable
complex with the presence of oxygen. Thiosulfate 15 stable in alkaline mediom,
because werathionate, the oxidation product of thiosulfage, will wen into thiosulfae
ngain under alkaline conditions in about 60%. But, the pH of the solution cannot to
be 1o high; otherwise it is prone o disproportionation reaction twming thiosulfae
i sulphunzed form. Thiosolfae leaching hos the advantages of high sebectuvity,
nontoxic and noncorrosive. The principal problem with thiosulfaie leaching is the
high comsumpiion of reagent dunng extroction. Uiz reported a loss of op o 505 of
thicsulfate in ammoniacal thiosulfate soluwtions containing Cu. High reagent con-
sumption renders most thivsullate systiems oneconomical overall, in spae of their
potential environmental benefits.

When thiosulfate s combined with Au, a complex formation occurs, ie.,
aurothiosulfate [Au (S:U,]:3'| which is accountable for the Au recovery as shown
in Eg, {1043k Copper sulfate was used as catalyst and oxidizing agent in the
solution which forms a stable cupric tetrp-amine complex when reacts with ammio-
i, which stabilizes the aurothicsulfate complex [7a]:

4AU + 85,057 + Oh + 2H,0 — 4A0(5:0:),% + 40H (10.43)
Au + 58057 + Cu(NH3),*" — Au(S20:)," + 4NH,
+ Cu(S:;04),> 1044
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The cupric tetra-amine complex wons gel regenerated by reaction between
dizsolved oxygen and CuiS:04)" as per reaction (Eg. 10450

Cu($205)," + 4NH; + 4 02 + %2 Hy0
— Cuf{NH;),** + 38:0:*" + OH [ 10.45)

In addition o above chemical reactions, some other degradation reactions o
l::lr:ll]'li:Jnm': oceur; Bg, (10460 shows an oxadation reaction, which s promoted by
the Cu®* ion [S8, 77]:

2Cu(NH; ), " + 88,007 = 2Cu(5:0:)," + 8NH; + 5,047 [ 10.46)

By maintining the ugpm]:lriu!l: comentration of ammonia ond thiosul e, the
conversion from the Cu™ 1o the Cu™ state can be controlled to obiain efficient
leaching of Au. In this case Cu plays the mole of catalyst dug o the redox reaction
between the Cu™ and Cu* state.

Ha et al. (2004) optimized the thiosulfate leaching of Au from WPCBs of
discarded mobile phones, The optimum condition was identified as 72971 mM
thicsulfate, 10,0 mM Cu™, and 0.266 ammonia for 2.395 x 107" molm ™ “s7" Au
leoching [77], Trpathi er al. (2002) achieved 56.7% Au mecovery with 0.1 M
[(NH4}:5:04] and 40 mM CuS0, promoter at 10 < pH < 105, 10 g L' pulp
density, M 250 rpom, and £ B b [Tl Ha et ol C30000 alse performed ammonia
thiosulfate leaching of Au from waste mobile phones in the presence of Cu™, which
oxidizes thiosulfage, They achieved 90% Au recovery in 1B from PCBs containing
0.12% Auw in the feed |59].

An evaluation [B7] was conducted o compare thicsulfate with cyanide amd
HMNO 5. Mearly 65% of Au was keached in the cyvanide solution, and almost 1005
of Ag was leached in HMNOh solution, However, in the case of thiosulfate leaching,
only around 15% Aw could be exmacted, which gave o negative indication of
thicsulfate leaching of Au. Further, in this study, it was suggesied that the presence
of Cu dons promoted Ao extrsction in the sodivm thivsulfate system, Ficenovi et al,
(200 1) found that 98% of Auw and 93% of Ag were recovered from prefreated
WPCBs under the conditions of 0.5 M (NEL 504, 022 M CoS0,-Hy0, and 1 M
WH, at 40 °C afier 48 h. Up o 90% of Pd was also extracied by leaching in AR
solution with 2 b [B8], Ha et al, {2000) reported that 8% Au could be recovered
using & solution containing 20 mA& Cu, 0,12 M thiosulfate, and 0.2 M MH, [89]. The
reaction happening in the thiosulfate leaching is shown in Eq, {10042},

Recovery of Au from WPCBs was camied out heated 1o boiling with 2065 (wiv]
aqueous potassium persulfate in 20 min. Peeled Au is seiled as sludge and filvered,
wished, dried, and melted with borax and KNGy [90], Persulfate ion (52047 ) is one
of the strongest oxidizing agents. Under mild conditions, persulfaie bivalent ions
vield radical anion S0, thal appears 1o be very effective e-transfer oxidizing agent
and dissolve all BMs (Cu, Ni, Ag. ete.). Afier the filtration, BMs and sulfate salis are
recoverad. Becovered Au purity i= 99, 5%,
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Lhang et al. (2017 studied o mechanochemical (MC) process in a planetory ball
mill for effective recovery of Cu and PMs (Pd and Ag) from e-waste scraps
[91]. Results indicated that the mixture of K520 and MNall was the most effective
co-milling reagents in terms of high recovery rate, Soluble metallic compounds are
produced afler irestment with dry ball malling and consequently benefit the subse-
quent keaching process. According o the above discussion, possible reactions that
oveurned dunng ball milling process ame expressed os the following reaction;

K:S205 + 2NaCl + oM — (ball milling) aMCly, + K280, + NSOy (10.47)

WM = Cu,n=1amd 2 (two repctions (or Cu),
IFM =Apg. n=2
M =Pd.n=1.

After co-milling with Ka5204MaCl, soluble metallic compounds were produced
and consequently benefin the subsequent keaching process, 99.9% of Cu and 95,5%
af Pd in the e-wasie particles could be recovered in (.5 M dilwed HCLin 15 min. Ag
wias concentrated in the keaching residue as AgCl and then recovered in | M NH;
solution,

The bebavior of cathodic process of leaching Au with thiosulfae has been
investigated by Jiang [9Z]. Results show that ammonia reacts with Au lons on
anodic surface of Au: the formed AulNH; " is substinuted by S.00." after eniering
solution 1 form more stable Au(50:F5 . The kinetics of sodium thiosulfate
leaching of Au was sudied by Moore [93], and the results show that it has lincar
relationship betwesn Au solubiliny and temperature when lemperature 15 between
45 and 85 °C. Take into account that thiosulfate will be prone o decomposition at
high remperature; the suitable emperature is between 65 and 735 C. The kinetics of
clectrochemical reaction of thiosulfate keaching under ammonia mediom was
researched by Heath [94]: results show that leaching rate depends on the concentra-
tion of thiosulfate, Cu®*, and ammonia. The higher the concentration of reagents, the
faster the leaching reaction goes. Yen (2008) [95] found that the dissolution of Cu
minerals is the main reason for the increase of thiosulfate consumption, Thiosulfate
leaching process, whose solution is an ammoniacal solufion, is suitable for handling
Au mine rich of alkaline components, especially for Au ore or Ao concentre
comaining Cu, Mn, andfor As which is  sensitive o cyanide leaching
[17] Tabke WL shows summanes of previous PMorecovery study test conditions
used and recovery rates

103,14 Halide Leaching of Au

Halide leaching includes chlonde leaching, bromide leaching, and wodde leaching,
Their common merits are high leaching rate. Au forms both Au® and Au™ com-
plexes with chlonide, bromide, and iodide depending on the solution chemisiry
conditions. Unly chlorne/chlonide has been applied indusinally on a significant



2449

1.5 Extrsction of Precious Menl by Lenching

i paan]
Pl LG
[l oy [
TR | weG Y BERE o D | S TR e T Tt ] e i - ApAp-EHE] wn g s Sg A
] fFH
T B umjig 0% SO0 G4 VIS SONH 45 Smipot g Ll | SHOdW
LHE S0 T AL 00 TS W E
[26] T 3wy Al | Doued SORH dpz— R = FIR0[TE e g Jnpa g0 7 | Py L R S T s N )
By iy S oo gy |
[l w32 rp Y Bl o T Sy usHa T g 4 P eamony A Fg TN ], SHOA M
2. 8711 HA R0 T T = Fopl + TEEYNIS
S, AT+ EEHNISDINT = 3] + SEHNISE + 0y T
[l BUEKL Sf ] Lol M)
T8 ¥ RO Wy 565 | T ) o0 oy TOSTH WE 01 L 1R O mamenp L@ 07 | NS e i g sund 6 0d
Ty Bilw e | q 70D, 09 FOSTH N SO0 Ul iy jy <o Buyaea) Ty .
my Hiw 7y g 0 o i TOSTH W oo STomgea) ny
[16] U+
i b Ty e (i A 0 N O [ —ED SUSUMOTY [y 0 AL f EH L _nnnmr.m sapaind sf e,
el g sy e g g T 00T
Sy T L NOSTH W S0 g 1 9 eamon R OF e ny
[rxe] 4 g o g
i i elnogmgg my R EE | I SR 08 = L > 6T SR G+ FOSTH I oo iy | menong) POty wm g | sapaund sp0g M
3. 5T 01 < WA L0 23csE = ¥ Jop SO
N¥/_HOF + (_NDIWWE = OFHZ + 50 + _NDB + %'¥
(] BE IS FY LTS e [igm
I b gy LOgp Ny | Sumaea) munpeo dep sgodw 53 oz vop el @ | oy ol Nomw | e pprg-pr | sapaund S0
SRMEALNAY B TR REH | saedspdnsnuapEEuoe Ty | STUadea Juaa e e A | [RUAIRE Wy

sapny Bumyaea) pmam snozaxd snowsad e deoumg, g apgeL



1 Hydrometallurgical! Agueses Recovery of Metals

250

[l ' ey oy LRk HId
_ nvmERL| i sioum o sspoed soogd o fug A0 HIA
[l g g o e gy oy Sl dind 18 o ton > Hd = ayEpnsany) [
e 5 pgiedi g, L TN uaeiesd FOSn Ty N O TEORSTEHRIT W 1D LTI | RHHATLY W - | s g0 4
EITRTTTITET
a7 i i Bunog op pegesy svejpnaad seanhe (ae) g “URY PRy
L] padg Y LR ume o 3 e a0z Fenpad wsa fooda poe oy AN pagsmaly HdA,
it Qs |

D i g o vy mBar enboy py o apea) pyg cy

T O T e I

LR 9 e CHY THN + OFHETOSON £0 + TR ST HAD

Pd b W 0 ) By oy g

s (g iy 10, 8T Swjpnsoy
Ty dnfn | 0T 0 A ST DT Suoin|ossp g pue g ‘T AWMLY

J. 08

ol L g oy we R — YR FOSTHING = SOTHING D
BLECRE TS Wy lih SAlEPIRO SUGImORER IR Y R CUE N0 Y A ROSTH wH g - . SH M

J. 06

Pel 20HML O IOH WS OIDRN A S0l S0RH A Sl e P

28T g e O ) SP0stH 1E o)

M 200 | VR g SEYN S sy LE T sy By g my

[1t] e 1a 2.5T
QunEEE|ag L WO e o T 1T Oy o e B Ty T E I T | T T B o 0 P L) e 7= e s
ERME Y SR AR sodspdnsnumpsuenmen ) | ST s e A | [RUAIRE T

{panuneaa g AqEL



251

15 Extrsction of Precious Menl by Leaching

Do ST 101 THA R0 T AT T Sy o0y

AOFHG + MONE = FIO0YHE = SONH = 12H11 + ny B |
[eol bge_rg oD
‘| 12 Fuwigg IMIFH 58 d M
(i HRLRE T 4l ] FEEH__.._._U.,?EEE..: =iy
eaouang | By s Iy le | S Hd THM |+ OFHSTOSI0MW 0 # SO0 HN Y S0 LNIEHMANLTY HIdM
2. $TUII-8
THA A BE0 OV RLTO- L FNLRE = N Boll_SRORE)n] . s
I o L 2l w Tt R 0 O T L
A 2o 2jgopy
L sl (it ey pnsong)
(Lol ' mp | qomn 01 * GAET | N CRIUDSINGIR W GGT°0 1, N0 WU I SATRINSOm YR | E0 TR, HondA
2 ST gy
soi=Hd=pog s
i UGG [y ) PUR SIS Y 710 oD g 0F UL




252 1 Hydrometallurgical! Agoenes Recovery of Meials

scale of the halides, But, chlonde keaching requires special stminless steel and robher-
lined equipment i resist the highly comosive conditions. The vapor presaure of Bris
10 kPa at 0 °C and 28 kPa at 35 *C. Special equipment is required for safety and
ealth risks in Br leaching process, and that restricts it from indusirial application
(101 ], bodide leaching hos the Tollowing advaniages:

# Chuick leaching kinetics

¢ Crood selectivity, less keaching of BMs

* Easy w regenerate ipdide, iodine being reduced while recovering Au in anode
region

= Mo cormosion, for iodide leaching in a weakly alkaline medium

¢ Mo oxiciy

Moreowver, the complexes formed by Au and iodine are the most stable complexes
tormed by Au and halogen | 103]. Besearch on iodide leaching Ao from discerd
PCBs was carried out by Xu et al, (20000 [98], According o the result, the rational
parameters for wodide (17) leaching Au are 1.0-1.2% indide concentration, mil;): o
{17y = L8 = 1:10h, 1-2% H-0, concentration, keaching time 4 h, 5L: 1710, leaching
Au ot normal emperature (25 “Ch, omd solution pH 7. Au keaching rote can reach af
about 93%. Iodide leaching is a promising technology in noncyanide leaching
provess, However, wdide keaching consumes a great deal of reagent, amd odine 15
relatively expensive, and cfficicncy of clectrolyiic deposition of Au needs o be
improved, All these problems must be solved before iodide leaching Au is applied in
industry.

10,315 Au Leaching by Electro-generated Chloring

Chlonne generation from HC acid solution can be represented by the following
reaction | 10]:

Anode : 2017 — Clafelectrode surface) + 20~ E" = 135V [ 1048

The Clz gas by Eg. ( 10.4E8) dissolves in water as follows (where Log K, _3 being
the equilibrivm constants at 23 “C)

Chig) — Claiag) Log K5 +cy = —1.21 10.49)
Cly(ag) 4+ Hy0 — HCl + HOCl  Log Kyas o, = —3.40 (10.50)
Cla(ag) + €I~ = Cly~  Log Kyas -y = —0.71 (10.51)

The dissolution of gold takes place as

Au + C1™ + 3/2C1;(ag) ~— AuClL (aq) AGs -c = —27.04kecal/mol (10.52)
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Au + 3/2HCIO 4+ 3/2H 4+ 5/2C1" = AuCL ™ (ag)
+3/H:0  AGy o
= —33.29kcal /mol (10.53)

where G s the Gibbs free energy change at 25 “C. The dizsolution of Cu con be
cxpressed as follows in Cla media:
Cu 4 Clyjag) «— Cua® + 201 AGhs « = —36.69keal /mol (10.54)

Ot + Cu+ 2C17 — 20uCl  AGhs -¢ = —4.87 keal fmol (10.55)

Thus, thermodynamcally the reoction of Cls with Cu (Eg.o 10.54) = more
favorable (bower AG valwe) than that of Ao (Eq. 10.52), whereas the feasibility of
reaction of hypochborows acud (HCIO) with Aw iz higher (Eg, 10,54 ) than the resction
with Cla (Eg. 10L52) under the same condition. In the presence of Cls, Au and Co
dizsolve w form Aw(l) and Cully, Colll) chlorde complexes, AuCl™, Cull",
'E‘LHZ'I_F", and Cwl”l which is evident from the poiential Eh—pH [ 101].

Kim et al. {200 1) investigated the selective HCI keaching of Au, Cu, and MNi from
mahile phone WPCHs by electro-generated chlorine gas a= an oxidant and s
recovery by ion exchange process using Amberlite, Leaching was carried out af a
separate mixed leaching reactor connected with anode compartment of an eleciro-
Iytic cell for Clz generation, Au leaching increased with increase in temperature amd
il concentration of Cly and was favorable even at low concentration of acid,
wherzas Cu leaching increased with increase in conceniration of acid and decrease in
emperature, oo two-stage kaching process, Cu was mostly dizsolved (97%) m
165 min at 25 “C during the first-stage beaching in 2.0 mol L' HCL by electro-
generated Cly al o current density of 714 A m ~ abong with a minor Au recovery
{3%). In the second-stage Au was mostly leached out (R: 3%, ~67 mg L™") from
the residue of the first stage hy the electro-generated Cly in 0.1 mol L' HCL Au
recovery from the keach liquor by jon exchange using Amberlite XAD-THF resin
was found to be 95% with the maximum amount of Au adsorbed as 46,03 mg g '
resin. A concentrated Aw solution, 6034 mg L~ with 9%.9% purity was obtined in
the ion exchange process [10].

10,3, 1.6 Agqus Hegis Lesching of Preciows Metals (Aw, Ag, and Pd)

Park and Fray {20060 proposed a process of recycling high-purity Phs (Au, Ag. and
Pd) from WPCBs uwsing AR, Optimuwm 5/L ratio was 17200 g/fmL and beach time 3 b
A, A, and Pd recovenes were 97%, 98%, and 93%, respectively, In this study Ao
was recovered as nanopariicles o improve the value. Ag is relatively stable in AR;
son, 1 remaaned unrepcted due w the formation of AgCl black sudace which prevents
Ag dissolution in AR. Pd forms a red cubic structural precipitate (PA(NH, 2Ol ) with
AR, Zn dissolved in AR helped Pd precipitation. A solvent exiraction was emploved
to selectively recover Au, where toluene, dodecanethiol, and =odium borohvdride
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were used. Extrocted Aw weoas converied to nanoparticles (round shaped: 200 nmi)
[104]. However, the application of AR in extraction of PMs is limited in a lab scale
becouse AR is strongly oxidative and cormosive, and the waste water from leaching is
1o acidic to he dealt with [ 1002],

10,3.1.7  Comparison of Yarious Leaching Processes

A one of the most popular methods for multi-criteria decision-making, the three-
seale analytic hierarchy process (AHP) has been successfully applied w determing
the weight of evaluation indexes of different leaching methods by Zhang et al.
{20020 [17]. Tahle 104 shows basic scores of different evaloation indexes of varions
leoching methods along with final AHP leaching scores, Seven keaching technolo-
gics mentioned above are technically feasible. However, in order to develop an
environment-friendly wechnmgue for recovery of PMs from WPCBs, we should pay
more attention to evaluating the environmenial impact of technigues. A critical
comparison of above keaching methods 15 analyeed based on three-scale AHP, The
analysis shows that cyanide leaching gains the highest points for its good economic
feasibility and research level, But, when the toxicity of reagents is taken into
account, it is an inevitable trend tor noncyvanide leaching to replace cvanide leaching.
With further research, thicurea leaching and iodide leaching are both likely o reduce
the cost of the process and o0 be more reliable in technology, so as to replace cyanide
leaching [17].

10,318 Silver {Ag) Leaching

An oxidative H-50, leach dissolves Co and part of the Ag: an oxidetive chioride
leach dissolves Pd and Cu; and cvanidation recovers the Au, Ag, Pd, and a simall
amount of the Cu, To recover the metals from each leaching solution, precipitation
with MaCl was preferred to recuperate Ag from the sulfate medium; Pd was exiracied

Talle Med  Bases and final scores ol dillement evaluation mdexes ol vas eaching methods

| 'F.,umnrﬁi..,: . H:mlrch |

| Ecomoans: brasibiliy il leviel
Leaching | Leaching | Reapent Lenching
method | eate I | Cormalvity | Toxiclty | Relisbility ] care
Cyanide |3 |8 B 10 IS | 446
Agjua regiey i |4 | 3 5 (344
Thismrea [4 4 4 4 4 4.0}
Thiosulfate | 2 |2 5 4 2 271
Chioride | $ 4 L 13 14 R
Bromide 5 2 z 3 P 215
lewlicle 3 ] E I k3 ird




1% Extraction of Precious Metnl by Lenching 235

trom the chloride solution by cementation on Al and Ao, Ag, and Pd wene recovered
from the cyvanide solution by adsorpiion on activated carbon, The optimized
Aowsheet permitted the recovery of 3% of the Ag, 5% of the Au, and 99% of
the Pd [103].

Ini i less concentrabed Ho500, Ag metal is cather inert when oxsdomit is absent. The
possibility of leaching Ag increases in a H:50, solution with higher acid concen-
ration al ebevated tempersure, eg, B0 °C, and Ha50, may reoct with Ag as
covalent molecules sccording to

2Ag + HaOs — Ag.0 + Hy0O (10.56)

The redox reaction is more easily happening in concentrated H:50; (such as
On%), When Ag is already oxidized or oxidant is present during leaching, Ag is
reacting with Ha50y following aliemative procedures as [24]

2Ag + HaOy — Ap.0 4 HyO [10.57)

Ag 0+ Ha80y — Ag, 50y + HaD
(K : 1.2 % 10 *and solubility 26 25 C 8.3 g L™ in water)
(10.58)

Fhang and Zhang (2017} used MO process for effective recovery of Cu, Pd, and
Ag from e-waste. They vsed planctary ball milling with the mixiure of Ka5:0
(oxidant} and MaCl(1:1 ratiod at 600 rpm for 3 b Using diluted HCL, 99.53% of Cu
and 95.5% Pd wos leached in 15 min, Then Pdill) wos separated from BMs by
solvent extraction, 94, 7% of Ag concentrated in the residue as AgCl was leached
with 1 M MNH; and recovered after hydrazine hydrate reduction [91].

10.3.1.9  Palladium Leaching with CuS0y + NaCl and Extraction
with Diisoamyl Solfide (S200)

Oiher thon Av and Ag, Pd s also considersd as o valuable metal w be reeveled,
Fhang and Zhang (2014} proposed the process o recover Pd, including enrichment
and dizolution of Pd and extroction and siopping of Py, Co was leached oul i
the solution of Cus0y and NaCl. An environmentally benign, non-acid process was
sucpesslully developed for selective recovery of Pd from WPCBs [105], The overall
reaction was shown as Eq. (10.5%9]):

Cu+Cu** +2C1° = 2wl [ 10.59)
When the ratio of [Cul/[Cu®*] was more than 1.4, Pd was leached out along with

CulCl, Therealter, Pd was furher dissolved in the soluton of CaS0y and NaCl,

where the ratio of [Cul/TCo*] was less than 0.9, The reaction of Pd dissociation was
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shown as Eq. (160), Disoamy] sulfide (3201) was applied 0 extract 99.4%
Pd from leaching solution: then a iwo-step stripping was accomplished using
dodecane with (0.1 M NH;. Therefore, %% Pd was obtained with neghigible
effect of Cu ions

0.5Pd + Cut* + 4C1~ = CuCly~ + 0.5PACL*- (10,60

Provess hos three stages: eorichment, dissolution, and  extroction  amd
stripping steps. In the enrichment step. Culu™ = 1.4 and in the dissolution
stage, Cuw/Cu® = 0.9, Cu is removed as CuClis) after filtration. The dissolved
Pd was then extructed by diisoamy] sulfide (5201, It was found that 99.4% of Pd™
could be exiracted from the solution under the optimum conditions {1085 5201,
aquesusorgame (A mate, 5 and 2 omin extoction), In the whole extraction
process, the influence of BMs was negligible due o the relstively weak
nucleophilic substwtion of 3300 with BMI irons and the strong stenc hindrance
of 5201 molecular, Around 99.5% of the extracted Pd™ could be stripped from
S201Modecane with 0,1 mol L' NH; after 2 two-stage stripping a1 A/O ratio of
I. The total recovery percentage of Pd was 96.9% dunng the dissolution-exiraction-
stripping process, Therefore, this study established a novel, benign, green, amd
effective process for selective recovery of Pd from WPCBs without corrosive acid
or strong oxidant utilization [ 03],

10.4  Full PM Recovery

In the gold mdustry, Au s recovered from Av-nch leoching solution by carbon
adsomption,  following  precipitation  with  #n dust  or  elecirowinning
[106, 107, Behnamifard et al, (2003) proposed the Qowsheet imvolving o two-step
H-%0, keaching, acidic thiourea leaching with Fe™ ions, and HCl-MNaCI0-H 0
leaching, as well as precipitation with sodium borohydride (SBH), Approximately
9% of Co could be recovered. [t was found that 84.3% of Aw and 714% of Ag
could dissolve in ackdic thiounea with ferric ions, while Pd could not be dissolved in
thicurea =olution. In this study, SBH was used as o reducing reagent o selectively
precipitate Au from Ag. The optimal precipitation of Au amnd Ag occurred at g/,
SBH m 15 mun [67].

10.5 Brominated Epoxy Resin (BER) Leaching

In the last years, the recycling of WPCBs has increasingly been taken seriously for
two main reasons, The fiest is that WPRCHBs contain considersble amount of metallic
and nonmetallic (e, fibergloss encapsulated in resins} components. Becently, the
separation of WPCEs using organic solvents has become more prevalent because it
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15 an environmentally friendly and efficient technigue. However, the relatively high
temperatures {~1 35 “C) used during the separation process kead w higher energy
consumption, faster solvent degrudation, and possibly higher emissions of oxic
fumes, BER, which contains about 18% of Br, leaching with organic solvenis is
clomed w be promising w physico-mechomical reatments in weems of recyeling re
and zero dust generation. The cconomic analysis showed that the application of the
developed leach wehnique on an indusirial scabe com bang o huge economic retum
up to 90,000 1" on of WPCBs [108]. Organic solvent dissolution can be supported
by wlirasonic and mechomical reatment woaccelerate the separation process, 15 the
apent solvent regenerated concurrenily with dissolution process by evaporator, this
process becomes very economical and environment-friendly, The separation of
WPCBs using solvent has three main steps: penetration of organic solvent inside
the layers, dissolution of BER between the lavers, and delamination of the layers
themselves. Contact areas between solvent and WPCB loyers can be considered as
starting points of the separation process, and their increase leads 10 acceleration of
the separation. The sizes of the contact areas are affected by solder mask layer, Cu
iracks, and solder, which hinder progress of solvent penetration inside the matrix.
However, seporation me does nol count as conclusive evidence for whether each
clement inside the mairix is fully scparaicd or not for the paricular BER iype.
Organic =olvent dissolution of low temperature using olirssoniGeation and vibration
process significantly decreases the emission of toxic gases and power consumption
during the separation process,

Crenerally, WPCBs including eeaste motherboards (MBs) have o similar sandwich
structine and are composed of three main layers: subsirate {several lavers of woven
fiberglass and two Cu foils), upper, and lower compound units {which con be defined
as an assembly of isolating fiberglass lavers, solder joints, conductive iracks, con-
tacts, and sobder mask; all these elements are asdbered by stale friction and epoxy
resin (ERJ} (Fig. 2.2). Organic solvent fully peneirates the sandwich struciure of the
substrate firstly swelling and then crocking and finally the separation of lberglass
layers and meial foils [ L] WPCBs comprise six layers of fiberglass (representing
WPCE substrate), two Co fodl loyers {upper and lower), Cu racks, through-hole
pads, and two solder mask layers {upper and lowerk Co content/purcness varics
berween 86% amnd 93%, BFRE content changes from %% 1o 29%. Br stans w evaporate
intensively, and weight boss increases dramatically in the temperature mnge of
30=300 20 (03-T0% mass loss), ER decomposition range is 260-400 “C amd
weight loss T5%.

In the previous works, dimethylacetamide (DMA) was vsed as an organic
solvent due 1o s high botling point, relatively high viscosiy, and high thermal
stability with an effective ability temperaiure comparing to other solvents like
MNemethyl-Z-pyrrolidone  (NMPY,  dimethyl  solfoxide (DMS0),  amd
dimethy lformamide (DMF) The resulis showed that RAM was composed of
seven layers of ibergloss, epoxy resin, oo Cu Toal Tavers, tvo internal conductive
irack layers, contacts {Au-coated), through-hole pads, solder mask, and solder
Joints of integrated circuits, Dimethyl sulfoxide (M50 is an organosulfur com-
pound with the formula (CHs k500 DMS0 15 2 nonaguecwus highly polar organic
solvent and a key dipolar aprotic solvent, It is clear liquid, less woxic, colorless,
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hvgroscopic, essentially odorless, and readily miscible in o wide ange of organic
solvents as well as water., DMS0 effectively dissolves numerous organic and
inorganic chemicals but does not cormde metals. DMS0s boiling point 15
189 “C, melting point is 18,53 °C, and it has slightly high viscosity (2.2 mPa s a1
207Cy DME0 s haghly sable ot wemperature 130 °C and remarkably stable in the
presence of most neutral or basic salis and bases, but acids promote the decompo-
sition. DMME0 can be recycled momy tmes [110] Zhu et al, (3003 imed w dissolve
bromine epoxy resin (WPCHs) using DMS0 at low temperatures before leaching
BMs and PMs, The optimum conditions were 145 °C, 1:7 S/L ratio (pg mL "),
60 min, and WPCBs area of 16 mm’ [,

Yousel e ol (2008) described a pew industoal technology for recovery of all
metallic and nonmetallic components of full-sized bare waste motherboards using
combined chemical-ulivasonic and mechanical reatment techinigues, They found
that MEB was composed of five fiberglass loyers adhersd by BER (67 with], two
Cu layers and tracks (194 wito}, and through-hole pads (12 wie), In additon, it was
nobed that through-hole pads contmined Pd coating. MB separation was cormed out
using MB/DMA ratio of 300 g L™ " at 50 °C 1o dissolve BER at 0 h. The recycling
rivte was about 9%, and the percentage of nonmetal (7 plain woven fberglass and
cpoxy resing in wasic MB was 67%, while metallic pant was 33%. Ohtained Cu
purily wis B8%, Separation ol low tempersiore moy kead oo significomt reduction in
the emission of toxic gases and dust comparing o physico-mechanical conventional
methods, Ulrasonic reatiment accelerates the breakage of the internal van der Waals
bonds of BER. thus reducing the separation time [111].

The BFR leach technology using ultrasonification seems 1o be promising in ferms
of being economical and environment-friendly. Furthermore, it can be applied af the
industrial kevel, since the developed rechnigue does not require a significant amount
of tocilities; in parbicular, only sowrces of sound wave (transducers) and heating
{30 *C) are needed, while other recyeling fechnigues ofien require much higher
tempersiures and pressures, ep,, supercotial Qud meatment, pyrolysis, and gasifi-
cation. Also, the recovered metal and ronmetals can be used to address the shonage
of mimeral resources Tor the electronics mdustry as well as Tor composile material
applications [112].

10.6 Purification Technologies for Precious Metals from
Leachates

A number of different refining methods, such as precipitation, cementation, solvent
exiraction, adsorption, ion exchange, and electrowinning, have been used to purify
leaching solutions, which are obiained from metal leaching processes, o obiain
pure PM products. However, most of them are still on laboratory scale ot present,
which could not be used in industiial application due o several obstacles,
Hence, developing new refining technologies, which are efficient, low cost, and
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Tahle L5 Punlication technologies for FMs from leachaies

Fefining [ Revovery
Reagent methid Conditions rabe Eeferences
Chloride | lon eschange | 3.0 BY Toag: 10 M Mall washing: % Ag Wirnkinen
0.2 M EDTA scrubbing; 2.7 M thin- einl. [114]
{ | sulfare elsing ! |
HCI lon exchange 4 h beach; S0 T g/l & 150 rp; 9 An Mavamo
| b= T <405 einl. [115]
Agqueous | Adsorplion (L5 M thiourea; 2 ¥ HCL pH: 42 W U2 Wang el al.
| 30 rpm Ag [116]
HC| lon exchange [ (L5 M aguenes Ma=50,: MK soamyl [ SFE A [ Luesal
| SRR ok e O e L
| wiv: 801 N 2500 rpmg; ¢ 5 mim; T
25 °C
Cly I. [0 M HCE T4 Afm™ T 250 9% A | Kim et al.
Electrowimning | 165 min [I18]
2 b | 6024 mg/l. amberfite X AD-THP resin
enchange | | |
Fe 80041,  Extraction 0.05- 140 M Ho80,; 005-0.5 M Fe™; | 99% Ag Yarso amd
M T 8050 1% < S0 < 15% Deveci
256 < chloride = 1165 gL 9Fn Pd | [45]

environment-foendly, are urgently required. Lo and Xu (20060 reviewed recently
purification of PM technology [113]. Chloride, HCL, chlorine, and fermic sulfate
were used 02 o reagent o obtan above 9% Au, Ag, or Pd recovenies. Table 1005
surmmarizes purification technologics for PMs from leachates [113].

Cu lesching solution after solwd-liguid separaton con be either reated by
purification or direcily taken o the Anal process, where precipitation or electno-
winming is involved o recover Cu or its compounds [36], Solvent exiraction is
considered o concentrate Cu from dilute acidic leaching liguors. The commaon
extractants are hydroxyl oximes (such as LIXK984M [119]) and alkyl phosphinic
ackds (such as CYANEX 500 and CYAMNEX 302 [120]) Fousd investigated
solvent extraction of Cu by the mixire of Cyanex 30 (EH) and LIX 984N
{LH} [121]. The extraction could be expressed by Eg. (10.61). The resulis indi-
cated that the mixiure of BH and LH with the radio of 1:1 had the higher extraction
efficiency, compared with using EH or LH, individually, which could be auributed
o the formation of CuBL;H complex. Morcover, 90.7% of stripping percentage of
Cu™ from the organic phase was obtained by the addition of & M HCL. Other than
solvent extraction, cementation is employed o exiract Cu as well. Behnamfard
el al. {200 3) added metallic Fe o Cu solution and then metallic Cu precipitated
[67]. Kumari et al. also reported that in a process of pyrolysis-beneficiation-
leaching-solvent extraction, after recovering Ha50y and Fe from the leach liguor
using 7% TEHA in kerosene and wir sparging, respectively. %9 9%% of Cu could
be extracted using 0% LIX B41C in owo stages at pH 2.5 and (WA ratio 171,
Simdlarly, M coubd be completely recoversd from the rallinate in iwo stages when
I% LIX 841C was used at pH 4.58 and (WA ratio 201 [122, 123].
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Cu* + mRH + n{LH), = Cu[RyLyHy, 5, 2) + 2H' (10.61)

Supercritical water (3CW) technology at tlemperature above 374 °C and pressure
221 MPa s genemally regarded as green process, 5CW s an ideal pretreatment
imethod For imetal recovery from WPCBs. Li and Xu (2015) used SCW 1o decompose
brominated epoxy resin and recover metals (99 80% ) from WPCHs |124]. However,
PM separation needs further siudies, Supercritical Auid excraction is faster, efficient,
mespensive, environmentally fendly, readily available, and recyclable, Water or
liquefied CCk can be used as solvent. Critical point of C05 @5 31.1 °C and 7.38 MPa.
OO hos high diffusivity, bow viscosity, high solubality, and oo surface ension,

It i= irmporiant to find relighle and cost-effective heavy metal recovery echniques
that dex mot prosduce any secondary pollution threats i the environment and human
health during the processing of WPCBs [ 3], One of the possible solutions is provided
by elecirochemical processes which have high environmental compatibiliny, due o
the fact that the main reagent, the electron, s & “clean reagent.” By using direct
iconcentrated HaS0,) or mediated (HC1 + Fe'* electrochemical oxidation for the
dizzolution of metals, the reagent consumptions can be significantly reduced
[125]. Furthermore, in parallel with the oxidation of the metals, eleciroesiraction
can be am allemative method oo obtan the metals from the keaching solutions [13, 34,
126]. The environmental assessment of two new Cu recovery process (e, direct and
mediated electrochemical oxmdation with simulianecus cathodic deposition of Cu,
hut instead of Cl or other hazardous reagents) Fogarasi et al. (2000 3p used elecirolyies
{H2500) and less harmiul medistors like Fe'*/Fe™ redox couple [13]. Environmental
assessment was successfully performed by Biwer-Heinele method using general
environmental indices (GEIs) for inputs and outpuis of the two Cu recovery {i.e.,
direct amd mediated) elecirochemical processes. Comparing the processes, it was
evident that the process using mediated dissolution of Cu had a lower environmental
impaict than the direct one, because the generated keaching solution could be used for
further processing of WPRCBs without the addition of fresh reagenis. It was also
found that, for both processes, the highest nsks of woxicity coukd be atributed w the
acidic solutions.

The keaching of metals from the WPCEB samples and the electroesiraction of Co
and regeneration of FelCly involve complex chemical and electrochemical reactions.
The dissolution of metals (Me) i the chemical keaching resctor takes ploce by the
tollowing reaction | 14]:

Me + nFe' " — Me"" + nFe™” [ 10.62)

However, depending on the chloride conceniration, the dissolution process can
also invedve the smuliomecus formation of several metal-chloro compleses:

Me + nFe" + mCl™ — [MeCl,]'"™ ™ + nFe® (10.63)
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In the case of the electrochemical reactor, there are two main processes [ 14]:

# The electmestraction of metals, maimly Cu, from the leaching solution resulted in
the chermnical reactor.

* The regeneration of the leaching agent through the anodic oxidaton of ferous
wns io fermc ions. The main cathodic process is the electrodeposition of Co
according 1o the following reactions:

Colt + 2 —~Cu E'=0337V [ 10.64)
Cut+e¢ = Cu E'=0506V [ 10.65)

It 15 also accompanied by secondary reactions:

Cu** +e” —~Cut E'=0167V [ 10.66)
Sn*t 42 — 8 E'=-013TV [ 10.67)
o't + 27 — S50°" E' =0.154V [ 10.68)
Fe't +e” — Re*t E'=077V [ 10.69)

The clecirolyie, with high Fe'* content, is passed from the cathodic chamber o
the iII'!'Lh:“l.: chambers where the main electrochemical process is the oxidation of Fe™
i Fe™:

Fe't — Fe** e [ 10.70)

The anodic process also involves secondary reactions, of which the most impor-
tant are the following:

St = Sn' 42 E'=0051V (10.71)
IH;0 — 4HY +4e” 40 E'= 124V (10.72)
W —=Clh+2 E'=136V (10.73)

With the exception of oxygen evolution (Eq. 10.72), the other secondary reac-
tions arc also gencrating specics that can dissolve the metals from the WHPCHB
samples, although kess efficient than ferne ons, The complex electrolyie composi-
tion can involve several side reactions at the cathode [15]:

CuCly™ +e — Cu+2C1-  E" = 0.169V /NHE [ 10.74)
Cu®™* +2C1" + e~ — CuCly~  E" = 0,504 V/NHE (10.75)
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FeCh' +¢ — Fe*' +201° E'" = 0508V /NHE [ 10.76)
Fe’t + 2017 — FeClL™* +¢ E"= 0508V /NHE (10.77)
CuCl;™ — Cu*t +2C1 +¢-  E" = 0504 V/NHE [ 10.78)

The dissolution of metals with FeCl, " follows the order of Zn, Fe, Ni, Pb, Sn, Cu,
and Ag, However, in the case of Ag and Ph, even if the dissolution process 1s
thermodynamically favorited, it will be inhibited by the low solubility of the
obtained chlorides. Chemical dissolution of Au iz not possible under above
conditions |15].

Fogarasi et al. (20014} found that the use of mediated elecirochemical oxidation
involving FeCly solution proved to be an etficient method for the simulianeouws
recovery of Cu and separation of Avu-rich residue from WPCBs [14]. The optimam
conditions were 4 mA cm " and 0.37 M initial FeCls concentration to obtain 99.04%
Cu deposit 8t a current efficicncy of about 64% and specific encrgy consumption of
1,75 kWh kg~ Cu. The solid residue obtained simultanecusly with the recovery of
Cu had an A concentration 25 times higher than the Au concentration in the initial
WPCE samples,

There is a scenarie that leaching is nof necessary if metals obfained from
WHCBs have been concentrated o high purity (60=-80%) [127] from physical
separntion. Under this circumstance, electrometallurgy could be superior to pro-
duce Cu. Xiu et al. {2009} reported that after the strong SCWO process, recoveries
of Cu and Pb approached to 100 [128]. In the electrokinetic process, the solid
residue was suspended in | M HCI solution, The anode and cathode, two Pr-coated
plates, were solated by two porous glass fnes, The resulis indicated thot the
increase of current density promoted the rise of Cu recovery; however, the cxces-
sively high current density led w high potental gradient that resulied in more side
reactions. Thus, 97.6% of Cu conceniration with recovery of 84.2% was obtained
at 20 mAsem” current density and 11 h reaction tme. More than 74% Cu recovery
was attained by cathode deposition as two phases: Cu and Co,0 | 125]. The same
electrokinetic setup was also applied in the extraction of heavy metals (Cd, Cr, As,
Mi. Zn, and Mn) with different acids [ 129]. It appeared that HC could recover 705
of Cd, which could be attributed w the conjugation of low pH and Cd-Cl
complexes, The high extruction of Cr, Zn. and Mn was found in the presence of
citrie acid [129], Chu et al, (2005) also investigated the electiolysis process as
functions of the concentrations of Cu%0,-5H20, H:50,, and NaCl, current den-
sity, and time with regard to the concentraied metal scraps containing #3.4% of
Cu. Itowaz Ffound that the imerease in the concentration of CoSO45-5H0 simulta-
neously increased the current efficiency and particle size of Co powder in the
cathode, Increasing  the concentration of Hz50y and  curremt density  wers
effective at the incresse of current efficiency. The optimization indicated the
copper punty of 98, 1% was obtained under the optimal conditions of 30 g/l
Cusy-5Ha0, 40 g/L NaCl, 118 g/l Ha50,, and 50 mAfem® with 3 h [127].
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HL6.1  Gold Recovery Using Nylon-12 3D-Printed Scavenger

Adter leaching, pregnant solutions (PLS) that comtained PMs and BMs are subjected
i the course of separation and punbication, suwch as precipitation of impurities,
solvent extraction, absorplion, and ion exchange o isolate and concentrate metals
of mterest. In the punification of PMs from leachates, chlonde and HCL can be used
in ion exchange, chlorine in clectirowinning, amberlite in ion cxchange (IX), and
lermic sulfate i the extracton processes [113], More than 99% of Au, Ag, or Pd can
e ohitained.

Ader the leaching, wn-exchonge resins are often being vsed o5 an adsorbent for
the Au, as has been widely reported [130-135]. There hove also been reports of
polymers, such as polypymole and polyaniline, being used 1o recover Au [136-
1 34]. Becouse of lack of selectivity of the adsorbenis and vanows other recovery
methods, extensive preprocessing of the sample is often required [ 139, 140], Typical
seavenger materials used o adsorb the dissolved Ao consist of small particles, and
hence a filivation system is often required, either o recover the used adsorbent or t
purify the solution siream of remmning particles. The above difficulties make
recyeling the adsorbent challenging or even impossible [141].

These problems can be avoaded by using 3D printing [142], The scavenger
meaterial can be printed in a form of a column for cominuous tests or a cube-
shoped mesh for bach process, and the wo-containing =olvtion 15 either fowed
through it or the ohject is simply dipped into the solution. The captured metal ions
can then be recovered by elution with suitable acidic or organic solutions (HMNO; or
glycol dibutyl ether), afier which the scovenger is reusable for metal capturing.
Cheeap 30 pm nylon-12 (M1 2} powder can be used for printing scavengers and fesied
these scavengers 1o selectively adsorb Au from aqua regia solutions contaiming up to
500 times higher concenirations of other metal ons. Au selectively hinds as
[AuCl] ™ om nybon [143]. The binding mechanism between the amide group and
[Auwl1,]" has been prediceed to be related 1o hydrogen bonding between the hydro-
pen of the prowonsted amide proup and the chlomdes of the Au comples
[144]. The cavse for selectivity ioward Au could potentially be because of —1
charge of the comples amd square planor geomelry of the [AuCl] . The only
other specics possessing square planar geometrics in the solution would be chloride
complexes of PUll) and Pd(Il). These, however, would have a charge of -2,
The selectivity of the material should be investigated further in the future by using
mslecular modeling,

Souking the nylon-12 [{CH. ), C0OpNH], cubic mesh into synthetic test solution
for 4 h yielded 90.4% Au recovery with no noticeable amount of other metals
adsorbed e metal mesh, Contimoous fow of symthenie test solution with o column
of 10 scavenger units achicved Au recovery of B2.7% in less than 300 5 residence time
[141]. The main advantage of the use of 30-printed scavengers 15 that the Ao con be
separated directly from the diluted leachate with no fedious preprocessing sieps.
Scovengers can be easily scoled and modified sccordingly o omeet the wsers”
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requirements even up o the indusinial scale. It is expecied that by using other
printable polymers with other functional groups or hybeid materials, other metals
can al=o be captured by using 3D-pnnted scavengers. In such o case, scavenger
modules with different selectivities could be linked together 1o obtain muli-metal
seavengers with detachable ion-specific modules, Becouse the 3D-printed scaven-
gers are highly selective, they can be wsed for recovering Au from leachates
orginating from sources other thon e-woste as well, In general, the use of chemically
functional printing maicrials can extend considerably the wse of 3D printing in
manulctunng of chemically active devices [143].

10.6.2  Solvent Extraction (5X)

In the solvent extraction phase of the process, a metal i the PLS 15 concentrated
and puritied into electmlyie. The pure electrolyte i1s then used in electrowinning to
produce a chemically and  physically  high-guality  metal  product,  Solvent
extraction is applied to the WPCB leaching solution. SX using 200 g L'
LIX984  (Henkel) which consisis  of  equal  amounis  of  LIXEaDIC
{S-dodecvisalicyloldoxime)  and  LIXE4]  (2-hyvdroxy-5-nonyvlacetophenone
oxime) diluted with kerosene at 100 g L™' S/L was applied 1o the Cu metal-
loaded (11,180 mg L") leaching solution. Ni remained in 4 M HNO; stripping
solution (backward extraction). Mixing time was | h for both forward and back-
ward extroctions, and pH valves of agqueous feed were adjusted o about 1.0 by
adding a small amount of NalOH solution. After attainment of equilibrium, the
metal concentrations in the aquecus phases were measured (11,154 mg L' Cu and
0 mg L~ Mij [145]. Cu was preferentially extracted 98% while leaving the greater
part of Mi in the raffinate (4, 3%, Complete back extraction of Cu was attained with
4.0 M HNOy. This concentrated Cu solution can be sent o electrolviic refining
process for Cu recovery.

Cutotec has been developing o wide range of industrial 5X technologies for
decades. YWertical Smooth Flow (VSF) X mixer-setiler modular plants offer lower
opersting amd investment costs, significantly shorer lead tmes, and more reliable
and stable production where health and safety issues are given high imporiance.
e technology has indusinal Cu, Mi, Co, Li, ete, solvent exirsctuon capacilies
for decades [144].

The X equipment (DOP unis, SPIROK misers, setlers, loaded organic mnks,
and after settlers) come together o enhance the sability of the process against
organic phase oxidation and improve work safety by minimizing organic evapora-
tion (Fig. [10.4). Fire safety i= also maximized due to the low oxyvgen presence and
limived combustion space. There are no carbon steel pars inside the equipiment,
which also reduces lire risks dunng maimtenance,
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Spirak Moger Linis

Fim, 1bd Chslotec™s DOF, SPIRCGE miver, and selder units

VSF X P Unit Pumping and mixing are separated in the 53X technology. This
cnsurcs low enirainment losses even if flows have o be increased above the design
vitlwes Tor operational reasons, The DOP unil consizz of a suction ank with a
conical overflow rim, a turhine, a fAow stabilizer, and a baffed cylindrical
outer tmk,

Y&F X SPIROK Mixer Unit The mixer unit is designed o ensure the gentle and
uniform mixing needed for proper dispersion mixing, Even at low rodation speed, a
vertical flow is maintained throughout the whole mixer. The SPIROE mixer covers
the entire volume of the miser tank, which avoids local high shear forces amd
contributes o optimizing residual organic and agueous entrainment levels.

VEF X Seftler The settler design is very imporiant for 38X plant operation. The
WAF X scitler has a deep, dense, and packed dispersion layer at the feed side of the
seltler, The icoming dispersion flow s evenly distriboted with a feed lounder,
Dispersion is then kept at a compressed state by means of DDG separation fences.
The dense dispersion laver Gllers small droplets and enhomces coalescence, More
flexibility to handle higher feed flows is achieved when the dispersion and the
separated organic phase are not allowed o spread over the whole senling length,
The separated organi and squeous phases are finally collecied into separate
launders. The aquecus inper circulation is taken from the seclker bulk withour
disturbing the flows inside the setiler.

Health, safery, and environmental (HSE) aspects are om inseparable part of the
plant concept. They are taken into considermtion during the product definition phase,
providing a safe amd sustainable plant that is easy 1o operate and maintain, The plantg
concept offers:

*  Possibiliny toouse sea water as process waler

« Waterlocks in the inspection’'mainienance hatches

= Minimized VOO emissions

= Minimized energy consumpdion

*  Reduced plant area with reduced excavation cosis

= Minimized environmental impact and carbon footpring



2 1 Hydrometallurgical! Agoenes Recovery of Meials

Anen MedChip pomscne

m:mnnmm. '\--..I}.-Hﬁ‘.“l.m-Fhl:mrgmu | ) ow
ﬁuml;nim wank - i H.Trﬁunlmh .: -- g paveder ..
: -!.us-npq.r.a:im wank . . Fd w.:ﬁummh / Fd
Cointriaa e purmectiat } e NieSuckon tank | "..Ellrnc!F'h . Esiract 5n | Tl digznaal

Pty 5N
Figg, LS Flowshee ol PM recycling and relining prosdcess. Irom WRCHs
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10.7  Industrial-Scale E-Waste Precious Metal Separation
and Refining Solutions

With increase in the production of eclectronic applionces and diversity-secking
consumer, hazardous e-waste recycling has challenged Geld of waste reatment amd
cnvironmental manzgement because WRCBs have cavsed environmental pollution
without proper reatment, High-gqualiny WPCB hox much Ao, Ag, Pd, P, e, on
them like mobile phones and computer boards.

Twoe-step pulverization produces mixtures of metal and nonmetal powder. The air
separator completely separaies metal and nonmetals from each other. The whole
process is performed in fully closed operation in an integrated production line
without creating any pollution. Figure 105 shows the Howsheet of PM recycling
and refining process from WPCBs, The recyeling rates of PMs can reach up o
GT-SHE with o purity of 99.599%, High-value WPCB metal powder can be roasted
with ozone, which can thoroughly desiroy the hanmful flue gas cansed by buming,
and Cu s lepched and recovered. Then, roastng residue 15 leached by HCT o extmet
Au and Pd. Ag, Ph, and 5n are separately leached afier Au rermoval. This iype of
plant has a capacity of 100 or 300 kg d ' and power consumption of 20 KW or
30 KW, respectively. Such a plant flowshect includes three seis of clectrolytic tanks,
three sets of enamel reactors, one set of vacuum fler unit, one set of Aue gas contol
system, and one set of centralized control svstem (Fig, 10060 [146].
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Fig. Mk Industrinl-scale PM leaching and refining system and products that ohianmed

10.8  Occupational, Health, and Safety Hazardous
Characteristic Determination Tests for PCBs

Different types of leaching tests have been proposed o evaluate leachability of
mitals i solid wastes from landfills and haeardous characteristics of these wastes,
TCLP {toxicity characteristic leaching procedure) test is a widely used test in order
1o determine whether o solid waste is hazardows, According 1o TLCP wsis, PCBs
can be classified as hazordous waste based on the concentration of Ph which is
more than 4i-fold higher than the US EPA regulatory limits, Ph in PCBs comes
trom solder {Sn—Pb alloy). PCBs with Ph-free solders are not hazardows according
w TLOP rests, Synthetic Precipitation Leaching Procedure (SPLP} test can be
implemented to simulate the leachability of metals by the minwater under atmo-
apheric conditions. Batches ASTM D3987 and EN 12457-2 were also developed o
determine the leschabiliny of norganic constituents and 0 simulate sctual



2

I Hydrometallurgical/Agueous Recovery of Meials

environmental conditions of o lundfill [147-149]. The leachates of PCBs can be
classified as highly polluted water (type IV) for SPLP and ASTM D-3987 1ests
with regard o the concentrutions of Al As, Cu, Pb, and Cd which exceed the
regulatory limits [147-149],

References

i

fard

il

&,

14,

15,

. Tumcmk A, Alaxi ¥V, Akcil A, Yazici EY. Deveci H (3 2) Agueous metal recovery lechmgues

fromn e-serap: bydromeallurgy in recycling, Miner Eng 25:28-37. hopsoifdod org 10 1006/,
mimeng. 201 1Ay

. Moherg A, lohansson M, Finnveden G, lonsson A (20000 Prinied ond inblet e-paper newspa-

per from environimental perspective — a sereening life cycle assessmeent. Enviren [Ingacs
Assems Rev Me]77- 191 hatps:Sdoiorg [ 10T 6. e 20007000

- Widmer B, Osaald KH, Sinha-Khesetrival [, Schoelmonn M, Boni H (2005} Global per-

spechves om e-wasle, Envinon Impact Assess Rev 25420058, hiepsciidon ong/ 10, 101 &f5eiar.
200504000

Cheng OO Yang F, Zheo I, Wang LH, Li XG (30 1) Lesching of heavy metal ebemenis i

soder allows, Corros Sei 53:1 TI8- 1747, bipasfdovong 10U jacarsci. 200 1.0].049

5, Ramiiovic W, Kamberavic &, Korac M, Javamavic B, Mihinlovic & (35 Hydrmomenl lurgical

recovery of tn and lesd from waste prinesd circuin boards (WPCHs): Bmitacions and oppor-
tumities. METABK 55:153=156. UDC - UDK 668 218669 48:6696.4=111
Takanori H, Bywicki A, Youichi M, Miroru M, Yosuhiro T, Takao A (200%) Techniques o
separate metd from waste printed circuml bosrds Prom dissarded personal computers. J Mater
Cwcles Woste Manng | 1:42-34, hopsoid o, orgd D008 101G 3-0E-02 1 8-0

. Jha ME. Kumari A, Choubey PE. Loz JC, Komar W ocral £200 2} Leaching of bead from selder

bl of wasle printed circunl boards (PCBs). Hydrometallurgy 121-124:T8-34. hiepsido.
argd 100106, bydromes, 201 204000

. Gibsom B, Goodliman PO, Holt L. Dalrymple [V Bray DO (3RI3 ) Process Tor the recoveny of

tim, tim alboys or lead alkyys from printed circun beands. Pavent Mo US&6d1712 B

CPark ), Fray D (3HE0 Separation of zine and nickel ions in o sirong acid through liguid -

liguicl exiracimon. § Hazard Mater 1325340265, himpe:tiloiorg e 10O G, ghice el 2008 {6 (=5

. Kim EY, Kim M35, Lee IC, keong 1, Pandey B0 (200 1) Lenching kinetics of copper from wasie

prinsed  circnir boseds by elecno-generared  chlosing in HO solwion. Hydrometal lurgy
107 124132, higpscifd o, crg ' TR GG hyd romet 200 L0208

. Lister TE, Wang P. Anderke A (M014) Recovery of critical and value metals from mabile

clecironics enabled by elecrochemical processing, Hydromemllurgy 1492225257, hupsido,
arg/ 10006, bydnomet, 2014 08001

. Diaz La, Lisser TE. Parkmnan JA, Clark GG 200 6 Comprchensive process for the recovery of

vl and eritecal materiaks from eectmmic wasle, 1 Clean Prod 125236244, hpaficon. org?
10 10 jekepro. 200603061

. Fogarasi 8, Imre-Lucaci F, llea P, Inwe-Laoceci A (20013 The environmental pessssment of tao

new Dapper recovery processes from waste printed circuit boands. ' Clean Prod 534:264, hitps:
lodorgd 10, 1016 jeleprn, 2001 304 044

Fogarsi 5. Imre-Lucaci F, lea P, lmre-Locaci A& () Copper recovery and gold enniclmeen
from waste pricded circuit boands by mediated electrochemical oxidation. J Haand Maler
2TR 5 pssidolorg! 101006, fhazmear, 200 403004 3

Fogarmsi 5, lmre-Lscact F, Epady A, Imre-Locaci Ao Dea P 20015) Boo-inendly copper
recovery process from waste prined circuit bonrds wsing Fe''/Fe™ redo system. Wasie
Manag 4136, hipefdodorgf 10, 10 G wasman 200 5.02.030



References 26

16, hiam-guang Y, Jie L, Si-var P, Yoan-lu L, Wer-gaing 5 (20060 A sew membrne eedtm-
depesition hased process for gin recovery from woste printed circuid hoands. | Hazard Maier
S0b:409—4 06, hupssidod orgd 10 1SS, hazmar 200511 0067

17, Zhamg ¥, Liu 5, Xie H, Feng X, Li 1 (2002} Cumemt statos on leaching precious metals from
waste primied cirouit bogrds. Procedin Environ Sci 16:560-368. hopsoidoi orgd 10, B0 G,
proeny. 2O00Z 10077

18, Mpingn CM, Ekseen 1), Aldrich A, Drver L (2005 Direct lench approaches v Platinam Group
Mewal (PGM) ores amd concentrases: o review, hliner Eng T893, hompsfdod orgf 1 10067,
mimneng. 2015 {015

19, Diomearm 54 {2007} Elecirochemical recycling of waste primed circuit boards in bromide
medha. Part |2 prelimmary lzaching and dismantlimg vesis, S Uy Babes Bolva Chem LX1
(31 77=186. hitps2ided.ongs 12419 subbohem 200 7.3. 14

20, Jeom SH, Yoo K, Allomo RT3 (2007} Separation of Sn, Bi, Cu from Ph free solder pasie by
amminia keaching followed by hwdmchlons ackl leaching. Hydromelallurgy 164 26-30,
hirpszidod, nag 1O, 10 &G hvd romer. 2006, 12,004

21, Bari F, Begum M, Jamaludin 5B, Hussin K (2009 Selecive leaching for the mecovery of
copper from PCE. In: Proceed. Malaysian meallurgical conference “09 (MMOML pp 1-4

22, Kowvama K, Tanaka M, Lee § (30N Copper bzaching behnvior from wasie printed circui
board in ammeniscal alkaline sobaton, Maser Trans 47:1 7881792, hnpeddoborgf 10,2520/
materirams. 4 7. 1758

25, Oishi T, Koyama B, Alom 5, Tanaka M, Lee J 00T Recovery of high punity copper cahode
Tromn printed Ccircunl boands wsmg ammoniacal sullale or chioride sodubion. Hydmmeallungy
BO-RI_82, bitpssidd, ong 10, 101 & hydromet. 2007,05.01 0

24, Sun Z, Xian ¥, Sicisma ) Aprerhuls Ho Yang Y (35 A clesner process for selective
recovery of valmble meklks from electmonic waste of complex mixtures of end-of-life elec-
trovmic proddiscis. Envimon Sci Technol %798 | -T988. hips: Sdaiorgd 100102 | aes.esShi 1 23

25, Kim SL. Le B2, Yoo K (2 6) Leaching ol tin Irom waste Ph-Iree solder m hydrochlons acid
sodulion with stannic chboride. Hydrometllurgy 165143 147, hisps:idoi.ong/ 00 1A,
hydrome, 2 S09.018

26, Yang 1, Lea ), Peng 5, Ly Y. 5hi WO206) & new mendbrme elecin-deposition basad process
far tin recovery from waste primied circwii bonrds. J Hoeand Maner 30420694 1 6. psaidod,
orgd V0, fhaemear, 001301 1007

I7. ¥ang C, Lil, Tan @), Liu L, Dong £} (207 (Green process of metal recycling: coprocessing
waste printed circuif hoards and spent din simipping solution, ACS Sostain Chem Eng
535242535, hinps oSl orgd T2 1acss uscheneng. ThIKEZES

18, Fhamg X. Guan 1, Gua ¥, Cao Y, Gua J, Yuan H. 50 R, Liang B, Gao G, Zhea Y. Xo 1. Guo 2
(AT Effective dismantling of wasic PCB assembly with methancsulfonic acsd comaining
hydmogen pemonicde, AICKE. Envinom Prog Suslan Energy 3603873, hnpeSidon org/ 1O, TTRKE
ep, | 2527

24, Barakar MA (1908 Recovery of lead . tin and indiam from alboy wire serap. Hydrometallurgy
40003- T3, hitpsidod.ong L0, OGS0 SRR MK

A, Casiro LA, Martins AH (2009) Recovery of tin and copper by recycling of PCHEs from ohsoleie
comgulers. Brae J Chem Eng 2600470459657, [S5N (]1{d-6632

1. Lee M5, Ahn 1G, Ahn 1W (2003 Recovery of copper. tm amd lead from the spent nitric
eiching sodutieins of primied circubt board snd regenermion of the ciching solsion. Hydromer-
allurgy 2329, hipsiSlon, org! T M QR DE-3ROX 05 Nk -5

32, Menetii RP, Chaves AP, Tendnio 1AS {19961 Obenglo de concemimidos metilicos nbo
lerrosas o partic die sucala elarhmica (Non-fermous melals recovery from electronic scragp). In:
51th Anmml Meeting of Associacio Brsilein de Malenais e Metalurgia, Porio Alegre, Brazil,
vid 4, pp 205-216. (In Poriusguess)

33 Memetn RF. Chaves AP, Temdrio JAS (19960 Becuperagho de Au ¢ Ag de concenirixlios
abiidos 0 ponir de secats eleirtnics (Gold and silver recovery from electronic sorapy. In
Sleh Annuel Meering of Associagio Brasileina de Materiaks ¢ Mesalungia, Pono Alegre, Brazil,
vid A, pp 217-2240 (In Portuguesey



2m

.

A5,

L

3.

s,

M,

40

41.

43,

47,

449,

k118

5l

1 Hydrometallurgicalf Aquenes Recovery of Metals

Vil HM. Dhehl TE. Salami AP, Rodrgues J3, Bemandies AM, Tendrie JAS (2005) Unlistion
af magnetic nnd elecimsimric sepamtion in the recvelimg af prinied circuit boards scrap, Wasie
blarsg 2R T4 bpasdickeborgd L0101 G ) wasman, 2004, 08 D049

Veit H¥. Bemardes A, Ferreim I, Temdno JAS, Maltatn OF ( 2006) Recovery of copper
from primied circwit bogecls scraps by mechamical processing and lectirometallungy. 1 Hazord
Maver B137: 1MM—1T00, hivpsoilon org! 10, R jhamal 200605010

Tares B, Lapidus GT (20163 Copper kzaching from elecironic woste for the improvemeni of
gold recyvcling, Waste Manog 3713 1-139, hiepsofdiod oag 0, 100G wazman 200 603,010
Eharg X, Guan J, Guo Y. Yan X Yoan H. Xo J, Gooe ), Ehoo Y. 5o B, Guo £ 2015 Selecuve
desoldering seporstion tin-lead alloy for dismansling of elecironic componenss from pringed
cincuil oands, ACS Sustain Chemn Eng 3: D6W6—1T00. hinpaciidoworg 00102 | fScanschemeng,.
Shik 56

Jiong P, Hameey M, Song Y, Chen B, Chen (), Chen T, Lozanss L, Dubois LH, Korsencski MB
(HM2) Imgrirving the end=-laliz Tor edactnome matenals via sustanable recvcling methods,
Procedin Envirom Sci | 6cd85 -390, hicpszitdod,oogs | 0L 101 &G proemy, 2002, 10066

Lhi P, Chen ¥, Wamg LY, Zhou M {30023 Trearmens of wasse primied circu board by green
sodvent msing wondc ligoid. Waste Manag 32: 19041918, hitps:idoi.org’ R 101 wasman,
2002.05.025

Feng X, Li 1, Kie H, Liu L {30037 A povel dismantling process of wasse primed circaln boands
using willer-soluble ionic liguid. Chenwosphere 93: 12881294, hiapsofdoi.org 1[G,
chemuosphens. 200 3 006 (W65

Hilvas FPC, Comea MM Caldes MPE. Momes VT, Espinosa DCE, Tenomo 145 (2005)
Printed circnit board  recycling; physical processing and copper extmction by seleciive
leachimg, 'Waste Manag 40:3053-510, hopsfdod ongd 10, 10064 wasman 200 508,030

. Yang JG, Tang CB, He J, Yang SH, Tamg MT {2011} A method of exiracting valuzshle melals

from elecironic wasies, Swate Imelbactual Propemy Office of the Peopde’s Republic of Chinn,
L AR TE03S35

Lisinska M, Satemus M, Willmer I (2015) Besearch of leaching of the printed circui hoands
coming from wisic mobile phosss, Acch Mewll Mater G3: 143147, hapsdbdolorg! 10244234
118421

b CF, Lee 50, Yang HS, Ha T, Kim M (206031 Selective lenching of valuabde metals from

waste printed clreuin boards, Adr Waste Manag Assoc 53800903

. Deveci H, Yamo E et al (2010) Extraction af copper from sorap TV boards by sulphurnic acid

leachimg urder oxidizing comditions, In; Going Green — Care Innevntion 2010 conference in
Vienna, p 45, hoips:Sdoiorg/ 113 LAV 1. 2900, 7929

Yang T. Xu &, Wen J, Yang L {3HR) Faciors influencing hioleaching copper from wasie

priosed cireun bogrds by Acidithiobacillus ferrooxidans, Hydromeallurgy 97:29-32, hops:
dlisi org 10101 A ydrnme, 08, 12,011

Yazici E, Bas A, Deveci H (2004 Remaval of iron as geethite from keach selutions of wasie of
primsed eircun boards (WFRCE), In: XXV inermacional mineral processing congress. Santi-
agar, Chile. hitpsdod.orgf 10, 131462, 1 250 7620

. Hahashi F {19949} Texthook of hydomenlbargy, 2nd adn. Laval University, Cusshes Ciiy, p

aln

Yamici EY. Deveci H (HM4) Ferric sulphate leaching of metaks from waste primed  circui
boards, Tm J Miner Frocess 1333945, hopsédolong /0001006 . mingre, 2004, 08,01 5

Ping &, ZeYun F, hie L, Chiang L, Guoamgren Q el al (20090 Enhascement of leaching copper by
electire-naidation from meinl powders of waste primied circoid banrd, | Hazord Moier
166 T46-T50, hipsifdo, org/ T IFGG jhammal 200811129

Yazici EY, Deveci H (2013) Extraction of metals from waste printed circuit boands (WPCBs=)
in HaS50-CoS0-Mall solmions. Hwdrometallurgy  139:30-38.  hopsodoiorgd 10, G,
hydromel. 2 306018

. Kasper AC, Berselli GB, Freitas BD, Tenidrio 1A, Bernardes AM et al (200 1) Ponled wiring

boards for mobile phomes: characenizaton and reeycling of copper. Wasne  hainag
F2536-25405. g o org [T 6 wasman, 20110003



References 271

53,

54,

a5,

A,

57,

M

fi

fid,

7.

i,

69,

FLiA
.

T2,

L]

Havhk T, O D, Petramikova ML Miskulova A, Kekarugya Fo Takacova £ (200100 Leaching
af copper and fin from wsed pringed circnit hoands afier thermal meaimens. | Hozord Moter
182:866-HT3. hitpsaitdo orgd T 1A jhaemal 2010007 107

Kim EY, Kim M5, Lee IC, Jha JK, Yoo K et al (2008} Effect of cuprous ions om Cu leaching in
the recycling of wasie PCHs, using elecim-gensrarsd chharine in hvdrochlonic acid solution,
Miner Eng 21:121-1Z8, hitpsfdo, orgf Tk 1R Eg minemg, 20007, 10.008

Yazici EY, Deveci H (301 5) Cupric chboride keaching (HC-CuCls-NaCl) of metals from wasie
primed circul boards (WPCHs)L Tmi 1 Miser Process 134899, hmps:édod ongf 1 10064,
minparo. 2014, 10402

Schlesinger ME, King MI, Sole KC. Duvenpon WG (311 1) Eximctive metallurgy of copper,
Elsevier, Ouford, 1SER: S7S0E0GTEM

Jha ME, Lee IC, Kumari A, Choubey PE, Koamar % et al 1200 1) Pressure leaching of melals
from waste printed cincuit baards using sulfuric acid, JOA 6326232

. Hemmann 5, Lanclay U (20057 Method Tor the lime relinement ol gold, EPHRGAZA0AT )
549,

Ha VH, Lee K, Jeong 1, Hai HT, Tha ME (20 Thiosulphaie keaching of gold from wasie
mobile phones. | Hazard Mager 17800131109 hops: Sdol org 001006, ghazme, 300,01,
(s

CLi L K X Lin W20 2) Thiouren leaching gold snd silver from the primied circui boards of

waste mobibe phones, Wasie Manag 336 0200-1212, hops:dolorgd 101016, wasmean,
2002.01.026

. Liu B, Shich RS, ¥eh RYL. Lin CH (XA The geneml wilizmion of scrapped PC bogrd,

Wasle Manag 29 2542-2545. bipssidovong’ 1000016 wersman, JRSOT 007

.Dishi T, Koyama K, Alam 5, Tanaka M. Lee JC (20007} Recovery of high purity copper

cathode from primed cincain boards using ammoniscal sulfsie of chlomde solwions. Hydro-
metallurgy B9:HI—SE, hitps o orgd TR TG hvd rome . 2007 05010

Dipeg T, Hisa Y, Zhang €1, Fhow 0 (CHHED Lenching of chaloopyrise with brersied acidic ionic
liguid, Hydromeralbrgy 95338 bpssdobong! L0006, by dromses, 200006001

. Huarg J, Chen M, Chen H, Chen 5, Sun Q) (20014} Leaching bebavior of copper from wasie

primged circuit boards with Brersied acidic sonic liquidd, Wasie Manng 20482488, hirpsoidid,
argd 10U T 6. wwsasmien, 200 3, 10027

. Fhu P, Gu GB (2002 Recovery of gold and copper from wasie pringed circoits. Chin 1 Rare

Merals 230214216

. Birlaga L, De Michelis [, Ferella F, Buzam M, YVeglio F (2013} Study on the infleence of

varipats faciors in ihe hydromeiallurgicnl processing of wisie pringsd circuii boands For copper
and gobd recovery, Wisie Mamag 33:933-04 1. hops:ddolorgd D0 100, wasman. 201 3.0 005
Behnamifard A, Salarrad MM, Veglio F (201 3) Process development for recovery of copper
amd preciows metals from wasse prinbed circuin bosnds with emphasioe on palladium amd gobd
leaching and precipitation. Waste Manag 33: 23502363, hopssidoiorg O 10D wasnen,
200307007

Calbgaro OO, Schlemmer [F. da Silva MK, Mazicro EY. Tamabe EH, Bemuel DA (2005)
Fast copper eximction from printed circwit boands using supercritical carbon dioxide. Wasie
Marag 45285297, haips: Sdoiorgd 1L 1D, aesmen, 2015050107

Mecucs &, Scodl K (2002 Leaching and elecimchemical recovery of copper, bead and 1m
from scrap printed circuit boards. 1 Chem Technol Bislechnol 77440457, higpsciidog.oog 0.
1002eth 578

Bas AD, Deveci H, Yaaei EY (2004) Treatment of marmbsdurmg scrap TV boands by nitric
acil keaching, Sep Purnil Techmod 13015 1-159, hivps:tdoioagd 10, 1016 seppur, 201 2,048 008
Fournar M, Lic JC e al (30000 Leaching of metals froim wasie pringed circun boards (WFCHs)
using sulfuric and mitric acids. Environ Eng Manag 1 130000 36002607

Wong JG, Wi YT, L 1200 2} Recovery of ulimfine copper paricles fraom metal components of
winle printed circwdl bomds. Hwdromealluegy 121-024:0-0. hinpscoifdonorg T 1G4,
hydmmet. 2H 204,015

Swed S (2002) Recovery of pold from secondary seurces-a review, Hydromeallurgy
115=116c30-51. hiepstdonong/ L0 IO hydmome L2001 12.012



272 I Hydrometallurgicnl/Agueous Recovery of Meials

T, Kellmer D (2008 Recwcling amd recovery. In: Hester RE, Hamreon BEM (eds ) Electronic wasie
maragemeni. design, analysis ond application. RSC Publishing., Cambridge, pp 910-1 010
15, Sengmnayake G (2004 Gold kaching i non-cyanide lixiviane syswems: criveal Bsses on
fundamentals and applications. Miner Eng 17:7R5-E01. htips2fdoiorg/ 10,1016 mmeng.
204,01 00E
Th. Tripathi A&, Kumer ¥, Sau DO, Agrawal A, Chakravarty 5, Mankhand TE (200 2) Leaching of
gold From the wasie mohile phone pringed circuit boards (FCBs) with ammomium thinsulphate.
lmit J Merall Eng 2007-21. hops: ol orgd 1059250, jrosee, 200 200402 002
7. Ha VH. Lee JC, Huynh TH, Jeong I, Pandey PD (2004 Gplinszing te thiosulfale kacking of
godd from primted circnig boants of discarded maobile phones. Hydrometnllirgy 14591 181246,
hrpscfdod o L0, D00 G hsad reime. 2004,00,00°7
T&. Bamasam A, Haga K, Shibayama A (2008) Eecovery of precious and base metals from wasie
primged circuil boands using o sequentinl lenching procedure, JOB 70020 124, hapsfidnd org!
TR | TRATAR T- 264y
T4, Bun Z, Cao M, Xizao Y, Sietsma J, Jin W, Agterhuis H. Yamg ¥ (2017) Toward sustainability
for recovery of citical metals from electronic waste: the hydrochemisoy processes, ACS
Sasbuin Chem Eng 501022 =0, higpefdoorg/ 10, 102 Wacssuschemeng. GiU0R |
81, Rirloaga |, Coman ¥, Kopocek B, Veglio F 20140 An sdvanced stucly an the hyvdromeinilur-
gleal progessing of wasse compurer printed chrcuit boards 10 exirect their valuable connemt of
metals. Waste Manag 3d: 25812586, hitpsfdod. oo/ T M GG wasman 201408028
. Win JF, Zhan 5H, Xu H {2004} Comparison of lenching processes of gobd and copper from
printid circudl boands ol waste mobile phone. Ady Mater Res 955558 27432740, hiepsido.
arg! L2 RMwww sciemtific. net! AMB 935959, 1745
22, Ko XL LE Y (200 1) Expenimaeaial soody of thiownea lesching gobd amd silver from wasie
cancuit boards. I Changelise Unay 26:68-T3
8% W L, Qiu L1 Chen L et ol 12008y Gaold ard silver selectively leaching from prinbed cireuii
boards serap with acid thioures solubon. Monferrous Meals 619093
B4, Fhong FW, Li DT, Wei JX (2006) Experimental shwly on leaching gold in printed circui
hoanis scrap with thiourea, Monferroes Metals Recvel Uil (6);25-27
#5. Brooy SRL, Linge HOG, Walker GS () Beview of gokl extraction from ores. Miner Eng 7
(I 1203=124 1. hizpes:didoi.org 1 HEIGOR92-687 5941901 14-7
i, Hikson G, Monhemiss AJ (20061 Ahematives e cvanide in the gold mining indusory: wha
prosgpects for the flure? J Clean Prod 14:1158<1 167, htips:Cdoiorg 1L 100G clepro. 2HE,
(MDA
A7, Pemer FM. Vet HM, Bemardes Ad (20045 Evalustion of gold and silver leaching from
primted circuit board of cellphones. Waste Manag 34:475-482. higpsciloi.org/ T 1A,
wasman, S, 10052
B, Fioemonid 1. Balia? P, Giock E (20011 Leaching ol gald, silver, and sccompanying metals fnm
circuit banrds (PCBs) waste, Acin Montan Skovaca 16 125-131
849, Ha WH. Lee MC, Jeong §, Hab HT. JTha ME {2010y Thiosulfme leaching of gold from wasie
mohile phomes. J Hazard Mater 17811151 119 hatps:Sdoiorg 001016 jhazma, 201001,
(159
W, Syed 5 (20061 A green pechnolegy Tor recovery of gold From sonmetallic secomlary sounoes,
Hydrametallurgy E2:48-53. haps: Sdoiorgf 1010165 by dromes. 200600 004
1, Zhang ZH, Zhang F5, Yoo T (2007 An cnvircnmemally friendly ball milling process for
recovery of vabuable metaks Trom e-wasie scraps. Waste Manag 6R-AS0-19T. hipaiidon.org’
10 1 1. weasmean, 20| 707 024
U2, Namg T, Chen 1. Xu 5 (193] A kinetic study of gold leaching with thicsuphae, In: Hiskey I8,
Warren GW (eds) Hydrometallergy, fundamentals, technology and imnewvations, AIME, Lit-
tleton, pp 1159126
W3, Moore D). Zhang XR, L CX (2HI5]) Using thiosullale as a leach reagent mstead of cyanide.
Memllic Ore Diressing Abrowmd, pp 5-12
04, Hemh 1A Jeffrey ML, Zhang HG, Rumball 1A (2008) Anacrobie thiosalfoe leaching: devel-
aprment of in sitn gl keaching systems, Miner Emg 2 1424=133. hps:idod org/ T 1aS.
mimeng. KT, | 20

i



Rederences 273

W5, Yen WT, Xia C (2008 Elects of copper muinerals on armmamacal thicsullale leaching of galcd.
In: Proceeding XK1Y indernnieonal mineral processing congresses, Beijing, China
Uy, Montero K. Guevarn A, De la Toare E (2002) Becovery of gold, silver, copper and nbobdum
from primied circudl boands nsing leaching columne 1 Earth Sci Eng 2:590-505
%7, Gurung M. Adhikar BB, Kawnokiin H. Ohio K, Inoue K, Alom 5 (303 Recavery of godd and
silver fromn spent mahile plyomes by means of acklothiomrne leachmg followed by adsorption
using hicsorhent prepared from persimmon tannin. Hydrometallurgy 133:84-92. higpsidod.
arg V0006 bydromeer, 201 2 2003
G, Mo ), Chen D, Chen L, Huamg MH (20100 Gold bachang [rom waste prmbed circum board by
indine process, Monterrous Meinls 6288590
), Sahin M, Akcil A, Erusi C, Alunbek 8. Gahan C5, Tuncuk A 220051 A potemial ahemative for
precious melal recovery from ecwasie: lodine beaching. Sep Sci Technod 50:3587-2505,
hirpszitdod g L0, O80T A56.295 200 5. 106 1005
T, Xiu FR. Qi Y, Zhang F3 (2015 Leaching of Au, Ag, and P (rom waste printed circuit boands
af mobile phone by iodide Hxiviam afier supercriical water pre-treatment. ‘Wasie Manag
412134140, hmpssidobongd 10, 101&) wasman. 005,002,020
ML Quinet P Proost 1. Ve Leerde A (2005 ) Recovery of preceous metals Tnom eledmme scrap by
hydrameinllurgical processing roaes. Miner Menll Process 2201 c) T-22 155M: 07479182
102, Ficeriova J, Bal AZP. Gock E (201 1) Leaching of gold, silver and sccompanying metaks from
circuit boards (PCBs) wasie, Acta Montan Skovaca 16128131
105, Zhang XY, Chen L, Foang ZT 12008 Beview on gobd lenching from PCB with nom-cynnide
leach reagemts. Monferrous Metalks 61:72-Th
1. Park Y1, Frayg DF (2009 Eecovery of high purity precious metals from primied circuil boands.
J Hazard Mater 1611521158, bopssfidobongd 10, 10006, jhaz i, J008, 08,043
M5, Ehang &, Fhang F5 (20014 Seledive reoovery of palladivm Inom wasse printed cincual boands
by & novel non-acil process, J Hazard Mater 2794651, haips:doi.orgd 10 100G, ghnrmeai,
2004060435
1186, Prasad ME, Mensah-Biney R, Fizarme BS (1990 Modem trends in gold processimg-overview.
Miner Eng 4: 12571277
W7, Rosonosa ON, Khelmogoroy ACGL Danilenko NV, Gorvaeva NG, Shatnvkh KA el al (2007)
Recovery of silver fram thivsulfate and thiocyumide beaching solutions by adsomiion on anion
euchangs resims sand sotivaied carbon. Hydromeallurgy B5: 189-193, hnpestdoborg 10, 10 &
Jj-hedromet. 2007 (3.0 2
I8, Sakuncdn P (2003 Sirmiegy  of  e-wnsie  maragemeni.  hoipoiwewss slideshore net!
ketanwadodkarte-wase-ieer2 Trelmed =2
109, Gulgul A, Secrepamiak W, Zablocka-Malicka M (3 7] Incinemtion, pyredysis and gasifica-
tion of elecirenic wise, E3S web of conferences, 22, (NS0, hnps ol org/ 10 105 e 2sconfy
2007 KA
1, Zhu P, Chen Y, Wang LY, Zhoa M, Zhau T 2005} The separation of wasie printed circuit
board by disselving bronne epoxy resin using organbe solvent, Wosne Mamag 33:454-388,
hitpsziadod. oegS L0 LA wisman 200 2. L3
111, Youself 5, Tagarionts M, Berdikicne B (2007 Mechonical ond thermal choracterizstions of
mowr-meLallis components necveled Inom waste prinbed cercuil bomds. 1 Clean Pood 167: 270-
2R0. hpsided.org/ 10, L0 & jelepro. 201 708,195
112, hupdtaww stepiniiacveorg/filestsiep’_documem=SEF_WP_One%2001obal% 20 Definktion
o 200 20 waste 2R amendedpdld
HE Lu Y, Xu & 2006) Precios metnls recovery from WPCERs: a review for current siis and
perspective. Resour Consery Becvel 1152R-3% bopsfidel ong 10, 100 G resconree, 30 605,
7

114, Vimnlninen 5, Tvsier M, Hoapalainen b, Sainio T (20150 lon exchange recovery aff silver from
comcentrabed base metal-chlorkde solutions. Hydrmetallurgy 1520 0= 106, higaiidon ooz 10,
10064 bedromet. 201412001

115, Moavarre K, Saucedo [, Lira MaA, Guibal E C0O100 Gobd(1) recovery from HC| sobutions using
amberditey XAD-T impregnated with an jomic ligqued (Cyplos IL-101) Sep Sci Techaol 45
(12-1 30 1950 1 962, hetps: S dai.argd 100 IOSD L5635, D 04931 16



274 I Hydrometallurgical/Agueous Recovery aof Meials

116, Wang L., Xing K. Liu 5, Yo HH, Qan Y. Li KC, Feng JH. Li BF. Li PC (20080 Becovery of
silver{ [y nsing a thiouren-moddified chisosan resin, | Hozard Mater [80:577-582. himpsfido,
orgd V0 VD, fha e, 20 10002

117, Lu W1, Lu ¥M, Liu F, Sharg K, Wang W, Yang YZ (3011 Extraction of gold(1I} from
fypdrachboric scid solutions by CTARMm-hepansiso-omyl alenhol™a,50, micrn emalsion, 1
Harznd Mater THG:2166-2170, higpsidonorg? 10 D0 &. jhamal 2000, 1 2.05%

11%. Kim EY, Kim M35, Lee IC, Pandey BD (201 1) Selective recovery of gold from waste mobile
phone FCEs by hydrometallsrgical process, | Hamand Muoer 195:206-2 15, hgpsSdoeegf 10,
10006 jhivemart. 200 L1043

119, Iins 5, Schimmel KA, Yezek PR 990 Mon-dispersive ligquidd-liquid extraction of copper and
wine from an aquecos selution by DEBFA and LIX %54 in s bolbow fiker membrane modile,
Sep Sci Techmal 3H6 and 7o IOOT- 1019

1201, Saole KC, Hiskey 1B (19955 Solvent extroction of capper by Cyanex 272, Cynrex 302 and
Cyanex 301, Hydrometallurgy 372 129-147

121, Fouad EA (XA Separation of copper from agqueous salfaie solulions by mixiunes of Cyanex
500 and LIX 984N, J Hazard Mater 16V 20-T2F, hoipsidolorgd 1010064 ) hazmear, 200811,
114

122, Kumari A, Jhn ME, Lez IC, Singh RP (2006} Clean process for recavery of metnls and
recycling of acid From the lesch liquor of FCBs. J Clean Prod | 148264834, hinpsfido orgd
101004, jelepr 201 5.08.018

125, Kumnori A, Thn ME. Singh RF (3 6) Becovery of meials from pymdysed PCEs by hydno
metallurgical weckhmigues. Hydrometallurgy 165:97-105. hops:Sdoiorg OO by deommet.
20151400020

124, Li K, Ko ZM (200 5) applicotion of supercrivical waer 1o decompose bromimased epoxy resin
amdl envirommenlal fremsdly recovery ol melals Irom waste memory module. Envinom Sci
Technol 8351 T61-1 76T, hipecfdod.org/ 10, 102 Bes3kb44h

125, Arslan F, Duby BF (19075 Eleciro-oxidmion of pyrie in sedium chloride solumions. Hydm-
meallurgy 46:157-169

124, Vephio F, Cuuaresimoa R, Fomarib P, Uhaldinip 5 {20053} Recovery of valunble metals from
electromic and galvanie indusinal wasies by leaching and elecirowinming. Wasle Manag
23245252, hitpsfdoiorg/ 10, 101 &S0956-053 02001575

127, Ch ¥, Chen M, Chen 5, Wang B, Fu K cual (3005) Micro-copper powdens recovered from
wasle printed circuit boands by elecimdysis. Hydrometalburgy 156: 152157, higpsfidod.oeg 10
1006 hoedrnmes, 2015 06006

128, Xiuw FR, Zhang FS (20005 Recovery of copper and lesd from wasse pringed cirenin boards by
supercritical waler oxidmion combined with elecimkinetic process. 1 Hozard  Maler
Tisck: DO DT, hirpsafidononz 1O D0 i jhazimm. 2008, HLORSE

129, Xiu FR, Flang B (20080 Electmokinetic recovery of Cd, O, As, NiL Znoamd Mo Tnom wasie
primgedd circwii boands: effect of assisting ngemts. ) Haenrd Mater 170; 191 =196, hpsfdod orgd
10006, o mear, 2009041 16

130, Luda MP (20017 Eecycling of primied circuit boands. In: Komar § (ed) Integrated wasie
marggemenit, vol 2, InTech, Shanghai, pp 285-208

130, Trochamssuk AW (2] Uptake of gold Trom by drochlonc acid solatons by polymenc nesins
bearing various phosphorus conlaining ligands. Sep Sci Technod 37:3200-3210

132, Fujrwara K, Ramesh A, Maki T, Hasegown H, Ueda K (20073 Adsarpion of platinumilV),
patlbaclivmi Il and goklilIl from squecus sodutims onio L-lyvsine modilied  crosslinked
chitosam resim, 1 Hozard Muoter 146;39-30, hoips:&doi.orgd 10 100G, jhaemar, 20061 1 049

135, Ramesh A, Hasegsoa H, Sugimeio W, Maki T, Usda K (2008) Adsorption of gold(0),
platinumd IV} and palladivm(Il) ante glycine modified crosslinked chitmsan resine Bioresour
Technol 9380 -380F. kaips=Sdoiorg’ 10,1016 hiomech, 2007, 07008

134, Pargjuli I Khunathai K. Adhikan CE, Inoue K, Ohlo K. Kawakia H. Fursoka M., Himola K
(A Total recovery of gold, palladium, amd platioum using lignophenaol derivative. biner
Eng 22:01T5-11T8, hopsutidod,ongd D0, D006 nnineng. 2008, 06, 003



References 275

135, Pilsniak M., Trochimesuk AW, Aposioluk W (3HR) The uplake of wold il Tromn amemomia
leachimg solutiom by imidazole containing pelymeric resins. Sep Sci Technal 44 10991119,
hurpssfdod oag L0, DB 4503 00RMEE T 29007

136, Kang ET, Tmg YP. Meah K, Tan KL (1995) Elecimdess recovery of preciows metals from
acicl splutions by M-cominining electronciive polymers, Synth Met 89477478

137, Neoh KOG, Tan KK, Goh FL, Humng SW. Kang ET, Tan KL (1999 Electroactive polyvnser-
Bi)s nanocomposites for metal upike. Polymer d0:887-R93

138, Meah KOG, Young TT, Lesi NT, Kang ET, Tan KL (1997 Onddation — reduction ineracibons
between elecimoasdive polymer thin 1o and Awtl} wons meoacd solutions, Chem Maler
906201 2

139, Alzupcil FIL Adeva B, Alonso M OE2005) Frocessing of residsal gobd (1) solutions. via jon
exchange. Gold Bull 38513 ACE Omega Anicle: hitpsyfloi.orgf 10, 12 1acsomega.
ThO1Z15. ACS QOmegn JHT:2: 720071, TH3

140, Reck BE. Graedel TE (M 2) Chalbenges in metal recycling. Science 337640695, hitpsidoa.
arg/ 1001 1 Mscience. 1217501

141, Lahvinen E, Kivijar L, Toikonda B, Vaisanen A, Bissanen K, Hookka M 0017 Selective
recovery ol gold rom electnonic waste using 3D-printing scavenger. ACS  Omega
272607304, hinpstiddod,cegd D0, 102 Lncsomegn, T 215

142, Houkka M, Viilginen A, Rissanen K, Lahoinen E, Bivijiined L (20070 A porous body, method
Tor manufacturing # and il use far collecting substance from sparce material. Finland Palem
Applicarion mo 20073652

143, Cheval M, Gindy N, Flowkes O Fahmi A Q20012 Polyamade 66 mocrospheres metallised with
in situ synithesised gold nanopanicles for a colalylic application. Nanoscale Res Len 7182,
et oagd 10, 11860 $56-2 16X -7- 182

T, hrpffaoww oubidec. comdproduciassl venl-estrmction'y sf-s-sol venl-e stmction - pant-unmld

145, Kirnshita T, Akita 5, Kohaynshi M, Mii 5, Kaaizumi F, Taknhashi K (2003} Mezal recovery
Trom nos-mounsed printed wiring boands vip hvdromeallungical processing. Hydromenallurgy
G 73-T9, bpesfidod.orgf 10, L0 G800 BN HN03E -8

14, hitpsfcapper-recycle condrecyeling-planisfe-wasie-precivas-metal-refiming-recyve ling-snlu
tiom. hlml

147, Tovamsend TG (2002 Evaluation of leaching test results of lemsd-free soklers. Prepared for Abi
Assaciaes Inc, April 30

148, Toramsend T, Jang YO, Todaymat T (2003} A guide o the use of leaching sesix in solid wasie
maragemeni decision making. Prepared for the Flomdn Center for Salid and Hozardoes Wasie
Marsagenent, Universny of Florida, Repor no: 300 04), March

149, Yarici E Deveci H. Alp L Yamao R (20000 Charmcterization of computer printed cirouit boands
for hazandous propenies and beneficiambon smdies. In: XXV Intemnational Mineral Frocessing
Comgress, B, Brishane, Ausiralia



Chapter 11 '

Hydrometallurgical Recovery of Critical S
REEs and Special Metals from WEEE

“Neep e-warte, ond of frosit”
“Cask from drash ™
ANONYIOS

Abstract Rare-earth andfor cntical metals are one of the most valuable and
meglected part of e-waste, Hydrometallurgical recovery methods of rare earth and
critical metals from magnet scraps, Huorescent lamps, CRTs, LCDs, lion battenes,
PY cells, and solar panels are broadly presented in this chapier. Industnial-scale
recovery technigues of Nd, Pr, Dy, Sm, Co. 1, etc. from magnet scraps; phosphors
from lamps and CRTs; In from LCDs; Cd, Te, 5o, In, Ga, eic. from PY cellsfsolar
panels; Ph, glass, and phosphor from CETs; and Co from Lion rechargeable batteries
are hriefly presented in this chapier.

Kevwords Harc-carih elements (REE) - Hydrometallurgy - Magnet - CRT - LCD -
PY - Lion batery

11.1 Rare-Earth Elements and Special Metals

A pare-earth element (REE) or rare-earth metal (REM) is one of a set of |7 chemical
clements in the chemical periodic table, specifically the 15 lanthanides, as well as
scandium (Sc)h and yitrium (Y). Rare-carth clemenis are cerium {Ce), dysprosium
(D), erbium (Er), ewropium (Eu), godolinmm (Gd), bodmiom (Hod, lanthanom
{La}, lutetivm (L), necdymiovm {Nd), prasecdymium {Pr), promethium {Pm},
samarium (Sm, scandivm (Sck, erbium (Thy, thulivm (Tm), yuerbiom (¥b), ond
yiirium (%), Table 1.1 shows REEs" atomic numbers, chemical symbols, and
application areas in EEE manufacturing. REES are defined o be the most imporant
critical metals for the world economy, and they are widely used in modern
indusiries for producing various functional materials like permanent magnels,
rechargeable battenes, catolysts. and lomp phosphors because of their unique

€0 The Minerals, Metals & Maerials Sochey 201% e
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,

hipsatiddon omgs 10, JOOTATH-2-030-26543-9_11
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Tahle 11.1 EEE application areas in EEE

Ao [

n Symbal | EEE name | EEE applications

21 by Scandium | Acklitive m metal-halide kmps and nerncury-vapor lamps

L1t] Y Y iriem ¥oirimm nhaminum gamed (Y AG) laser, vicriom vonodase
| W0 as hast For Eu inotelevision red phosphar, YBOO
| high-temperature superconduciors, yitria-siahilized nco-
| min 1YSE L micrownve filiers, energy-eflicient light bulbs,

| | s mnanthes. and Auorescent lamps

57 La Lantharmm | Hydrogen storage, hittery elecimdes. opiical gliss

59 (P Praseodymium | Rare-carth magness, lasers

60  |Nd  Neodymium | Rare-carth magness, lascrs

652 | Sm Samarium | Bare-carth magnets, lasers

[5K] Fis Eumapium . Red snd bloe phosphors, lasers, Hg-vapor lnmips, fluo-

. | Pescent lamps

el | Gid Ciadalimium | Lasgrs, N-ray tubes, compuler nsemionies

65 _Th Terbium Achifitive in Md-based magneis, basers, Hoorescend lamps

66 Dy Dysprosiom | Additive in Nd-based magnets, basers

a7 | Ho Huolimium | Lasers, magnels

G Er Erbium | Infrared lasers

60 (Tm  Thulium | Metal-halide lamps, lnsers

L Th Yuerbium | Infrared Tasers

magneti and electronic properties, REEs are mainly found in WEEE as oxide form
zuch as In ]U:\. Yzﬂ;. Eu:'UJ- CC:U_L. Th;ﬂ;.. ].-']:DJ.. @i,

Figure 111 shows abundances and scantiness of major industrial metals, PMs
and BEEs, in the earth’s crust sccording 1o atomie nombers, PMs ore the rarest
metals in the earth. REEs are rarer than industrial BMs.

Unil 1948, most of the world’s rare eanhs were sourced from plocer somad
deposits in India and Brazil. Through the 19505, 5. Africa ook the status as the
wirld's rare-garth source, after Jarge veins of rare-eanh-beanng monpeie were
discovered there, Through the 1960s until the 1980s, the Mountain Pass Rare
Earth Mine in California was the leading producer, Today, the Tndian amd
5. African deposits still produce some rore-garth concentrates, but they are dwarfed
by the scale of Chinese production, In 2007, China produced 81% of the world’s
rarc-carth supply, mostly in Inner Mongolia, although it had only 36.7% of
reserves. Ausiralia was the second and only odher major producer with 15% of
world production, All of the world®s beavy mane earths (such ax Dv) come from
Chinese rarc-carth  sources such as the polymetallic Bayan Obo deposic
[1] Another recently developed source of rore earhs 15 e-waste and other wastes
that have significant rare-earth componenis. New advances in recycling technology
have made extraction of rare earths from these materials more feasible, and
recycling plunts are currently operating in Japan, where there 1= an estimated
J00,000 gons of rare earths stored in unused electronics. In France, the Rhodia
group has two factories, in La Bochelle and Saint-Fons, that produce 200 tons of
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Fig, 11.1  Aburdances of B, FMe, and BEEs in the canth's crust [1]

rare garths a year from wsed Auorcscent lamps, magnets, and batieries [1]. REE
recveling ratio was less than 1% in 2001 becavse of meffowent collection, lechno-
legical issues, and lack of incentives, Main sources were permanent magnets, NihH
batteries, amd lamp phosphors [2]. A mobile phone contans only 01025 g of
REEs. Challenges in REE recyeling are [2]:

-

During pyrometallurgical recyeling of e-wozte omd vsed cotalysis, REEs end up as
oxides in slags.

Concentration in oside slogs 15 o low for recveling,

Alags uwsed as building masterial.

In most applications, the amount of rore eath per item = bow (3 few grams
or less).

Deep-level dismantling is recommended w0 recover rare-eanth-containing objects,

11.2  Recovery of Magnet Scraps

Pure rare carths are used in two permancent magnets (NdFeB, which includes MNd, Pr,
and Dy, and SmCo, which includes Sm). Magnets are 2 wi.% of hard disc drivers
{HDD), Rarc-carth clements are 0.6 wi.% of HDD. REEs distribute widely in
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WEEE containing IHEEHI'I
BEE magrets — e B S

L

Flg. 11.2 Flowshes reeycling magnets from WEEE

different ivpes of WEEE. Except for the magnet sceaps, they usually present with
low concentrations in the waoste | 3], This reality makes their recovery from WEEE
difficult. Since REEs are very reactive compared o other metals, it will be bost in the
slag phase. if pyrometallurgical process is applied. Thus, REEs trom WEEE should
bhe exiracted by leaching. The recyeling of SmCo (developed in the early 1970k and
haos o share of less than 2% i the market) and NdFeB (developed m 19820 spent
magnet scrapdswarf by leaching is difficult, but possible. Figure 11.2 shows the
Mowsheet recyeling magnets fom WEEE [2].

SmCo britile and ecasily crackable magnets are quite bow on the market., and
recveling of the exizting scrap s stull imporont becavse of high values of Sm omd
Cion, The waste o be recyeled is usually 3miCos- or SmaiCo, Fe, Cu, Zri-based swarf,
SmCo sorap is usually leached with H50,, HCL HNO;, or HCIO, that Smeamd
trun=ition metals (Co, Fe, and Cu) can easily be dissolved into the solution. £r, 51, O
eic, do not dissolve and separated From the REE-containing solution, Usually double
salt of 3m can be obained if He50 15 used for leaching, wheness direct solvent
cxtraction is applicd in the cases of HCL or HNO;. In the selective precipitation of
S, 1 can be almost completely precipitated as an oxalate or o= a sulfate double sali
by changing pH of the solution (e.g.. addition of cxalic acid or NaOHMN a,50,/NH; ).
Loww sodubiliny of Sm-contaiming salts {eg., SmaS000 2N 50, 2H 00 enables the
separation of Sm from the leaching solution. In the selvent exiraction process,
tributyl phosphate (TEP} or dit2-ethylhensyl) phosphoric ackd is usually used as
the extracting reagent |3].

Recyveling of Md-based magnet scrap coming from shredding of HDDY is possible
with H50k, leaching at room temperature. Direct leaching, oxidative roasting, and
selective keaching can be applied, After purification of the REE-containing solution,
they can be precipitated oul as double salis [4]. It iz also possible o precipitae as
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oxglates or Huondes depending on the keaching reagents. However, this process
needs o completely dissolve the scrap and consume a large amount of acid, and the
Fe-containing waste acid afier REE precipitation brings difficultics for further
treatment. It is unavoidable to leach wnwanted elements (NI, Co, and Cu) into the
solution meaning that the punfication of the REE-containing solution can be critical
for producing high-purity REE produwcis [3]. Afier oxidative roasting at 900 °C for
6 b, low-acid selective leaching with high REE recovery rate {L.e., 99% REE and
1.5% Fe) and lower reagent and energy consumpdion is the best and most effective
provess for magnel serap reatment, Aler rossting FepOs i formed and leoching of
Wd can be more selective by using bow acid concentration, and the pH control is
important i ensure a high selectivity, Fe is also keached into the solution; i can be
precipitated and removed by hydmoxide.

Fe'* + 30H — Fe(OH), (1.1}

The assisted wehnpques, e, ulirasounds, microwave, and electrochemistry, may
be applied to the above technologies o increase the BREEs leaching rate. Further-
mare, using wonie liquids both for leaching and exteaction of MdFeB magnet scrap is
proved more effective than HCT acid. and it is descnbed to be green with minimized
wikslewater treatment effors [3],

Samoku Corporation has opened in 2002 a plant in Tsuruga {Japan] for recycling
MNd and Dy from magnets. Motor magnets (air conditioners) and magnei production
serap are used, Afler demagnetizaton by heoting (6 b at 300 "C), magnels are jow
crushed under 75 pm and pulverized. Oxidation by stirring for 12 h in an alkaline
solution, =elective dissolution i HCL filration, rare-earth salis, rre-eanth oxide,
mlien salt, and rare-canh metals for magnet alloys are prodwced by molien sali
electroly=s (Fig. 11,34, b [2]. Becovery of REE from magnets has four maim steps:
milling and roasting, dissolution or selective HCL leaching, removal of fransition
imetals by solvent extraction (with ionic liguids), and precipitation of REEs (oxalage)
and calcingtion to oxides.

In solvent exteaction ionic liguid (edfesslirerradecyliphosplonium chioride),
Cyphos IL 101 were tested for Nd/Fe and SmiCo separations. Cyphos 1L 101 has
megligible vapor pressure, is non-Aammable, non-flucrinated, and undilured, Fe and
Co were exirocted. Bore eorths were nod extrocted ond remaned in water phase,
Separation factors were Nd/Fe or Sm/Co = 10" [2].

11.3  Recovery of Lamp and CRT Phosphors

The recluiimed lamp phosphor mixiure is relatively a rich source of REEs,
especially heavy BEEs (Eu, Th, %) which are more cotcal than light REEs, In
Auworescent lightings and CRTs, Y05, Eu,O5, Ce,0; Theld;, and La-(d are
present. Figure |14 shows lamp and waste phosphor powder composition and
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EEE-based phosphor chemical composition. There are 88% glass, 5% metals, 4%
plastics, 3% waste phosphor powder, and (L03% Hg in an energy-conserving
MNuorescent lamp, Woste phosphor powder contans 45% halophosphate, 20% fine
glass, 10-20% REEs, 12% alumina, and 5% others. REE-hased phosphors contain
BAM iBilI'-'IgM..ﬂ.-.-:Euh:. YOK (Yy04:Eu™), and LAP (La. CelPOyTh™) and
CAT (CeMgal, 0,5 Th**).

In order o recover BEEs from phosphor misire, leoching and precipiation or
solvent exiraction can be used [5, 6]. Phosphors have similar features o the REE
ores; thus, their acidic dissolution follows halophosphate < yitnum oxide (YOX ) <
barium aluminate {BAM) < calcium ungstate (CAT) < lanthonum phosphate (LAFP).
Besides acidic dissolution, molien salis, mechanical activation, pressure leaching,
and even supercritical O0.(g) are also used o improve the decomposition of
phosphors in waste materials [ In practice O3RAM patented process uses
miultistep leaching treatment for different phosphors [7]:

* Leaching with dilute HCI below 30 °C w leach only halophosphates,
*  Incressing temperature o &GO-490 “C, the diluted HCT leaches YOX.
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Fig. 114 Lamp and wasie phosphor powder composition amd BREE-hused phosphar chemical
Caipsinion

*  LAP is then dissolved with concentrated Hz304 above |20 *C,
= CAT and BAM ware dissolved in 205% NaOH at 150 °C in auteclave or in molien
alkali,

Solvay Group in France hos two dedicated facilities for REE mrecovery from
Auorescent lamps in La Rochelle and Saint-Fons using Rhodia process. Industrial
demo plant wes operational since the beginning of 2002 (capacity: 1000 tons
powderfyear). In 20013, the full capacity of industrial plant was 2500 tons powder!
year, In Bhodia®s lamp-recycling progect, there are three seps: preparation of BEEE
concentrate from recycled lamp phosphors (La, Ce, Eu, Gd, Th, ¥, separation of
REEE concentrate in individual REEs, amd prepoaration of new REE phosphors [2],

11.4  Indium (In) Recovery from LDCs

Indium 15 a rare metal in the eanh's crust o a comcentration of 0.1 ppm. In the
primary ores, In grade is only 10-20 ppm, making the extraction very difficult. In
semiconductor compounds are widely vsed in photovoliae (PY) devices, IR deec-
tors, and high-speed trunsistors, The largest application of In is thin film coating in
LCDs which are important components of modern electronic components. More
than 70% of In i= consumed as indium tin oxides (0700 [1]. Indium content in
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c-wiste con reach more than 500 ppm which i= higher than it= grede in primary
ores,  Indium metal content of shredder residue of LCD panel glass is
20 + 50 ppm. Theretore, it is very important 1o recycle In or Ina(k, from
e-waste, Pretreatment requires disassembly of the LCIY from the product, before
rest of the ol operations. Afler crushing, gonding, or prelesching by acetone
remiove all or part of plastic materials or organic materials, H.500, leaching is used
o recover the valuable metals wgether with In. The extrsction of In from acid
solutions follows the order HNO5 = H.50y = HCl when acid conceniration is
below 2 M, wherens the order 15 inversed i concentrated acid solutions, The
selectivity is low, because of coleaching of other metals and further purification
and solvent extraction is required. Indivm can be recovered from leach solution by
solvent extroction using di-{2-ethylhexyl) phosphoric acid DEPHA, Z-ethylhexyl
Zgthylhesyl-phosphonic  acid  (EHEHPA)}, wibuiyl  phosphate  (TBP},
irioctylphosphine oxide (TOPO), and methyl izobutyl ketone (MIBK) organic
phases [B, 9]. More than B0% In recovery can be achieved with vaporization of
In i= InCly at around 400 “C. Removal of plastic films or other organic materials
from In is difficult. Ulirasound-assisted supercritical liquid exiraction was also
imvestigated, The lguid ervsials can be either separated or extrocted from the In-rich
phase. The liquid crystal ireatment is difficult due to complex stracture of organic
miaterials [3].

He et al. (20014} eftectively recovered metallic In from LCEF panels using coke
powder as a reducing agent, Indium oxide (Ina0h) was reduced o metallic In ar
1223 K and 1 Pa with 3% carbon additions for 30 min, and the recovery rate of
In resched 90% [10], Ma et al, (2002} recovered In from waste LCD panels by
chlorinated vacuum separation method. MHCl was used o= o chlorinating agent ot
a temperaure of 400 °C, NHClio-glass ratio was 112, and paricle size
wis —(1.13 mm [11].

The environmental and financial benefits of vacuum processes for the c-waste
recyveling have been vabidated, Gas flow can be efficiently controlbed, and further-
e, no wastewater is released or dust emission occurs. This process is a promising
and environment-faendly method Tor metal recveling from e-waste; sull, i nesds w
be improved for further advancement. On the one hand, vacuum processes have
many benefits for separating metals having low boiding point and high samrared
viapor pressure, such as Zn, Ph, and Cd. In contrast, separation of the valuable and
rare metals having low sawrated vapor pressure through vacuum condensation
micthod i5 not so great, SGll, pretty much hypothetical issues are waiting for
additional clearance before its modem indusirial spplication [ 12].

11.5 Photovoltaic (PV) Cell/CIGS Solar Panels Recovery

Thin-flm PV cells contain various elements such as Cd, Te, Sn. In, and Ga, and their
recyvcling is an excellent example of application of the Recveling Metal Wheel,
requirng  primary  metallurgical  industry  expertise  and  infrestructure  for
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recovering these metals from the recyclates. GaN, InGaN, GaAs, Cufln, Ga)5e.,
Ik, Cufln, Ga)Bes, and Ce can be found in PV cells, The physical separation
steps are the some as discussed elsewhere in this book. Figure | 1.5 shows o scheme
for recycling manufacturing: Te and Cd product recovery are obtained, This can be
used for well-sorted Eol scrap as well, but in reality the latter will always be
contaminated with other materials and metals, Meverheless, with a metallurgical
imfrastructure in place and ensunng that the valuable metals and their compounds
are concentrated in suitable phases, the Metal Wheel shows that the recycling
system con be “closed” I regquires, however, a vision and policy o maintain the
metallurgical infrastructure to this end; otherwise, the sustainability-enabling
mietals vsed in PV cells will be Jost, with a wolal reliance on mining for further
supplics.

11.6 Cathode Ray Tube (CRT) Recyeling at Attero Plant

CRET contains significant amounts of Ph and glass which can be recovered and
reused. As a first step, CRT display units are unlosded st recyveling facility and
scanned by barcode reader,. The scan details are then uploaded on the system, Mext
the CET culter system separates the gloss panel and Tunnel glass, and Quorescent
powder (Pb and phosphor) is collected, The process involves glass culting, heating
through the metal band, omd air blowing. Mext, they are sent w the vacoum chamber,
following which the Pb and phosphor are collected in bags, while the glass is
cillected in fobders, Panel gloes cullets con be revsed for new panel glass manufac-
ture. For processing one CRT unit, the machine takes roughly 90 5. Circuit boards,
chips, and other parts are recycled separately. Figure 116 shows optical sorting
cquipment working principles used in glass separation.
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Fig. 1106 Opiical soring egquipment [ 13]

There 15 nol widespresd commercial vse of recveled glass, Closed-loop CET
glass recyele is difficult; recyeled glass can be vsed in bricks, building products
(such oz aggregate), or Dus in =melung operations, The plastcs stream mixed WEEE
processing contains a large number of different polymers thai are difficuli o
separate, Corrently, most of mixed plastie s nol recyeked and may be convered w
1 liguid diesel fuel. Recycled plastics are melted and regranulabed.

11.7 Flat Panel Display Unit Recycling

Becycling of TFT and flat panel disploy units begins with the segregation of the
device, following which the unit is dismantbed, During dismantling components like
wires, cables, and PCBs are segregated and sent for recycling separately. The display
unit then goes through the mechanical shredder, where it is processed. Nexit the unit
i5 passed through the magnetc separator, where ferrous metals ore automatically
remaovied. The next stage involves the separation and collection of nonfermous metals
ke Al, Cu, e, in the Eddy current separator, The separated components are then
processed individually, The plastic componenis lefi behind aficr the eddy current
separator stoge 15 segregated and recyeled, The lermus components collected from
the magnetic separator are processed o Fe, while the Co and Al collected from the
eddy current separator are smelted and go through electrorefining, where metals are
refined to Y9.9% purity.
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11.8 Cobalt (Co) Recovery from Lion Batteries

Co is mainly found in spent Lion batteries. Lion batteries can be used in electrical
vehicles omd remewable energy sworage devices in the fulwre, Lion battery may
typically contain 27.5% LiCold:. The electrode maierials account for around 44%
of the whole batery value with Li-Co-O-based cathode motenals of 30% and
graphite anode materials of 14%. For spent Lion battery recyeling, physical
processing, eg., mechonical degradoton and themmal restment, and chemical
processing, ¢.g., leaching (acidic, basic, or bio) and solvent extraction, precipitation,
and electrochemical processing, can be used. Li and Co can be leached using
imorganic Ha5C,, HCL or HNOy acids or using organic acids (citric or oxalate)
with Ha(h oxidant presence or absence at 60-80 “C, More than %0% Li and Co
recoveries were obtained. [n spent Lion batteries, the values of Co, Li, and Cu metals
are 47,7%, 28, 7%, and 19.8%, respectively [2].

Figure 11.7 shows Umicore’s batery recycling flowshest for Eol Lion and
WiMH batterics. Smelting and Co-Mi refining sections recover Lii0OH )., LideC,,
and BEOs, Final slags are senl wo the construction secior,

The first indusirial-scale Eol. porable NibMH batiery recycling process was
developed by Bhodia amd Umicore, Cooperation with Bhodip-Umicore produces
REE concentrute. Umicore separates BEOD from harmful elements, while Ehodia
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refines REE concentrate. But, the process of recovery of REE i= not compatible with
process of recovery PGM from exhaust catalysts,

Recveling connot reploce primary mining of rare-carth ores but complements
mining, Recveling of REEs is recomimended for efficient use of natural resouirces
and supply of critical raw materials and solves the balance probleme Most interesting
waste sireams for REE recycling NdFeB magnets, lamp phosphors, and NiMH
batteries. BEE recycling 15 wehnologically challenging, but nol impossible, Tome
liquids are useful for recovery of REEs.
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Chapter 12 ' @
Perspectives of WPCB Recycling S

“Thamk preen, Live preen, By fesy, Clhoese well, Ulse fonger ™
“Fawe 'y arestk owr fivure BECYCLE”

Abstract Economic, environmental, and marketability perspectives of WPCB
recyvcling are introduced in this chapter, Comparizon of primary ore mining with
secondary urban mining {e-waste recyching) shows significant advantages of urban
mining. Recycling is a key coniributor o sustainable circular sconomy. Recycling,
wrban mining, and enbomeed landfll mining chose the matenal loop, Market for
recyeling fechnologies and eco-design guidelines for manufaciuring are prescnied.
Limitations of current e-waste™WPCB recyeling wechoologies and emerging Tuture
development perspectives towand sustminability and zero-waste scheme are also
explained in defail.

Developments of new separation and extraction methods should  consider
inerease in recovery rales and separation efficiency; betler aulomatic control;
lower time consumption, labor force, investmeni, and opemting costs; and environ-
menial impacts simuliancously. Developed new WPCE recycling methods should
ke mto account industral applicabiliny. potential, aulomation in pretreatmen,
reducing processes and reagents, and paving moge attention @0 nonmetallic fraction.
WPCHs should be regoarded oz important secondary motenal sources for schieving
higher sustainghility under the coniext of circular cconomy. There is almost o
mature echnigque for ECs recyeling currently,

Keywords Economy perspective - Environmental perspective - Marketabiliny
perspective - Eco-design « Future developmenis

Overall recyeling success Tactors depend on:

* Technical recyclability as basic requirement
+  Accessibility of relevant ECs — product design

0 The Minerals, Merals & Maerials Sochery 201% 250
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,

The Minernls, Meinks & Maserials Series,
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* |Inirinsic and extemnal economic viability

» Completeness of collection  system  (business  models,  legislations,  and
infrastruciure}

*  Keeping within recycling chain — wransparency of Aows

*  Technical-orgamzational sctup of recyveling chain — recycling guality

= Hufficient recycling capacity

Complex products require a sysiemic optimization  and  interdisciplinary
approaches (product developiment, process engineering, metallurgy, ecology, and
social and economic sciences), In order o focus on sustainable circular economy,
inmovations and improvements are sl needed in every step of product manufaciur-
ing, use, EoL, and recycling for secondory raw matenals, Mew product moanufaciur-
ing sicp should consider recycling product design, developing business models to
close the loop, and recyeling production serap, In the product use step, dissipation
should be avoided; residue sireams should be minimized and effectively recycled;
and holiste system approsch should be tken. In the EoL step, collection should be
improved; transparency of Hows should be increased; instead of mass recyeling,
more focus shoubd be given 1o echinology metals; and innovative technical recyeling
challenges should be developed. In the recycling tor secondary raw matenal step,
recovered metal yields and ranges should be improved, and energy and water use
efficiency should be improved.

12.1 Economy Perspective of Recycling

The economy perspective 15 always very important or the ficst priomity for the
cvaluation and implementation of 2 WPCB recycling technique. The process,
which 15 cost-efTective, will bave o better chanece w be commercialized especially
in developing coundrics due to the lack of sufficient funds for WPCH recyeling. One
important environmental impact 15 the loss of wsable resources, i materials ane nol
recycled. The extraction of PMs through mining is associated with negative envi-
ronmental impacts through significant emizssions of greenhouse gases and energy,
water, and lund usage. The environmental impacts of the secondary production in
state-of-art operations are much lower than primary production [1]. Besides envi-
ronmental protection and legislative pressure, recycling is also driven by economic
intcrests. High economic values and limited available reserves of PMs and SMs
provide attraction for WPCEB recveling,

Large-scale e-waste recycling stamed in the 19505 for Cu. sieel, Al and
PM-graded populaed WPCB, In Europe, 1 wn of populaed WPCE 15 aboul
IO00—5000 curos. IF mediom-graded WPCE costs about 30000 curos, the inirinsic
vitlue 15 more tham 3,8 tmes higher, Therefore, thene s o signileant economic dnvers
involved in PCB recycling. Table 12,1 shows fypical intrinsic value of populated
WPCBs, Au+ Pd + Pt + Ag have about 38% of the intrinsic value of WPCR, Cu and
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Sn hove approximately 11.6% of the remaining intanss: value, Commercial smeliers
typically pay between 92% and 9% of the PM value.

T achieve economic feasibiliny of metal recyeling, it is more and more required
that all the valuable metals need to be considered in the recycling of metals instead of
only covering the critical metals for improving the sustainability of WEEE recycling.
For instance, the production of PMs has been one of the most profitable sections in
Umicore instead of recyvcling of Co, BEE, etc. In the world market of metals,
secondary Al Cu, and Pb are pan of a large fracton of the metal supply [2]. Crineal
metals (REEs, Co, Ga, In, PGMs, and Ge) have atiracied relatively high atientions
recently dunng metal recycling from WEEE.

CObviously, land Al and incineration have limited economic benefit even withour
the concem about the meatment of the bazandous substomees they emit. The con-
struction and administration costs of landfll sites or incinerstion planis are large
expenses with a scarce return. This is also a reason for the reduction in the current
application of these teo techniques for WPCH itreatment. Pyrometallurgical and
hydrometallurgical recveling techniques can achieve panial recyveling of WPCE by
recovery of MF from the feedstock. However, the intensive energy consumpiion in
pyrometallurgy is attributed for the main expense in the whole process, The cnergy
power i the process is amound 0.2-4.0 KW, varying with the different processes,
while sufficicni data is not available for these echniques since most works were
conducted at the laboratory scale omd energy amalvsis s absent for most of the
studics. Howewver, the normal pyrolysis temperatures are from 4400 1o SO0 °C. and
the mext gos emission reatment egquipment oormally needs the emperaure higher
than 1200 “C and no doubt consumes a considerable amount of energy. For
Iydrometallurgical recyeling technigques, the chemical reagents used take a consid-
crable and indispensable percentage of the cost. Also, in hydrometallorgy, water is
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used s lepching media and solvent on o large scale, which also contmbuted o the
operation cost [3]

Currently, percentage of noble metal in the WPCEB i= falling steadily due to
advanced manufactiuring technobogies, Thus, the driving force for recycling MF
from WPCHE s decrepsing, since previous works tocus on the benefit of MFEF
recovery. Recyeling of MMF is a potential way o remedy the cost on cnergy
andfor chemical cost, However, the precondinon lor NMF recycling 15 the homog-
cnization of the WPCB., which means the pulverization of WPCE feedsiock by
shredders and hammer malls, which also requines energy and equipment cost A lne
size of NMF (around 0.1 mm) is typical for the recyeling of NMF in many studies.
Even though in both pyrometallurgy and hydrometallurgy recyeling technigues the
structure of NMFE was iotally decomposed. the recycling of NMFE 15 not applicable.
In some ivpes of mechanical separation, the structure or composition of MMEF was
preserved with a scanty effect on the chemical and mechanical properties. Never-
theless, the direct use is not enough o add adequate value o compensate for the cost
resquired 1o preserve their structure, Therelore, the upgrading amd recveling of the
value-added nonmetallic fraction are atirscting more and more rescarchers.

12.2 Environmental Perspectives of Recycling

The environmental perspective is another imponant isswe that affects the evaluation
of the WPCE recyeling technigques. A general rule for emissions/dischorges 1= that
ihe more WPCE recycled, the less will be emiited discharged. Therefore, the focus
of & technigque should not only be on the pedformance of the BM or PM recovery rte
but also the fabe of the remaining part due o the potential emissions that they may
have, especially for gaseous emissions, Environmental emissions can be divided into
primary pollution. which comes from the WPCH, and secondary pollution, which is
emittied during the ireatment or recyvcling process. For primary pollution, heavy
metals including Cu. Pb, Hz, Cd, and Be are of great concemn. They can enter the
cnvironment in the form of leachate in landfill or vapor in incineration or some
prrometallurgical recychng technigues without proper punfication, It can cavse the
distortion of the human body as well as various other health hazards. The majority of
publi: attention = sull paid 1w the emissions of MOy, 530, or YOs, while some
kinds of pollutants (PRDIDFs, PCDIVFs, Br. and HEr} are ignored.

Br concentration in WPCH is relatively high {about 4%) due w the additon of
BFRs. The decomposition of BFRs happens in the recyeling process, while Br siill
remains in the form of several kinds of Br or bromorganic compounds including
HBr, bromomethane, and bromophenol. However, research shows that Br, espe-
cially HBr, has a very bad effect on human health, since it can cause health problems
and i accumulated in the human body and s ditficult o degrade. Therefore, o
achieve compleie recycling and climination, emissions are the uliimate objective of
thee envirommental impact of WHRCE recycling technigques [3].
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12.3 Marketability Perspective

The evaluation of WPCB recycling technigques is based on economic, environmental,
and marketability perspectives. Both cost-effective and environmental friendly
recyveling technigques may nof be feasible due to product recovery rabe of purity.
For sorme techniques, the product recovery may be very high (such as =90%), while
punty 15 low which prevents the product w be sold or vsed directly in the imdustry,
The market price of metals is seriously affected by their purity. Small decreases in
purity will cavse shorp drop in the metal prces. Therefore, gate-to-market ability 15 a
criferion independent of cconomic and environmental perspective and plays an
important rde i the evaluation of the fepsbaliny of the process. 1 is impossible w
achieve or satisfy these three criteria simultaneously with one simple recycling
technique, Thus, the future research direction of WPCB recycling should focus on
the combination of several technigques or in series recveling since the drowback of a
process could have a chance i be remedied by one of the techniques, and the
evaluption should be conducted on the whole process until the products satisfy the
market standard [3],

Comparson of prmary ore mining with secondary wrbam mining {e-woste
recycling) shows significant advaniages of urban mining. Becycling is a key con-
tributor o circular economy, Becyeling, urban mining, and enbomeed landfll mining
close the material loop like in Fig. 12,1 [4].

Dechming ore grodes, increasing ore complexites, and nesding w0 mine from
rreater depths andfor in ccological sensitive areas (arctic regions, OCeans, rain
forests, etc.) make primary raw materials scarce. Metals can be recycled eternally
without loss of properties. There is o massive shift from geological resources to
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anthropogenic “deposits.” Over 40% of world mine production of Cu, Sn, Sh, In, Bu,
and rare earths are annually vsed in EEE, Mobile phones and computer account for
4% world mine production of Auw and Ag and for 20% of Pd and Co [5]. Due to the
energy needs and related climate impact and other burden on environment (land,
water, and biodiversity ), primary production has high footprint. Market imbalances
alrendy teday cause temporary scarcity due o supply resirictions (political, trade,
speculations, regional, or company ohigopobies, by-product challenges, e, ), lmat of
substitution, and surges in demand. Secondary production has more advantages than
mining of raw ores,

12.4 Market for Recycling Technologies

Fapid growing population and wealth; wehnodogy development; and product per-
tormance booms; product sales and increasing functionolity drve for metal usage in
the industey, Becyeling contributes o respurce efficiency, access o critical raw
materials, and innovation. Becycling more e-waste and wsing better and greener
recovery lechnobogies are nof a waste of time, Thus, countries shoubd create appro-
prigte legal fromework that focuses on high-quality recycling, ensure strningent
cnforcement of legislations, and suppon R&ED funding and implementation of
mmovative recyeling solutions,

The criterion of markets can be regarded as the basis of technology iransfer. The
main drivers for the creation of recveling and recycling technobogies markets are
coonomic and regulatory factors. However., the market potential of c-wasie recycling
technologies and the fromework comditions vary betwesn countres and regions,
Specifically, the most promising technologies for e-waste recycling need o be
identified and fostered through relevant instraments. Paricularly in many develop-
ing countries, tools and instruments are required that promaote the finance of collec-
tion and eansfer of technology insovation in the field of e-waste recyeling. This
wionld save costs, energy, and natural resources and could help countries to be less
dependent on raw material prices [6]. Technology iransfer and capacity building are
eritical wols woimplement eowoste recyeling mnovalion i emerging countnes
However, simply copying innovative technologies from post-indusirialized to indus-
irializing economies does ool necessanly generate the most suitable solution, Thus,
capacity building and fostering, coordinating, and sirengthening of existing regional
capacities are essential for enabling indusivialized countries i stimulate bocal devel-
opment of sustainegble technologies and innovation and o allow them o expernence
progress and sustainable livelihood,
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12.5 Eco-design Guidelines for Manufacturing

In order w achieve viable and effective recychng, product properties and recyeling
process capabilitics must be matched. WPCH producis should contain exiractible
sufficient metallic and nonmetallic values, Composition amd concentration of valu-
able matenal i WPCB depend on product and techrological developments, Current
market prices are determined by marker developments, Recyeling process technol-
oy performance and costs are affected by technological efficiency for value recoy-
ery  {i.e. range, yields, energy, eic.), process mobusiness and  Aexibility,
environmental and social complionce, available volumes (i.e.. cconomics of scale),
factor costs (i.c., labor, energy, and capital), and process chain organizationSinicriace
management., Eco-design methodology for PCBs should ensure the minimuom con-
surnption of resources (materials, energy, water, cic.) and resource cfficicncy during
the all product Iife cycle,

Products that are designed with the possibilities and limitations of recycling in
mind fdesign for disassembly (DI Adesign for recyeling (IMR Wdesign for sustain-
ability (M%)} can further facilitate recycling to become “design for resource effi-
ciency,” While designing EEEs or PCEs, material selection guidelines for both
manufacture and  Eol  reusefrecyelability  should take the following  into
comsideration:

+  BMinimize material vsage: Use less amount and fewer different types of materials
o make new products reduces both the use of namiral resources (material, energy,
andd water) and wastes af the end of the product’s life. Use compatible resins
which can be recycled together, This Facilitates soring of materials for recycling.
Larger amounts of similar materials increase the value of the scrap,

= Avoid using scarce respurces: Limit the use of REEs.

= Avold vsng dangerous and hazordous substances; Follow legal compliances,
Reduce the nisk of contact with heavy metals and BFREs during manufaciuring,
use, and disposal, Avoad wsing contaminanis and sic additives,

*  Use recyclable materials: Increase the possibility of recyeling. Reduce natural
resource consumpiion and reduce the amount of waste disposed. Use thermo-
plustics (PET. PS5, HDPE, LDPE, and PP) instead of thermoset plastics. Avoid
PV Cs and other halogen-containing polyimers,

* Reduce/minimize the size: Reduce consumption of materials which results in
increased value on disposal. Avoid over-dimensioning,

* Reduce packaging: Reduce consumption of resources.

*  Label materials: Stimulate recyvcling, Define the tvpe of material, Bur avoid
pdhesive labels on plasuc surfoces which contominate matenial on recycling.

*  Use recycled material: Beduce consumption of resources and disposal.

* Design simple: Avond over-designing, Basic omd simiple design ome not only less
costly but also casier to disassemble and recycle.

*  Extend product life: Delay replacement and conserve natiral resources, Producis
should last lomger.
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Dvsassemble considerations: Egse the disgssembly of products by lowering the
number of separate paris.

Thin the walls without strength, stiffness, and toughness; Conserve nafural
FESOLIRCES,

Usze secessible and removable fasteners and joining: Beduce recycling cost
amd time.

Uz removable coatings and Gmishes: Affect the performance of recycled
misterial.

Mlaterial ientificaton: Grade of the material should be known for recyeling

12.6  Limitations of Current WPCE Recycling Technologies

Based on the above amalvsis and discussions in this book, the following limitations
of cumrent WHPCH recycling technoblogies can be summanzed:

Wery limited range of molenals, especially PMs, 1= exrocted, such os A and Co
from WHCBs, Co and Li from batteries, and In from display units (LCDs).
Manual dispesembly s sull the primary route of acquinng somples. Doe w the
bowr processing capacity, potential human health hazards of manoal dismantling,
high labor cost and amount of WEEE force the development of automatic
dispssembly.

Current indusirial practices use coarse particle sizes due o energy requiremsnt
and time constrmings; but o better separotion and leaching can be achieved at hne
particle sizes and evenly distibuted feeds Pamicle size is the most influential
parumeieT in separation processes.

Some portion of nonconductive materials can be entrapped by conductive mate-
ral aggregatons which hinders the effectiveness of electimostatic separation
performance.

Drespare the high recovery rates for moss-reloted elements such as Termous amd Cu,
only & guarier of Au and Pd ends up in ouiputs from which PMs may be
recovered,

For metal extraction inorganic acid beaching 15 a dominant rowte. Acid leaching
wvields higher metal recovery rates than thiosulfatefthiourea leaching but requines a
large amount of toxic solution and long leaching times and creates corrosion for
equipment, Thiosulfate leaching is more environiment friendly but less efficient,
Thivurea leaching 15 more selective Tor metals over thiosulfate leaching, and s
clficicncy can be dramatically improved with the addition of acids. However,
thiouren i= expensive, Bioleaching 1= an environmentally viable and cost-elfective
apprsach, bat leaching time is very long and unaccepiable [7].
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12.7  Future Development Perspectives

The main objective of woting this book = w help w develop a legislative system,
formal recycling systems, and advanced recyeling technigues in the world, The
future development direction of WPCEs recyeling should be focused on both higher
material recovery mtes and more kinds of substonces (especially PMs and
BMs) recovery,

Developments of new separation and extraction methods could conseder increase
in recovery rales and separation efficiency: beter auomatic control, kower time
consumption. labor force, investment, and operating oosts; and environmental
impacts simultaneously. Mew methods should take into account industrial applica-
bilny potential, automation in pretreatment, redoction in processes and reagent cosis
and pay more attention to nonmeiallic frection as well. WHPCBs should be regarded
as important secondary material sources for schieving higher sustonability under the
context of circular economy. There is almost no mature technique for EC recyeling
currently, Hence, further siudies w develop effective technologies are urgent. Firsly,
clussification technology and resource recovery technigques for individual ECs
should be focused and investigated.

Serious lows and supporting measures should also be enacted o promote regu-
lation and environmental friemdliness of e-waste recvcling by the governimenis.
Consequently, recycling and resource recovery activities for e-waste should be
developed scientifically. Recyeling needs a chain, not a single process activity.
The volume, quality, and value of the metals produced by recveling are determined
by the combined stages in that chain. With cach stage dependent for its success on
the preceding omnes, the final result s profoundly affected by the weakest link i the
chain. Figure 12.2 shows the amount of actor changes in WEEE recycling chain.
There is an exponential decrease in the number of actors aking part in from
collection to endprocessing (global smelting and refining business), Investment
significantly increases from collection wward the endprocessing side. Total effi-
ciency 15 determined by the weakest step in the chain.

The efficiency of collection {abour 30%) and dismantling (abour 90%) is 60%,
preprocessing s 25%, ond endprocessing 15 95%, Thos, the wotal recycling efficiency
is multiplication of cach efficiency of the processes, which is about 15% for formal

Flg, 12.2 WEEE recveling
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Recycling efficiency of formal and informal
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recyveling systems in Evrope. In India, the efficiencies of collection and dismantling
are B0, preprocessing is 50%, and endprocessing is 50%. The iotal net vield is 200
for informal sector for Au recovery from WPCB= (Fig. 12.3) [8]. Technology metals
meed smart recyeling. For mono-substance material without hazards, recycling
lcuses on moes and costs, For poly-substance matenals mcluding hazardous ele-
meenis, recyeling focuses on trace elements and value.

Cienerally i the developing countnes, due o the low WEEE collection rates and
illegal dubious cxports bow-quality WEEEWPCH recyeling procosses are wsed.
Technology metals need sman recycling not bow-guality recyeling. WEEE expornt
trucing and trucking, controls and entorcement, stakeholder responsibility, and
Iransparency are important.

12.8  Toward Sustainability and Zero-Waste Scheme

The processing of WEEE so far largely depemds on metal-centric approaches,
meaning that recycling of the metals is still the tocws, Metal-centric hydrometallor-
gical recycling is usually through oxidative keaching, direct leaching, or reductive
lepching i order w extroct metals of mterest, In some cases, pressure leaching,
mechanochemical-assisted leaching, and chlorination-assisted leaching ane applied,
e g, Tor Ge wath low concentration. In metal-cenine approach, the most cntical or
scarcedvaluable metals are extracted from WEEE. and other materials are left as
secondary woste which are stockpiled or landfilled, Afler WEEE recyeling, slag of
Umicore in Belgium s properly handled and used in concrete indusiry or dvke
fomification. Zero-waste schemes for WEEE are requirement of closed-loop
recyeling circular economy. fero-waste  philosophy can be achieved with a
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product-centric approach for WEEE treatment. In the product-centric view, it con-
siders the complex chemical processes of all elements at the same time; the exirac-
tion and recyeling order minimize boss and improve efficiency. The approach
demonstrates that zero-waste processing requires mose than innovations of techng-
logical solutions. An integrated Howsheet considering the zero-waste scheme tailors
recovery of both eritical and noneritical metals and simulianeously purification and
inmer-cireulation of leach sodutions, The cireulabiliny value of metals 15 ot the same
time improved. Thus, metal recycling, consumer-driven residue matrix production,
and zero-woste emission con be schieved inothe bong tenm [2]
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Chapter 13 ' @
Conclusions Chaglter

13.1 Summary and Comparison of WPCB Recycling
Technologies

The manufacturing of EEE is o major demand sector for metals. E-waste/WEEE are
an important secondary source of BMs, PMs, rare metals, and irace elements, and
their processing through ecological technologies constitubes a mujor concem in the
world and contributes significantly o the reduction of environmental pollution and
preservaiion of valuable scorce resources of metals, Although stae-ol-the-an
preprocessing facilities are opfimized for recovering Fe and Cu, PMs and frace
elements are ollen lost.

Proper management and safe disposal of e-wasic has become an emerging issue
worldwide, Disposal and incineration can pose threats o the whole environiment,
from the atmospheric to aguatic and temestrial compariments. In recent years,
recovery of metals from e-waste in the world has become increasingly impostant
due to potentiol sk of stralegic raw matenal and environmental concems. WEEE
recyveling for the production of secondary materials needs w be encouraged, WPCBs
are the most complex. harardous, and valuable components of e-easte. Actually, the
problem caused by e-waste increasingly becomes an intemational issee due o the
charsctenstics of e-woste amount, discarding continuously, high value matenal
conent, and most of all migration of pollutanis. Treating a more complex type of
WEEE, vsually mixtures of various kinds of EoL products or wastes from different
sircamns, 15 still a grear challenge. This type of WEEE is one of the main WEEE
leedsiock woday,

In this book, metal extraction and nonmetal recovery processes from e-waste,
particularly the existing industrial practices and rouwtes, were reviewed, Industrially,
different metallurgical routes are used o exiract valuable metals from e-waste.
Physico-mechanical and pyrometallurgical processes are used for BM recovery,
Combined  pyromeallurgical,  hydromeallumgical,  omd  electrometallumgical

0 The Minerals, Merals & Maerials Sochery 201% 11|
M. Kava, Elecirenic Woste amd Friafed Cireuni! Boord Secveling Techaelegies,
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proces=ses can be commonly employved to recover PMs. These routes are descnibed
and their advantages and disadvantages are outlined, In the final part of this book,
insight= into e-waste recycling in the workd context are presenied. The challenges
and barmiers associated with recovery of the BMs and PMs are highlighted. Mowa-
doy=, WEEE is considered o5 an important secondary polymetallic resource. Metal
recyeling from WEEE compensates metal supply and reduces supply risks of critical
metals for sustamable resource management,

The treatment of WEEE may be considered as an integration of economic,
environmental, kegislatve, amd echnology dovers which determine the sirocture
and methodology of waste treaiment hicrarchy approach. The hicrarchy deployed in
order of increasing environmental impact may be consdened a5 redoction (extend
product life), reuse frefurbishmentrepair), recovery, recycke, and disposal (landfill or
incinerate ). Recyeling technology, which aims o take woday’s waste and wirm it into
confici-free, sustainable resources for tomorrow, should achieve resource efficiency
and environmental compliance, Although the governiments and a number of
researchers have made grest elfons o improve WPCB recycling, there are sull
spime ahstacles that limit the industrial application of WPCB recycling technigues.
More suitable approaches, which are lower cost, simple operation, and environmen-
tally fricndly, are significant 10 be investigated and developed o recover nohle
metals from WPCHs,

From the economic point of view, recycling of valuable materials from WHPCHs is
extremely atiractive. Increasing generation of PCEs and the severe environmental
impacts of landfills promote the development of recycling methodologies. The
mechanical process is of imporance for following chemical processes, because of
the need for metal liberution. The hydrometallurgical process has been studied in
terms of s advantages, such as simplicity, low capital cost, and less environmental
impact. The work done shows the promising future in the world of WPCB recycling.
Both ionic liquid and chlorine-hased media have the potential for the extraction of
BMs and PMs. However, the Dowshests proposed ane bmated i lab scabe, Thus,
larger-scale studics should be concentrated on o achicve commercialization.

13.2  Primary Production Versus Secondary Production

The recycling of e-waste coniributes toa secondary resource economy, which relates
1 the practice of sustainable resource management. While developed counries have
established high-copital, state-of-the-art plants for the processing of vanous fractions
and components of e-waste, developing countries Face environmental and health
challenges rom o prevalence of artisanal and informal recyelers, Table 13,0 sum-
marizes the advaniages and disadvaniages of both primary raw matenal production
dmining d and secondory aw material production (wose recyelingfurban mining )
Mining provides all metals'nonmetals in huge amounits io the society. Matural ore
grades are low and gening lower continuously. Mining desiroys the lands and
torests. Thus, there 1= a serious objection for mining operateons. Scame mw
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Tahle 131 Comparson af mining with urban mining
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water nre consumeddepleied Less kandfill is reguired
S0 amd DOL0z) emissions e Preserviss deplating nesounes
produced Cams
Envirommental pollutions are cresed Maosaly infommal secior without polkiian comro
Requires new resicdue poads Complen slructure amd composition

Abaut 6 ebemerms ore closely Finked
Meaals ane eross-linked o plastics
Plastics are ioxic {includes BFR)
Supply i limised

materials, energy sources, amd water are depleted by mining, Environment is pol-
luicd by mining operations, Gas emissions and hazardows wastewater ponds are
seripus problems, Howewver, urban mining from wastes is much richer in metal
contents. There 1= a senous metnl shortage for many metals. Secondary production
reduces the loss of valuable metals, Becyeling of waste material creates new jobs for
uncducated people and sustainehle economy. Less lond is used for mining operations
(1, 2].

13.3  Manual Dismantling Versus Automated Dismantling

Table 13,2 shows the comparizon of manual and automatedfsemiauiomated disman-
tling methods for e-waste recycling. Automated dismantling has more advantoges
and less disadvaniages than manual dismantling. Manual dismantling is cheap,
utilizes simple tools, creptes jobs for low educsted people, and is suitable for
underdeveloped and developing countries, Manual dismantling is a widely and
selectively used technigque. But, it takes long times, 15 expensive due o high lnbor
force, and generabes occupational health and safety problems and environmental
isaues, Automsted dizmantling 1= o fast, operstional cost-effective, lorge-scale,
cnvironmental friendly, eco-cfficient process. However, initial investment cost is
high, omdd recovery elficwency = low due o simolaneous dispssembly, Aotomated
disassembly is gencrally prefemred by developed countries.

A dizassembly stage is always required o remove dangerous components such
a5 battenes and condensers and valuable and reuspble ECs, Dispssembly has
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Table 13.2 Comparson af mans] and asiomatedSsemiziomated dismaniling methods

larmal dismaniling | Awimasedtsemdounomsed dismantling
Prons | Pros
Larw imvestmmizml 0sl T saving
Lhilize simple mols Cosi-effecivelecomomical
Tob ereation for bow educated workers Minimurm labor fercee
Can be performed selectivelv/simaltaneausly Large scale
High recovery efficiency Semiffell miomudic
Amall scaks Enviommental Tremdby
Suilable for developing countries Eco-efficient
Cans Without dust
Takes long times | Suitable for deveboped countries
Oecupational healih and safety prohlems Coms
[Dnuisn exposure High investiment cos
Bed smell amd black fumes Lower recovery efficiency
High ket fores Mo generic for all kinds of products
Expemsive

Infarmal, hanred process
Hss ins limsit a1 some podne in che process

traditionally been undertaken manually, but newly developed automared syarems
will impact wpon Tuture recycling strategies both o maximiee cost-effectiveness
for low-value component recovery and as an initial stage for recycling approsches
o s iminee vield of residual intrinss matenal valee, WPCB 15 morkedly hetero-
geneous in nature, and the key to all mechanical treatment methodologies is in the
liberation of the component material fractions, Crushing and separation are then
key points for improving successful further treaiments. Physical recycling is a
promising recycling method without environmental pollution and with reasonable
cquipment invesiments, low energy cost, and diversilied potential applications of
products [1, 2],

134 Conventional Versus Novel WPCB Recycling
Technologies

Table 133 shows the advantages and disadvaniages of truditional and emerging
industrial WPCB recyeling technologies. Conventional (incineration/combustion,
mechanical separation {gravity separation])} and emerging (pyrometallungy, hydro-
metallurgy, clectrosiatic scparation, and magnetic scparation) c-wasie recycling
methods are compared, amd advantages and disadvantages are summarized,

The metal value in e-wasie is fypically exiracied by both formal and informal
industres, This starts from te collection, sorting, size reduction, and processing.
Size reduction is done 50 as 1o concentrate and/or liberste metals. Choice of size
reduction technology is also influenced by the choice of subsequent processing
technigues wsed to recover the metals, In informal industry or artisanal recycling,
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Tabhle 133 Advantages and disadvanages of most used e-wasie recycling methods

Conventional WRCE recycling processes

Bovel WPCE recycling processes

Inclnerationcombaustion
Prixa
Comventional process
AQCepis CVETY S-WRSIE 5 18
Shart process time
Heat energy produced
Change chemncal composition amd phivs-
ical phase
Imeversihle process
Cons
Energy imersive
High invesiment cosi
Expensive process
Lange capacity
Larw elliceency
Law recavery
Low metal purity
Laww selectivily between metals
Requires expensive gas purification sys-
Lems
Envimnmentally unfriemdby
Kequires compsion-resisiant eguipme
Orrgane: matenal and glss in WU B
+ECs are humed and kst
Fe and Al cannat be recovensd
Only Cu, Au, and Ag recovered
Cu is purified by H.50; (hydromeinl-
lurgy)
Mechanical separatiomn
Size redluctbon (rhrendenfinvenizing )
Mulir-cnushing-grinling steps
Cnly plassics are likeroed
Bdetaks ane nod libserated
Procuce toxic gases and dust’panticulate
FiseEr
Lavw recivery rmlis lor Piis
Produce lowvalue nonmetallic poeder
Serarmion
Lass ol PRMs in gy separalion doe b liber-
atin prablem hetween plestics and metals
Shmphe
Appropriale
Envimonmencaly fricndly
Exquignment is cheap
Energy cost is kew
Prvducas can be directly used
Cons
Significam dust penemlicn
Metal boss in shredding and grinding

Pyromedallurgy
Pros
Most commonby nsed process
Inbzgrated smwedters and relinenies (ISR ) are used
PCBs#ores are fied direcily withoul size reducs
tiarin 1o redues P losses
Short process linse
Remave massive Fe amd Al pans for valoriza-
terin o upprading Cu and Piis
Produees a Cu alloy-comtaiming Pids
Cons
My mequine soeting, disnmmbing, asd mechan-
ical preireaiment before smelting i maximize
cnergy efficiency
Emergy inkensive (=1200°C)
High-temperature reguiremeni
High invesiment cost
Large capacity
Requires expensive gns purificntion systems for
WM, dhioxims, and Turans
Fequires carmsim-resistanl aquipment
Low seleciviny berween metals
Lovw elficiency
Low recovery
Loow meesal puriny
Emviranmentally unfriendly
Expensive process
Ohaly Cu. A, and Ay recovensd
Mixed axide produoct is abtained
Citras ane plastics are lost and convemed o shag,
ish, arl hial emergy
Cu is parified by H-250, (hydromenlkargy
Subsequent hvdromerallusgical and
elecirometallurgical echnigues ane required o
gxtract pare metals
Hylromietalurgy
Pros
Audvanced metbod
Easy b apply
Ensy maragemeni
Simple w aperate
Selective
Flexibde
Slabke
Expeciable
Faster kinethes
Mare exact
Highly predicinbb:
Simgle or muhisage (sequential) leaching 1=

{comiinued |
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Conventional WPRCE recveling processes

Movel WPCE recycling processes

Ciruvily separation

Pros
Metals can be easaly sepamatid frnm plas-
tics, Al nnid gloss

Giravily separation s mom ceonombcal than

elecimsdatic separation

Wt sepamibon reduces moise and duss pol-

Tulmn

Air tables and zigeag three-way classifiers

chir pent b wesmewaser problem
Recovenes ane more than 95%:
Cons

PFlaszic separation from Al and gliss B no

ST
Dy separators require dus) memoval syvs-
b arkl div msd need waler

Wet shaking tahles, heovy media sepam-
tiin, gl jigs prodice hugs wastewater

Air tables and zigeag three-way classifiers

ol mal have wistewater problem

passible
Less hward to environmen
Mlay ehiminate secomdary wasles
Lo wasie gas emission
Low ereagy consumgitim
Lo temperature requirement
Easily comrolled
Liow nvesiment oosl
Reagent recyelability
High recovery raes
Cu. A, Ag, Pl Fh, S, elc. can be recovered
Mo elag generation excepd few plastics
Cens
Strong hepantous inorganic acidshazes ane used
Ciemerans skl or basic wastetastor solsion
Lizachate discharge
Cormosive reactive used
Special comosion-resisant equipment requins-
ment {slaimless sieel or rubbers )
Meeis premreatmens (finer size reduction)
Emergy comsumplion [or commimuLion
Long process time (lime-corsuming |
Tedious
Invirlvies Barge numsbir of Sheps
Ensy warking condition
High cost of recovery
MBAF cannot be recovered
Free henvy metal bors present in efflueni
Dhownstreanm processes ane dilTicult
Wery specilic far substances
o e solution for all
RBivfrpelraunetaifnrgy
Pros
Weak orgamic acids are used
Eco-friendly {green iechmalogy)
Suitnbde for bath B and PM eximetion
Lo temperature and energy requinement
Clean nenmetal product
Low invesimentisperating cosi
Cosl-glliaciive
Seleciive recovery
Promising wechnology
Less gas and water
Coms
Dalliculty m microorganism solaion
fficulty | microarganism reproductioncul-
e
Riquires nubments e mcnsrganisms
Selective w specific menls
ulmerabiliny 1 heavy metals

{comiinued |
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Tahle 133 {comtinued)

Conventional WRCE recveling processes

Movel WPCE recycling processes

Bacieria moxicity
Low beaching spesd
Slow beaching Kinelics
Long process time (48245 h)
Elecirostatlc separathon
Pros
Simplicity
Metals and nonmetal=monfermous maleraks can
be separaied
[y separation
Mo wastewaler discharge
Mo gassaus emission
Lo ereqgy consumgiimm
Fonom tempe e
Ervironment Friendly
Separation elficiency ol 95-49%5% purily
Crns
Biequires dust extraction syaem
High-level voliage reguirement
High roller speed
Cororr elecirostalic separation (CES)
Separaies conductive and nonconductive parti-
cles (T freim plastics)
Separates mixed panicles thal have similar con-
ductivities
Separation efficiency is as high as 99%
Panticle sizes (b6-1.2 mm
Ensy operation
Simphe meankenance
Small area requiremeni
Linle eross comamiration
Tritroelecivic separation (TES}
Cominet charged
T skmilar or dissimilar materials are separased
Eddy crrreat sepenmiors (ECK)
Charged by ion bombardmens
Monfermous meetals (Cu and Al can be separased
fronm plastics
Pamiche size: 3- 150 mm
Magnetic separation
Separmies magneise panickes from nonmagneiic
particles
Wet or dry separation is possible
Agglomeration prablem in dry sepomtion
Lew futeasily sognelic seponmiors (LW
Femomagnetics can he separased <2 Tesla from
Cu, Al and plasics
Dy LIMS for course pasticles (.56 mmm)
Wet LIMS For fine porficles ({3 mm size ]

{eomirnued )
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Table 133 {contimnued)y

Conventional WRCE recycling processes Movel WPCHE recycling processes

High irfewvity mogreiic sepormors (FTIWS)
Paramagnetics can be separated o 120 Tesky
Pyrolysis
Pras
Capventional process
Accepts gvery eowishe @ s
Shon process time
Ciasazs, oils, and chars {oomBanimg netals) are
proluced
Chamge chemical compeosition and physical
phiasi
Irreversible process
Riedisce vidume of WPCHs
Coms
Emergy intensive
Hugh imviatmenl cosl
Large capacity
Biequires capensive gas purification sysiems
Fequires commsion-resistan equipmen
Low seleciivity hetween meials
Low efficiency
Expensive process
Low recovery rales
Laivw rnstal pumily
Commercial abspebenis can be produced for
wastewater ard Cd upaake
WPCBs+ECs depolymerize
Ervironmentally unfriendly
Cilass liber and Cu ol are recevened
Cillams amd plastics are losi

manual sorting, dismantling, and open buming of WPCEs are performed o separane
Cu and Au metals from plastics, followed by mietal leaching using acid baths without
any safety procedures. Cu is cemented by Fe fillings and Au is cemented by Zn. The
main extraction methods i formal industry are either high-lemperauone smeling
with subsequent hydrometallurgical refining of the resulting blister, maties, and slags
or direct keaching of metal values from WPCB= suitably redoced in stz or olherwise
pretreated and selective recovery of dissolved metals from the leach liquor. Inge-
grated pyrometallurgical and hydrometallorgical processes are camied ool of large
scale in Co smeliers for the recovery of metals. In such operations, e-wasie is used
baoth as a metal and energy source, but these aperations are found only in developed
Coumiries.

It iz chear that prefreatment, e.g., mechanical processing, disassembly, and ther-
mal treptment, is freguently required with the aim to improve the metal recovery rabe.
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Mechanical treptment approaches would appear to offer significant environmental
and operational benefir, and this reflected in the amount of developed work under-
taken on such during the past 30 years, with focus having been on improving yiekd
and efficiency. Mechanical amnd hydrometallurgical recyeling approaches have been
able to take the advaniages of intnnsic material. physical, and chemical property
differences, respectively; such would include density, magnetic and clectrical con-
ductivity, and chemical reactivity, As the PMs (especially Au) comtained ame the
most valuable component for WHPCH recycling, the loss of these metals should be
minimum, Mechonical handbing of the e-waste w redoce the size required for
cihcient dissolwtion consumes long time. Approximately 208 of metals may be
mechamically lost dunng Bberstion process tat may bead oo substantial reduction in
the overall metal recovery, Physico-mechanical treatment processes, including
crushing, evclone air separation, and elecirostatic separation, have been industrially
applied to separate metals and nonmetals, and Cu s the main objective production of
this course currently, Acually, the loss of PMs is high during these processes,
becouse the PMs are usually plated onte the surface of WPCB= amd generally sofier,
Globally, pyrolytic/smelting route is generally used with high cost and ecological
proflems, Second-generation physico-mechanical separation along with hydromet-
allurgical treatment appeoaches offers a cost-effective and more sustainable aliema-
tve methodobogy 1o smeltung,

Hydrometallurgy: Hydrometallurgical aguecus approaches offer the opportunity
I ehminate matenial loes from recychng processes bul hove potentially  more
significant environmenial impact in implementation. Hydrometallurgical ireatment
of e-waste has been developed on two fronts, namely, the extrsctions of BMs and
PMs. This group of processes is atiractive from an economic point of view due o
thetr suitabiliny for small-scale applications and for the treaiment of Jow-grade
wistes, Hydrometallurgical processing routes start with the suome sorting and dis-
mantling as is done for pyrometallurgical processing, followed by pretreatment
mainly for liberation and size reduction, which are then followed by the leaching
of metals by a suitable lixiviant, purification of pregnant leach solution, and recovery
of metals. Hydrometallurgical treptments need more mechanical pretreatment and
finer grinding than pyrometallurgical processes, Hydrometallurgical ireatments are
based on keaching agents in aqueous solutions, such os strong acids omd bases, These
are often applied iogether with other complexing agenis, such as oxalic acid, acetic
acid, cvande, halwde, thicures, and thiosulfare, Hydrometallurgieal processes are
lzss energy intensive and cost demanding than pyrometallurgical treatmenis, and
they are also applicable in plants with relatively small capacities, Hydrometallurgical
proces=ses are tedious and tme-consuming and impoact recyeling economy. There is
mot much research on downsiream processes, such as metal recovery from solution
and tregtment of effluent streams. Becently hvbrid technologies have also been
applied, which integrate the chemical approach (more efficient) with bioleaching
{more eco-compatible ).

The selection of leaching lixiviants depends on the features of the WEEE and also
environmental impact of the whobe process, Strong corrosive acids and oxidizing
conditions require special equipment made of stainless sieel or mbhers for leaching.
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Also there 15 a nsk of metal losses during subsequent steps affecting the overall
recovery of metals, Montoxic leaching reagents, the concept of green chemisiry, and
the principles of sustainable economy are imporant factors o be considered in the
mext stage of hydrochemical metal recovery from WEEE, Single- or multistage
sequential keaching process can be used. Chemical leaching (hydrometallurgy )y of
WIPCHs is faster and more efficient; however, wastewater and waste gas are gener-
ated invamably during this process, On the comtrary, biokeaching 15 greener due o
less wastewater and wasie gas originated; meanwhile, bioleaching {hiometallurgy ) is
selective i specilic metals [3], Meverheless, the specific microorganism is dilficuly
i select and culiure. Simultancously, microorganisms employed in the leaching
process are sensitive oometal wons which would be wsic w the mcroorganisms
certain concentrations leading o inefficient operations. Therefore, chemical leaching
i imore suitable and advantageous compared w bioleaching process for WPCES dug
o their complex matenal makeup [4].

Metal recovery can be performed by ieaditional pyrometallurgical approaches on
metal-concentrued PCB serap froctions, Companng with the pyrometallurgical
processing, the hydromedallurgical method is more exact, more prediciable, and
more epsily controlled. Mew promising biologreal processes are now under devel-
opment. [t should be kept in mind however that the chemical composition of e-wasic
changes with the development of new echnologies amd pressure from environmental
arganizations o find alicrnatives o environmentally damaging materials. & sound
methodology must ke inio account the emerging technologies and new rechinical
developments in electronics, Minlgiunization of electronic eguipment in prnciple
wiild reduce the volume of WPCBs but make collection more difficult and repair
costlier, =0 that o large amount of WPCH i= still expected in the e-waste in the fuiure.
I sddition, many of the metal extraction techniques have not been optimized, and
thus commercial-scale hydmometallurgical operations in the e-waste recycling indus-
iry ane still limited

Summanly, hydrometallurgy recyeling wechnmgues ame easy w apply and simple w
operate. However, the problem that cannot be avoided or ignored is the discharge of
leachate o5 well o the pollutants snce thess wehnigues do ot incorporate the
recyveling of MMFE. The process is mainly undermining the structure of MMF and
emits them, which not only wastes the useful par of NMF bt also convers them
inte pollutants, Another issue that should be highlighted is that the recovery rate for
hydrometallurgy recycling echinigues is full recovery, Therefore, there will be a
certain amount of heavy metal present in the effluent in the form of free ions, which
will reinforce the hazardous content of it Mew developments, for instance, molien
st extraction, selectuve leaching, and biolesching or even combining pyrometal-
lurgy and hydrometallurgy for metals recycling, provide ample possibilities of
pushing WEEE treatment 1o the theme of product-centric phibosophies,

Pyrometallurgy: Mowadays, the main technobogies used for the recovery of valu-
able matenals from WEEE are based on pyrometallurgical and hydrometallurgical
processes. Current industry of base andfor valuahle metals recyeling is widely (0%
based on pyrometallurgy, ez, smelung, with a consaderable secondary residue’
waste being landflled. But, recovery of REEs from WEEE is not possible by
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Tahle 134 Comparson af different types of metal recovery echnigues

Recyeling m:hu'ﬁm | Tt Efficieney Tur:ml}-'-:ﬂ‘bﬂ | Recveling time
Pyrometallurgy | High High | High  Short

Hy drometalburgy | Low - Mledium | Ml Medium
BiometaBugy | Pl }lom. Lo | Lomg

prrometallurgical processes. Pyrometallurgieal processes megquire the heating of
WEEE at high temperatures {oficn greater than 1000 °C) o recovery metals.
These thus represent highly energy<consumimg treatments that kesd i the production
of hazardous gases that must be cormectly removed from the air with flue gas cleaning
SYSIeMms.

Pyrometallurgy shows the best performance in efficiency and leaching duration
since it can significantly remove MMF {ie. mesing in WPCB by thermo-
decomposition. However, the high-energy consumption and initial investment cost
also make it the most expensive e-waste recyeling rechnique, Furthermore, the oxic
hurmiul emissions and residues generated in the process cause considernble health
effects o the human amnd environment i performed without proper reatiment,
Compared 1o pyrometallorgy, hydrometallurgy and biometallurgy ame nol compar-
hle o pyrometallurgy, thus making them extremely fime-consuming echniques
although therr cost s several tmes lower than pyrometallurgy. As con be seen
from Table 134, the partial recovery of MF from WPCE by the above methods
hos obvious drowbacks, It s imperative o develop further full recovery echnigques
tor WPCE to improve the cument methods of WPCB recycling |5]. From high
efficiency and recycling time points of view pyrometalluegy: from medivm-cost
and Loy doxicity points of views biomedallurgy, and from low-cost and mediom
efficiency, wxicity, and recycling time points of view hydrometallurgy are beer
recyveling process,

Current recycling methods include both pyrometallurgy and hydrometallurgy,
which have a long history and wide application. Brometallurgy as an emerging
echnology alao takes up a certain share of the WPCB recyveling marker, Many
studies have been done o improve the performance or cut the cost of these
echnigues, Howewver, the inberent drawbacks are very obwvious for these technigues,
ineluding the rotation w the envimonmental imensive energy consumption, Thene-
fore, new advanced technologies are in great demand due to the reguircment of
technology with high =afety and economic feasibiliny, Figure 13,1 shows one of the
hest e-waste recycling Aowshests.

Pyrolytic approsch s altrsctive becowse i allows the recovening of valuable
products in gases (3—4%), ails {20285, and solid char residue {T0-T6% ). Organic
(resins), metallic (Cu foil, solder, etc.), and glass fiber can easily be separated.
Pyrolysis reduces waste volume seriously. Evolotion of toxics PEBIVPBDF can
be controlled by appropriate reatments such as the addition of suitable scavengers or
dehydrohalogenation, which are still under development. New technologies are
proposed such as vacuum pyrolysis of depolymerization in supercritical methanol,
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135 Recycling Solution

A successful recycling approach of WPCE should take inio consideration the
vilorization of the recycled mems w compensate Tor recyeling costs, Becveling of
WEEE. and of WPCE in particular, is siill a challenging task due to the complexity
of these materials and possible evolution of oxic substances, Traditionally, the
recovering of valuable metals by WPCBs was cormied out on a large scabe for positive
econmmic revenue, Legislation pushes now toward more comprehensive processes
which include recovering and recycling of the ceramic and organic fractions in
substitution 10 not-eco-efficient disposal in landfill,

Sustminable recycling technology ensures that e-wasie is processed inan envi-
ronmentally fricndly manner, with high efficiency and bowered carbon foodprint, af a
(raction of the costs mvolved with setong mulubillion dollar smelung Tacilies.
Recyeling can offer a potent resowrce for our planet, transforming millions of tons of
eewisle (e, electrome assel) mlo reusable matenal.

E-waste recycling convens today’s serious solid wasie problem io a challenge or
an opportunicy from economic (sustainable profitabilicy), social (generates new jobs
and well-being for the society ). and environmental (generates supenor envirommen-
tal performance and full wilization of depleted resources) point of view,

Although many endeavors have been attlempted o solve e-waste problem. yet
until now there is still @ huge rmoom to achicve the sustainability of e-wasiec manage-
menl, AL leost 0 the perspective of academic research, =ome tosks and questions
related o fundamental knowledge, recyeling technology, and sco-design have been
completed amd answered, However, there are stull many key questions oot o be well
comcerned. Strict environmental regulations of some counirics are changing the
landscope of e-woste wrallicking. The struggle agonst illegal imports of e-woste
has become one of the major challenges for most developing couniries. Practical
e-wasle management in developing countries is unregulated =0 that wudimentary
technigues are widely wsed. Although tightening of regulations alone will nod solve
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these problems, regulations should be issued and updated to control local e-waste
system, and it should be designed in conjunction with the establishiment of formal
recyveling infrastructure. Meanwhile, consumer participation should be also con-
irolled and reinforced w improve the collection channels, Technology and paradigm
of e-waste recycling should be altered toward intemational standordization. Basi-
cally, to extend recycling capacity and develop new technology and to formalize
informal recycling sector are urgent i improve e-waste system for developed amd
developing countrics, respectively. In the near future, integrabed modular and mobile
eewisle recyeling process amd infrastruciure wall be effective i homdle varioes ivpes
of c-waste o solve local and national problems.

Finally in this book, cument metallurgical processes for the extraction of metals
and nonmetals from e-waste, including existing indwstrial routes, are covered. Then,
an integrated techiological route, including metal enfichment and PM recoveries, is
proposed. Finally, in order to promode the development of metal and nonmetal
recovery from WPCBs, some improvements and recommendations in technigues
and the future trend are also put forward,

Drirect hydrometallurgical ireatment for recovering PMs from WPCBs in two
steps, O} keaching metals o solutions for separating Cu and other BMs Trom PMs
and (23 PM recovery, could reduce these metal losses. Further, more efficient and
Mexible wechnigues for PM punfication from leaching solutions cught w be focused
on and be drawn more stiention to in the future study to obdain high added-value final
products, promoting WPCB recyveling indusiry, Hence, recycling of WPCEs is an
essential and significant course not only for hazardous waste disposal but also from
the PM recovery viewpoint, Simultanecusly, in order o0 recover PMs cosi-
effectively and environmentally friendly, hydrometallurgical processes should be
suitably developed o improve the present disadvantages o provide a new method o
dispose and recover WPCBs.
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