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Preface

The idea for this book came up during our continuous searching of potential
secondary sources of metals, as well as the methods of their recycling. Despite
many works on this subject, there is a lack of compact guide on this topic. The goal
was to provide an overview of the main areas of the field of sources of metals in
industrial wastes, the composition of wastes, and innovative methods for recovery
of critical and valuable metals. The choice of topic is not accidental. Nowadays, the
recovery of raw materials from waste sources is not only an ecological idea, but it is
the overarching goal of the zero waste economy. The book is addressed to materials
scientists, engineers, chemists, and industrial chemists who work in this area. It
could be also an inspiration for those working outside of the field.

The book aims to review the potential source and composition of metals in
industrial wastes and to present the readers methods for their recovery. The dis-
cussed issues were divided in line with the main industrial sources of waste.
Chapter 1 provides an overview of metals contents and their recovery from waste
electrical and electronic equipment (WEEE), knows as e-waste. Chapter 2 shows huge
interest in recovery of valuable metals in automotive industry, mainly from spent
automotive catalysts, while Chapter 3 from rubbery industry. Mineral extraction
industries, where at each mining step large volume of waste are generated and
most of them represent potentially sources of crucial metals are highlighted in
Chapter 4. Chapter 5 describes wastes from electroplating and other metal finishing
operations which are considered as hazardous and may represent a loss of raw
materials. The potential sources of various metals in chemical and petrochemical
processes are discussed in Chapter 6. Special emphasis is put on the catalysts used in
the industry. Chapter 7 focuses on the presentation of economic aspects of metals
recovery from various sources.

We would like to express our gratitude to the contributing authors in making this
project a success, and to Lena Stoll from DeGruyter Publisher, Germany for her
assistance and encouragement in this venture. Moreover, we would like to gratefully
acknowledge a financial support from the Polish National Centre of Science funds
according to decision No. DEC-2017/27/B/ST8/01484 and from Polish Ministry of
Science and Higher Education grant 03/32/DSPB/0810 as well as from the People
Programme (Marie Curie Actions) of the Seventh Framework Programme of the
European Union (FP7/2007-2013) under REA grant agreement no. 600388
(TECNIOspring programme), and from the Agency for Business Competitiveness of
the Government of Catalonia, ACCIO.

Karolina Wieszczycka
Bartosz Tylkowski
Katarzyna Staszak

https://doi.org/10.1515/9783110547061-201
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Magdalena Regel-Rosocka
1 Electronic wastes

Abstract: E-waste amount is growing at about 4% annually, and has become
the fastest growing waste stream in the industrialized world. Over 50 million tons
of e-waste are produced globally each year, and some of them end up in landfills
causing danger of toxic chemicals leakage over time. E-waste is also sent to devel-
oping countries where informal processing of waste electrical and electronic equip-
ment (WEEE) causes serious health and pollution problems. A huge interest in
recovery of valuable metals from WEEE is clearly visible in a great number of
scientific, popular scientific publications or government and industrial reports.

Keywords: waste electrical and electronic equipment, metal content, metal recovery

1.1 Electronic wastes — definition, categories

In the era of technical and technological development, the production of electrical
and electronic equipment is the fastest growing field in the world [1, 2]. At the end of
their life cycle, these devices become waste, often hazardous to the environment,
containing a mixture of various metals, plastics, rubber, glass and ceramics. Waste
electrical and electronic equipment (WEEE) or e-waste means electrical or electronic
equipment which is waste including all components, subassemblies and consumables
which are part of the product at the time of discarding. As WEEE is the fastest growing
waste stream in the European Union (EU) with some “9 million tonnes generated in
2005, and expected to grow to more than 12 million tonnes by 2020” [3], two EU
directives have been put in place: the WEEE Directive (Directive 2012/19/EU) [4] and
the Directive on the restriction of the use of certain hazardous substances in electrical
and electronic equipment (RoHS recast Directive 2011/65/EU) [5]. According to the
WEEE Directive, these wastes are categorized as shown in Table 1.1.

Though batteries and accumulators often are part of EEE and some authors of
scientific articles consider them as e-waste, generally, they are excluded from WEEE
and their collecting and recycling are regulated by separate legal acts, e.g. the EU
Directive 2006/66/EC on batteries and accumulators and waste batteries and accumu-
lators. Thus, recycling of batteries and metal recovery from them do not cover the
subject of this chapter.

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: Regel-Rosocka, M. Electronic wastes. Physical Sciences Reviews [Online] 2018, 3 (5).
DOI: 10.1515/psr-2018-0020

https://doi.org/10.1515/9783110547061-001
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2 =— 1 Electronic wastes

Table 1.1: Categories of EEE covered by Directive 2012/19/EU [4].

No. Category Examples
1 Small household appliances Toasters, vacuum cleaners, electric knives
Large household appliances Refrigerators, washing machines, microwave
ovens, air conditioner appliances
3 IT and telecommunications equipment Personal computers, laptops — CPU, mouse,

screen and keyboard included, printers, tele-
phones (cordless, pay, cellular)

4 Consumer equipment and photovoltaic  Radio, television, video, hi-fi sets, photovoltaic
panels panels
5 Lighting equipment Straight and compact fluorescent lamps,
sodium lamps and metal halide lamps
6 Electrical and electronic tools (with the  Drills; saws; equipment for turning, milling,
exception of large-scale stationary sanding, grinding, sawing, cutting, shearing,
industrial tools) drilling, making holes, punching, folding,

bending or similar processing of wood; metal;
and other materials

7 Toys, leisure and sports equipment Electric trains or car racing sets, game consoles,
video games, sports equipment with electric or
electronic components, coin slot machines

8 Medical devices (with the exception of ~ Radiotherapy, cardiology, dialysis, nuclear
all implanted and infected products) medicine equipment, analyzers, freezers, ferti-
lization tests
9 Monitoring and control instruments Smoke detectors, heating regulators, thermo-

stats, measuring, weighing or adjusting appli-
ances for household or as laboratory equipment

10 Automatic dispensers Automatic dispensers for drinks, bottles, cans,
food, money

1.2 Economic and ecological aspect of WEEE recycling

Continuous technological development causes constantly increasing demand for
various metals, which are called strategic or critical metals. Generally, they are
obtained from natural (primary) ores, which are minerals containing metals in the
form of oxides, sulfides, carbonates and other substances such as sand. Recovery of
metals from the ores is a costly and environmentally expensive method. It generates
large amounts of harmful gases (mainly SO, and CO,) and solid waste. Often the
concentration of metal in the ore is very small (e.g. platinum group metals, PGM),
which forces a huge amount of raw material to be processed, causing degradation of
the areas where mining takes place. Comparing WEEE to natural ores, e-waste can be
considered as a relatively concentrated source of a variety of metals, i.e. precious,
rare earth elements (REEs), cobalt, etc. Thus, production of metals from scrap can be
less energy and water-intensive than ore processing. Average values of energy
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Table 1.2: Average energy consumption and water use for metal production from scrap (secondary
sources) and ores (primary sources) [6].

Metals Energy use in metal extraction, M)/kg Water use, m3/t

Scrap Ores Scrap Ores
Cr 6 36.5 12 72
Fe 6 60 14 325
Pb 9 38.5 40 62.5
Mg 10 197.5 2 8.5
Al 10 580 2 165.5
Zn 11 47.5 20 87.5
Cu 14 1,035 15 120
Sn 15 1,330 5 102.5
Ni 20 250 20 190
Co 80 1,120 65 1,020
Ag 130 2,380 30 130
Au 185 32,800 30 270,000
Zr 230 1,410 260 12,800
PGM 2,400 136,680 4,500 650,000
REE 3,000 6,350 750 1,540

consumption and water use for metal production from scrap and ores are presented
in Table 1.2. Of course, these values will differ depending on ore grade, availability
and processing technology, e.g. PGM production from high-grade ores consumes
near 19,000 MJ/kg energy and 100,000 m> of water/ton, while from low-grade ores
energy consumption increases even up to 255,000 MJ/kg, and water use to 1,200,000
m>/t [6]. However, for all metals presented in Table 1.2, scrap processing gains
advantage over traditional metal production from primary sources.

Some metals, e.g. REEs, are abundant only in very limited area which creates
monopoly and increases prices. That is the reason for many governments to indicate so
called “critical materials” that are economically important but are a subject of high
supply risk (Figure 1.1) [6-8]. For instance, EU strongly supports development of
different ways to guarantee continuous supplies of critical materials. In 2014
European Commission announced a list of 20 critical raw materials (on the base of
high supply risk and economic importance) which includes [6, 8] antimony (Sh),
beryllium (Be), borates, chromium (Cr), cobalt (Co), coking coal, fluorspar, gallium
(Ga), germanium (Ge), indium (In), magnesite, magnesium (Mg), natural graphite,
niobium (Nb), PGMs, phosphate rock, REEs (heavy), REEs (light), silicon metal (Si) and
tungsten (W). Most of these materials are metals, and they are considered critical
because the European industry consumes 25-30% of the world’s production, while
only 3% of global metal production is placed in Europe, and many important metals
are not produced in Europe at all [6, 9]. Thus, the following actions are undertaken to
provide a stable and affordable supply of critical materials [6]:
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1. sustainable supply of raw materials from European countries,

2. secure access to raw materials by ensuring undistorted world market condi-
tions (e.g. diplomacy with resource-rich countries such as China and resource-
dependent countries such as the US and Japan for cooperation),

3. more efficient recycling of raw materials and products containing critical materials
through promoting collections, stopping illegal exports of end-of-life (EoL) pro-
ducts and promoting research on system optimization (e.g. improving product
design, the Eco-Design Directive) and on tackling technical challenges.

Particularly the last action is an important aspect of the Europe’s transition toward a
circular economy, “where the value of products, materials and resources is maintained
in the economy for as long as possible, and the generation of waste minimised, and is an
essential contribution to the EU’s efforts to develop a sustainable, low carbon, resource
efficient and competitive economy” [10].

5 T [ ¥ T b T . T ¥ T
1+ ®m REE (heavy)
1
|
4+ | 4
|
1
1
- )
o 3 : REE (light) i
L |
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Economic importance

Figure 1.1: Critical metals for EU according to JCR economic importance and supply risk assessment in
2014 (according to data from [8]).

Thus, the idea of WEEE Directive, implemented in 2003, lies in introducing a
closed circuit of metals in Europe, so that recovered materials could partially
cover the increasing demand for metals. This would have the effect of limiting
gas emissions as well as solving the problem of storing huge amounts of
electrical and electronic waste, which are an abundant source of metals. The
minimum targets of WEEE recovery and recycling are attributed to the categories
listed in Table 1.1, and for example, until August 2018 waste small household
appliances (category 1) and automatic dispensers (category 10) should be recov-
ered (collected) at minimum 85% and recycled at 80% level [4]. However,
recycling alone cannot cover all demand for raw materials because some losses
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during collection of material for recycle at EoL are inevitable, and also some
limitations in quality of the recycled products, e.g. critical metals. Many appli-
cations require both high-quality grades and the absence of specific impurities,
and it is difficult or even impossible to produce such pure metals or alloys from
mixed sources that emerge from EoL waste. Thus, recovery of metals from WEEE
has some limitations, and their application will always need the use of some
primary sources. However, efficient recycling of metals is predicted to extend the
lifetime of natural ore supply, e.g. if Nb is recycled at 50%, its lifetime of supply
will be extended for 72 years, if at 70% the supply is extended for 360 years [9].
Au recycling at 70% would extend its supply for 70 years but now the overall
efficiency of gold and palladium recycling from WEEE in Europe is estimated to
be below 20%. For that reason, it is still a lot of work to do to improve the target
recovery of metals, particularly critical metals, not only in Europe [11-13].

Moreover, recycling of WEEE protects the environment from harmful
impact of hazardous metals that are present in these devices and should be
recovered. Hazardous effects to the human beings and other life forms are listed
in Table 1.3.

Table 1.3: Toxicity of metals typically applied as WEEE components.

Components  Toxicity Type of WEEE Ref.
Arsenic (As) Human carcinogen, skin CRT screens, LCDs, doping  [14-16]
diseases material for silicons

Cadmium (Cd) Human carcinogen, neurotoxic, PCB, switches, semiconduc- [14, 15, 17, 18]
damages kidneys, accumulates  tor chips, CRT
in bones leading to osteomala-
cia, osteoporosis, and pathologic
fractures, inhalation of fumes
causes fume fever

Chromium Human carcinogen (Cr(Vl)), eye  ICT waste fines, floppy [14-16, 19]
(Cn) and skin irritation discs, CRT, plastic computer
housing
Copper (Cu) Fumes and dust cause irritation ~ Wiring, ICT waste fines, por- [14-16, 20]
of the upper respiratory tract, table audio scrap, PCB,
nausea, gastric pain, diarrhea keyboards
Lead (Pb) Human probable carcinogen, ICT waste fines, PCB, CRT [15-21]

abdominal pain, nausea, vomit-
ing, anemia (usually hemolytic)
neurological/neurophysiological
effects, affects nervous system,
red blood cells and kidneys
Mercury (Hg)  Toxic to humans, affects nervous LCDs [22-24]
system

(continued)
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Table 1.3: (continued)

Components  Toxicity Type of WEEE Ref.

Nickel (Ni) Human carcinogen, contact CRT, ICT waste fines, PCB, [14, 15, 18, 20]
allergen, pulmonary irritation, printed wiring boards
asthma

Zinc (Zn) Nausea, vomiting, abdominal CRT screens, ICT waste [14, 15, 20]
pain, diarrhea, respiratory fines, PCB, keyboards
irritation

Note: CRT: cathode ray tube; ICT: information and communication technologies; PCB: printed circuit
board; LCD: liquid crystal display.

It was reported that about 50-80% (in 2005) of the e-waste collected in developed
countries is shipped to recycling centers in China, India, Pakistan, Vietnam, the
Philippines, and much smaller amounts to African countries (e.g. Nigeria) because
of low labor costs, and less stringent environmental regulations in these countries [1,
11, 13, 18, 21, 25]. Stopping illegal shipments and making sure that WEEE is collected
and properly treated within recycling infrastructure is a challenge in e-waste man-
agement for the developed economies. Uncontrolled conditions of recycling expose
workers and the environment to hazardous impact of WEEE components, particularly
heavy metals or also nonmetallic compounds, such as polychlorinated biphenyls,
dioxins/furans, polycyclic aromatic hydrocarbons or flame retardants [1, 17, 19].
Recycling of e-waste is a relatively recent source of exposure to lead which dust or
fumes are inhaled by workers. There are many reports on exposure of people working
at disassembling and recycling of WEEE to hazardous substances through inhalation,
dust ingestion, dermal exposure, and dietary intake and health consequences [1, 17].
A typical example of the hazards of e-waste recycling exported from developed
countries is the Guiyu town in China, which claims to be the largest e-waste site in
the world [1, 25, 26]. As it has been shown in this paragraph, the idea of recovery of
metals from secondary sources is of great importance not only economic but also
environmental.

1.3 Metal content in WEEE

Only smartphones’ sale is increasing year by year with global revenues projected to
reach 768 billion USD in 2017, up from USD 544 billion in 2015 [27]. It means that also
e-waste amount will grow exponentially in the future. However, no one asks what
exactly is in a smartphone. A typical iPhone is estimated to contain around 0.034 g of
Au, 0.34 gof Ag, 0.015 g of Pd and less than 0.001 g of Pt. It is also composed of 25 g of
Al and around 15 g of Cu [26]. It was calculated that 1 ton of iPhones would deliver 300
times more Au than a ton of gold ore and 6.5 times more Ag than a ton of silver ore
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[26]. Smartphones are also a valuable source of REE (yttrium, lanthanum, terbium,
neodymium, gadolinium and praseodymium), scarce in Europe and difficult to mine
in other countries. As 2 billion smartphone users change phones every 11 months, it
means that phone users store “treasure” of various metals because 1 million mobile
phones contain 16 tons of Cu, 350 kg of Ag, 34 kg of Au and 15 kg of Pd [26].

Every year about 300 tons of Au are used for production of electronic
devices around the world (293 tons in 2008 and 246 tons in 2009 - this decline
is explained by the economic crisis), which accounts for 12% of annual gold
production. Thus, electronic equipment produced each year is a potential source
of significant quantities of this valuable metal [28, 29], and is regarded even as
“a high-grade ore” [21].

The metals presented in Table 1.4 account for a significant part of the value of the
equipment produced, and therefore their recovery becomes a viable undertaking,
both in terms of environmental and financial considerations. In the case of PC-boards
or mobile phones, over 80% of their value comes from the presence of precious
metals such as Ag, Au, Pd.

Table 1.4: Contribution of metals in value of typical electronic components [29, 30].

Components Fe, % Al, % Cu, % Ag, % Au, % Pd, %
TV-PCB 4 14 35 7 33 7
PC-PCB 0 1 13 5 69 12
Mobile phone 0 0 6 1 71 1
Portable audio 3 1 73 4 16 3
DVD-player 15 3 30 5 42 5
Calculator 1 4 10 6 76 3

As it was said before, WEEE is a mixture of various metals and alloys, mainly steel,
copper, aluminum, zinc and lead, precious metals and nonmetallic components
(glass, ceramics, rubber, wood, plastics). It can also change rapidly within one
category over time. The content of metals in e-waste varies depending on the type of
equipment and its age. Old devices contain considerable amount of hazardous
elements, such as lead or mercury. WEEE composition changes with technological
development and legislative regulations. For example, as a consequence of repla-
cement of cathode ray tube (CRT) monitors with liquid crystal displays (LCDs),
concentration of Pb in e-waste will be reduced because each CRT tube contained
0.5-5kg of Pb [17, 19, 31]. However, as the majority of LCD screens is illuminated by
mercury-containing backlights, waste LCDs contain toxic Hg [22-24], and other
metals such as In, Sn, Al and Zn [22, 32-39]. About 95% of laptops and notebooks
use cold cathode fluorescent discharge lamps (CCFL) with a low vapor pressure that
contain mercury as backlight units [23]. It is important to emphasize that nowadays
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CCFLs are replaced by light-emitting diode (LED) backlights which are safer due to
Hg absence [24]. For LCD televisions, the LED penetration rate exceeded 50% in the
last quarter of 2011 [24]. However, in e-waste LCDs with CCFL will be still present for
some years. As in the future, new products which we cannot even think of today,
will be on sale, e-waste recycling is continuously challenging responsibility.

After mechanical processing and separation of WEEE components, iron usually
dominates (from 54% in TV sets to 85% in PCs) then copper and aluminum (from a
few to 10%) and precious metals (usually less than 1%) in the metallic fraction [30].
Also, the availability of the metals differs depending on the part of a device, e.g.
printed circuit boards (PCBs) or mobile phones are considered to be rather mono-
streams and relatively “clean” WEEE, which processing is not as complicated as of
complex electronic equipment or mixtures of all kind of EoL products or waste from
different streams [20, 29]. Table 1.5 shows content of metals in the six exemplary
components or electronic devices.

Table 1.5: Weight contribution of components (wt% or ppm) in exemplary electronic devices [29].

Devices Fe, % Al, % Cu,% Plastics, % Ag, ppm Au, ppm Pd, ppm
Monitor 30 15 12 28 280 20 10
board
PC-board 7 5 18 23 900 200 80
Mobile 7 3 13 43 3,000 320 120
phone
Portable 23 1 21 47 150 12 4
audio
DVD- 62 2 5 24 115 15 4
player
Calculator 4 5 3 61 260 50 5

The most valuable metals, and thus, the most cost effective in processing, are
components of computer hardware and mobile phones, for example PCBs, all
kinds of plugs and switches, memory slots, graphics card slots, jumpers or transis-
tors [30]. Precious metals and copper are embedded mainly in PCBs a key compo-
nent of WEEE. PCB weight contribution in some electronics is as follows: 7% in CRT
TVs (old type), 18.8% in computers, 21% in laptops, 21.3% in mobile phones, 11.9%
in LCDs [19, 40]. Metals in PCB are entrapped in nonconductive plastic, glass fiber
reinforced plastic or ceramic (mainly silica or alumina) substrate which must be
shredded prior metal recovery to make metals accessible. A typical PCB is com-
prised of 30% plastics, 30% refractory oxides (ceramic compounds) and 40%
metals [41]. Generally, the following examples of e-waste categories according to
value of the material are proposed [42]:
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1. low value: TV-boards, monitor boards, printer boards, cordless phones, calcula-
tors, shredded bulk material after Al-/Fe-separation,

2. medium value: PC-boards, laptop-and handheld-computer circuit boards,

3. high value: PCBs from mainframes, mobile phones, integrated circuit (IC) chips,
multilayer ceramic capacitors.

Metal contents in PCBs from different devices are presented in Table 1.6.
Umicore - one of the companies that recycle e-waste — proposes to categorize
PCBs into different qualities, depending on their gold content [42]. It is schema-
tically presented in Figure 1.2.

very low \_50 low 100\_Mmedium "\ 500 high \_400~_very high
grade pm,~ grade pm ~ grade ppm grade pm,~ grade

Au content in PCB

Figure 1.2: Value categories of PCB waste depending on Au content [42].

As it is presented in Table 1.6, metal content depends on the type of device and differs
also for various fractions separated from one type of WEEE. To some extent also
method of metal analysis can determine the results of metal content. Most authors
used inductively coupled plasma atomic emission spectrometry to measure metal
contents after digestion of the milled WEEE in mixtures of mineral acids [43-50], also
microwave plasma atomic emission spectroscopy was applied [51] and/or X-ray
fluorescence [48].

In some reports, PCBs are considered as “bare” (dismantled), in some as printed
circuit board assembly (PCBA), which is a PCB mounted with electronic components
of a range of sizes and compositions [40, 52]. PCBA consists of various components
such as capacitors, resistors, IC chips, thermistors and transformers mounted onto a
nonconductive plastic, glass fiber reinforced plastic or ceramic substrate and linked
with copper or aluminum wires. These components contain metals, among them Cu
(wires) of the highest content, followed by Sn, Fe, Cd and Pb, used in soldering and
lead frames, Ta used in capacitors, Ga, In, Ti, Si, Ge, As, Sb, Se and Te found in ICs, or
precious metals Au, Ag and Pd, applied as contact materials or plating layers compo-
nents of ICs [40, 52]. However, legislation restrictions constrain the electronics
industry and force it to replace, for example Sn—Pb solders with Pb-free alternatives,
such as Sn/Ag/Cu alloy [21].

Thus, Pb containing WEEE is limited to older devices, in some years lead content
in e-waste should decrease. Nowadays, PCBs account for the majority of e-scrap
recycled both in industrial plants (smelters) and in small workshops (mainly in
Asia or Africa) because they are relatively rich source of Cu and precious metals,
particularly of gold.
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As the variety of EEE is really wide, in this chapter only some exemplary e-wastes will
be considered as a secondary source of metals. PCBs (mentioned in Table 1.6) are
present in all waste devices but also other parts of EEE contain valuable metals. For
example, nowadays, indium recovery from LCDs becomes more important because
there are no natural ores of this metal (it is associated with Pb and Zn ores) and its
concentration in primary ores ranges from 10 to 20 ppm [20]. Over 70% of In
consumption (as indium-tin-oxide — ITO) is applied for transparent conductive coat-
ings in flat panel displays such as LCD-TVs, smartphones, laptops and tablets [38,
42]; this metal is also applied in high efficiency photovoltaic devices, infrared
detectors and high speed transistors [20]. Content of various metals in LCD panels
is presented in Table 1.7.

LCD display is built from several layers of various materials that contain 25 or
more components, including a transparent conductive coating made up of a thin

Table 1.7: Metal content in LCD panels.

Unit ppm ppm ppm % ppm  ppm % ppm
Metals
In 536 130 30 11020 7.95 20050 530 0.06 305
Sn 260 % 30 - - 101 203 - 0.01 72+ 4
Ga - <10 <10 - - - - -
Al 3.3% £ 0.7 5% 2 - - 65-825 - 14.4 1,030£50
Fe 3,100 + 600 600 + 400 - 0.22 70-500 - 034 2,200
800
Ca - - - 077 - - 9.6 -
Pb - - - 0.03 - - - -
Cr - - - 0.46 4+0.4 - 0.01 -
Zn - - - 0.10 20-270 - 018 37085
Ag - - - - 43 - - -
Co - - - - 4x0.4 - - 2x0.4
Cu - - - - 10-250 - 0.02 37022
Mg - - - - 61 - - -
Mn - - - - 2£0.5 - - -
Ni - - - - 17+ 4 - - 419
As - - - - - 346 0.9 -
Sb - - - - - 24 - -
Sr - - - - - - 3.43 -
Ba - - - - - - 0.85 -
Ti - - - - - - 013 -
K - - - - - - 034 -
Eu - - - - - - - 3120
Mo - - - - - - - 111
Nd - - - - - - - 19+ 4
Y - - - - - - - 319 £35
Ref. [36, 37] [36, 37] [36,37] [33] [20] [571 [22] [58]
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layer of indium and tin oxide and their alloys [34, 59, 60]. A coupled indium(III) oxide
and tin(IV) oxide (ITO) used in LCDs contain 90% of In,05; and 10% of SnO,. The
content of indium in the ITO glass is approximately 102 mg/kg, however, in some
devices it reaches even up to 530 ppm. It means that indium content in the waste
LCDs is much higher than its grade in the primary ores. Other layers include glass, foil
and liquid crystals. Liquid crystals are a mixture of 10-25 organic compounds that
only differ in alkyl or alkoxy side chains by varying the number of carbon atoms.

1.4 Mechanical processing of WEEE

Generally, processing of WEEE covers some stages of mechanical operations such as
dismantling, classification, size reduction (crushing/shredding), and finally separa-
tion for metals and nonmetals (magnetic, gravity, electrostatic separation, flotation).
When separated, upgraded e-waste, known as e-scrap, is treated by pyrometallurgy,
hydrometallurgy or biometallurgy to recover metals that can be valuable product of
the WEEE recycling. Schematic representation of the main stages of processing of
WEEE is shown in Figure 1.3.

b

= e

md— DISMANTLING
>

CRUSHING/
SHREDDING

T

PHYSICAL . EVLOmetz::llrlrgy
SEPARATION |~ ® METALS | e hydrometallurgy
& biometallurgy

NON-METALS |«

* gravity
Polymers: i electros.tatic Hazardous:
pE, PP, PVC, PTFE S Cr, Hg, Cd,Pb,Zn
+ froth flotation SRR

Base metals:
Cu, Zn, Sn, Ni, Al, Fe

Flame retardants:

F, Cl,Br, BFR, PBB

Glass fiber: Precious:

Au, Ag, Pt, Pd

fibers, epoxy resins

Rare Earth Elements:
Eu, Tb, Y

Ceramic:
silica, alumina, mica

Figure 1.3: Main stages of processing of WEEE and products obtained [19, 63, 64].
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Dismantling aims at recovery of useful elements such as plastics or steel ele-
ments, and preliminary separation of different materials and removal of hazardous
components [20, 61, 62].

1.5 Recovery of metals from WEEE

Further processing of metallic fraction applies chemical treatment by pyrometal-
lurgy, hydrometallurgy or biometallurgy. Sometimes term “hydrochemistry” is
used instead of “hydrometallurgy” because the former covers a broader range of
operations and reactions [20]. In practice, these different techniques are combined to
design the best technology for efficient recovery of metals from e-waste.

1.5.1 Pyrometallurgy

Pyrometallurgy means thermal treatment of materials (minerals, ores, concentrates
or wastes) and includes burning, smelting in a plasma arc furnace or blast furnace,
drossing, sintering, melting and reactions in a gas phase at high temperatures
(>1,200°C). Recovery of nonferrous and precious metals from WEEE with pyrometal-
lurgy has been processed for over 20 years [62]. As pyrometallurgical processes are
high energy consuming, and thus, generate high-operational costs, they demand
continuous supply of feed materials of stable composition with high precious metal
content. Some industrial pyrometallurgical processes for WEEE treatment are pre-
sented in Table 1.8.

Table 1.8: Pyrometallurgical plants for WEEE processing.

Process Feed materials Products Ref.
Aurubis, Kayser Copper and copper alloy scrap, copper- Cu cathodes, NiSOy, [65]
Recycling System  bearing residues from foundries and SnPb alloy, precious

(Germany) semis fabricators, shredder materials, metals, Zn-bearing

galvanic slimes, slags, ashes and filter  oxide
dust, precious metal-bearing raw mate-
rials, including WEEEscrap

Noranda, Horne Secondary copper and precious metal- Cu cathodes, Au, Ag, [62, 66]
Smelter (Glencore bearing materials (ashes, router dust, Se, Te, CuS0,, NiSO,
Xstrata, Canada)  catalysts, muds, sludges), electronic and a concentrate of

waste: low-grade and high-grade circuit PGMs
boards, cell phones, pins/punchings/
ICs/components, lead frames/trims/bare
boards, sweeps, insulated consumer
wire/degaussing wire, copper yokes

(continued)
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Table 1.8: (continued)

Process Feed materials Products Ref.
Boliden, Ronnskdar Copper and lead concentrates, electronic Cu, Pb, Au and Ag, Se, 2, 62, 67]
smelter (Sweden) waste: circuit boards from computers copper telluride, PGM

and mobile phones concentrates, crude

nickel sulfate, nickel
matte, Zn clinker, Sb, In

or Cd
Umicore (Belgium) Residues from the various manufactur-  Precious metals: Ag, [42,62, 64,
ing (e.g. anode slimes), electronic waste: Au, Pt, Pd, Rh, Ir, Ru; 68]
low, medium and high value base metals: Pb, Cu;

special metals: In, Te,
Se; chemicals: NaSbOs

1.5.1.1 Aurubis process (Kayser Recycling System, KRS)

The key step of pyrometallurgical Aurubis process takes place in the KRS equipped
with a submerged lance furnace (13 m high). A submerged lance is immersed into the
furnace and supplies with heating oil, oxygen and air necessary for the combustion
(reduction) process. Metals, such as Cu, Ni, Sn, Pb and precious metals (mainly Au
and Ag), contained in the raw materials are enriched in the furnace, and Cu content
amounts to 80%. It is further enriched in a top blown rotary converter up to 95% and
separated from Sn and Pb. Sn-Pb alloy is produced from a slag, while Zn is enriched in
KRS oxide. Recycling materials rich in precious metals and intermediate smelter
products originating both from Aurubis’ production plants and from external metal
smelters or precious metal separating plants are further processed to enrich and
recover precious metals and separate various by-metals. Pyrometallurgical separa-
tion of Pb and Cu and enrichment of precious metals is carried out in an electric
furnace in various smelting campaigns. Such by-products, as Pb, Bi, Sb and Te, are
separated in the lead refinery and sold as lead bullion, Pb-Bi alloy, Sb concentrates
and Te concentrates. The precious metals accumulate in “rich lead” and comprise
even 70% of it [65]. Schematic representation of Aurubis process in presented in
Figure 1.4.

1.5.1.2 Noranda process (Horne Smelter)

Noranda process (now owned by Glencore Xstrata) has been operating in Canada for
over 30 years [62, 66]. The Horne Smelter, located in Rouyn-Noranda, processes
electronic scrap containing copper and precious metals, being now the world’s
largest e-scrap processor with the annual capacity of 840,000 tons of copper and
precious metal-bearing materials. The smelter uses both copper concentrates and
precious metal-bearing recyclable materials to produce a 99.1% copper anode, which
is shipped to the Canadian Copper Refinery in Montreal to be converted into final
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Kayser Recycling System (KRS)

Feed material Copper alloy

scrap Copper scrap
Slimes
Resid Black Cu Converter Ci
Sampling, material| _e-scrap SUBMERGED | (80% Cu) (95% Cu) ANODE
preparation " LANCE FURNACE i TBRC FURNACE
Fe silicate sand ROTARY |
KRS-oxide Zn-bearing FURNACE | Sn-Ph alloy

Anodes
(99% Cu) cu

Cu cathode
ELECTROWINNING (99.995% Cu)

ANODE CASTING

Precious metals
(Ag, Au)

Anode slime
processing

|

Figure 1.4: The Aurubis process of Cu and precious metals recovery from secondary materials [65].

Feed material Copper
concentrate 35% Cu
Slimes 24% Cu
- I | Residues l l J
ampling, materia e-scra 5% Cu . .
preparation e REACTOR Thickening
] 10% Cu
‘ 73% Cu
r
CONVERTER Slag
P NORANDA -
H2504 PLANT CONVERTER WI/
98% Cu

Cu anodes

Cu cathodes
(99.95% Cu)

ANODE FURNACE

(99.1 % Cu)

Au, Ag, Pt, Pd

Se, Ta, Ni

Figure 1.5: Scheme of the Noranda process [62].

Canadian Copper
Refinery (CCR)

product — 99.95% copper cathodes. Approximately, 15% of the feed material for
smelting operation is from recyclable materials [66]. The process scheme is shown
in Figure 1.5.

EBSCChost - printed on 2/14/2023 7:07 AMvia . All use subject to https://wmw. ebsco. conlterns-of -use



EBSCChost -

1.5 Recovery of metals from WEEE —— 17

The raw material feeding the reactor is immersed in a molten metal bath at 1,250°C,
which is mixed by an oxygen-enriched air mixture (over 39% 0,). The aim of this step is
to oxidize iron, lead and zinc to oxides that will be removed along with silica slag. After
cooling, the slag is ground to recover metal residues therefrom. The copper matte
containing precious metals is directed to a converter where copper is enriched, and
then it is further refined in an anode furnace and cast into anodes with purity of 99.1%.
The remaining 0.9% is comprised of precious metals: gold, silver, platinum, palladium
and other metals such as selenium, tallium and nickel. In the presented pyrometallur-
gical process, plastics and other combustible materials from WEEE are used as a “fuel”
to reduce energy costs.

1.5.1.3 Boliden process (Ronnskér Smelter)
Boliden’s Rénnskar smelter in northern Sweden is one of the world’s largest recycler of
metal from electronic material with annual capacity of 120,000 tons, including PCBs
from computers and mobile phones (sourced primarily from Europe) [2]. Generally, the
process is similar to that presented in Figure 1.5 because the smelted e-scrap is
integrated with the smelter’s main copper flow for further refining. However, the
shredded electronic material, before being sent to the main copper flow, is processed
in a Kaldo furnace, specially adapted by Boliden for e-scrap smelting [2, 62, 67].
Secondary copper raw materials that are high grade can be fed directly to the smelter,
while these low grade (e-scrap) are upgraded in a Kaldo furnace. The furnace consists
of a leaning cylinder that rotates during the smelting process to ensure an even heat
distribution. Black copper — product of Kaldo furnace — is directed to main smelter flow
(to converter) for further refining to produce copper and precious metals. Fifty percent
of Ag and 30% of Cu produced in this process are from recycled materials. Anode slime
is processed to recover Ag, Au, Pd, Ni, Se and Zn, and slag from Kaldo furnace is
directed to Pb refinery, where also some amount of Sh, In or Cd can be obtained [2, 62].
Similarly to the Noranda process, here, also plastics and other combustible
materials which melt during e-scrap smelting are a source of energy for the smelting
process, and, additionally, generate steam that is converted into electricity or district
heating [2].

1.5.1.4 Umicore process (IsaSmelt)

Umicore (Hoboken, Belgium) carries out a unique process of metals’ recovery based
on coppet, lead and nickel as collector metals, focusing particularly on recovery of
precious metals. Various industrial wastes and by-products from the nonferrous
metal industry, such as slag or anode slimes, precious metals containing materials,
spent industrial and automotive catalysts, and WEEE are used in the process as the
feed material. E-waste represents 10% of the 250,000 tons of the waste processed in
Hoboken/year. The Hoboken plant is one of the world’s largest precious metals
recycling facilities with a capacity of over 50 tons of PGMs (25 tons of each Pt and
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Pd, 5 tons of Rh), over 100 tons of Au and 2,400 tons of Ag [42, 64]. Apart from the
main products such as precious metals and base metals, Umicore Precious Metals
Refining has also an annual capacity of 50 tons of indium (from LCD feed).

As this process uses also spent automotive catalysts as a feed material, it will be
presented in detail in Chapter Wastes generated by automotive industry — spent
automotive catalysts.

1.5.1.5 Summary of pyrometallurgical processes for WEEE recycling
Pyrometallurgy is a traditional method for precious metals recovery from WEEE for
many years, but this method has some limitations. One of them is emission into the
environment of gases such as SO,, NOy or CO,. Only partial recovery of metals is
possible on the pyrometallurgy path, and electrochemical (electrolysis) or hydrome-
tallurgical (leaching) methods are required to obtain high-grade metals. Aluminum
and iron cannot be recovered in metallic form in integrated furnaces, and these
metals pass to slags. On the one hand, glass and ceramic e-waste components
increase also the amount of slag in the blast furnaces, thereby increasing the loss
of precious and non-precious metals. On the other hand, plastics or organic residues
contained in the feed materials decrease operational cost partly replacing in the
furnaces traditional reducing agent and energy source — coke. However, furnaces for
e-scrap treatment must be specially designed as integrated metal smelters (special
installations of off-gas treatment) to protect the environment from emission of
dioxins. These hazardous compounds are released as a consequence of presence of
halogenated flame retardants in plastics (e.g. PCB).

Generally, all the pyrometallurgical processes presented here consist of three
stages of metal recovery. The first is smelting, the next conversion process, and the
final - refining to produce pure metals. Aurubis, Boliden and Noranda processes are
focused on copper recovery, while Umicore seems to be the most flexible regarding to
feed material and aims at the recovery of precious and special metals.

1.5.2 Hydrometallurgy

Hydrometallurgy, called also “wet techniques”, means application of solutions of
various chemical compounds to dissolve, extract, recover elements from different
materials. Hydrometallurgy seems to be a perspective for the future e-waste treat-
ment as it is easier to control and operate, more predictable, applies simpler and
cheaper equipment and operates in lower temperatures than pyrometallurgy.
However, such drawbacks as generation of harmful solutions or sludges that must
be managed or recycled make hydrometallurgy of e-waste still not as advanced as
pyrometallurgy. Now, on the industrial scale, hydrometallurgy is used as auxiliary
operations (leaching or electrolysis) to purify metals smelted in pyrometallurgical
operations. Therefore, the examples of hydrometallurgical treatment of WEEE
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presented here are rather small-scale operations or research proposals that can be
developed on bigger scale in the future. However, 4 years ago an interesting proto-
type of small portable plant for hydrometallurgical recovery of metals from WEEE
was investigated and proposed [54, 69]. Facing domination of pyrometallurgy in the
e-waste recycling on industrial scale, such small portable plant is an alternative to
pyrometallurgical process, and can be readily applied in small plants (small- and
medium-sized enterprises — SME) without their own recycling plant.
Hydrometallurgical treatment of e-waste consists of many steps of leaching with
acids or bases to dissolve metallic components. To increase the yield of metal leaching, it
is important to crush and ground the material as much as possible. Leaching means
solid-liquid extraction of metals from e-scrap to solutions of leaching agents. The
pregnant leaching/leach solutions are then purified and the required metals are sepa-
rated from them with liquid-liquid extraction, adsorption, ion exchange or cementation.

1.5.2.1 Gold/precious metals recovery

Hydrometallurgical methods are frequently studied to recover gold from e-waste
because of high price of this metal and relatively high content in electronic compo-
nents (Table 1.6). Au is almost always present as thin coating over copper, iron or
silver substrates in PCBs [70], and the amount of gold in PCB is an order of magnitude
higher than in the natural ores (average 10 mg Au/kg ore) [71]. Some examples of
hydrometallurgical proposals for recovery of precious metals are given in Table 1.9.

Table 1.9: Hydrometallurgical proposals for precious metals recovery from WEEE (recoveries given in
brackets).

Components Operations Products Ref.
PCB - Ag leaching with aqua regia Ag (98%) [43]
- Formation of red precipitate of Pd (93%)
Pd(NH,),Cle.
- Au liquid-liquid extraction with Au (97%)
toluene

- Formation of Au nanoparticles (¢ 20
nm) with dodecanethiol and sodium
borohydride solutions

PCB — Leaching in sulfuric media at 75°C - Al (90%), Zn (40%), Sn (8.6%) [49]
— Leaching in an oxidant media at 75°C - Cu (98.5%), Zn (60%), Al (10%)
PCB — Enrichment of Pd during Cu recovery Pd (96.9%) [50]

— Pd dissolution in a special solution
of CuSO, and NaCl

- Pdrecovered during the dissolution-
extraction-stripping process

— Regeneration and recycling of
extractant (diisoamyl sulfide, $201)

(continued)
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Table 1.9: (continued)

Components Operations Products Ref.
PCB (portable - Cu leaching with H,S0, at 70°C Cu, Au, Ag [54]
plant) - Au leaching with thiourea in the

presence of (Fe,(S0,)3) as an oxi-
dant in H,SO, at 40°C

— Electrolysis to win metallic
copper from leaching solution

PCB (portable - First, leaching with H,SO, and H,0,  Cu (90%) [69]
plant) - Leaching with thiourea to dissolve Au (90%)
Au and Ag
- Selective precipitation to recover Ag (90%)
metals from leach liquor
PCB — HNOs leaching at 70°C to dissolve Au [72]
base metals

- Mechanical crushing of PC chips

— HNOs leaching of crushed e-scrap

- Au leaching with aqua regia from
solid residue

- Au precipitation with FeSO,

PCB — Base metal leaching with sodium Cu (71%) [73]
citrate solution
— Direct electrowinning of base Fe (83%)
metals from citrate solution
— Recycling of the barren citric Pb (94%)
solution to the leaching stage
PCB - Cu leaching with H,S04, 17% (vol.) In one step: [74]
H,0,
- Cu cementation with Zn powder Au (90%),

- Ag, Au leaching with thiourea and Ag (75%)
Fe>* ions (oxidizing agent) in diluted

H,S0,
— Neutralization of thiourea solution In four steps:
with NaOH
- Ag, Au cementation with Zn powder  Cu (>95%)
PCB - Two consecutive H,SO, leaching Cu (99%), Au (86%), Ag (71%) [75]

steps in the presence of H,0, as an
oxidizing agents to dissolve Cu

- Au leaching from solid residue with
acidic thiourea in the presence of
Fe3+

- Pd and remained Au leaching from
the solid residue with NaClO-HCl-
H,0,

- Pd and Au precipitation by sodium
borohydride

(continued)
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Table 1.9: (continued)

Components Operations Products Ref.
PCBs from - Au leaching with a commercial Au (60%) [76]
mobile reagent (cyanide)
phones - Ag leaching with HNO; Ag (100%)
- Au and Ag leaching with alternative  Au (15% — in alternative agent)
reagent with sodium thiosulfate Ag (3% - in alternative agent)

Na,S,03 is more efficient when
CuSO, was added
E-waste — Etching of Ag with FeCls or CuCl, Detached Au particles, ceramic [70]
solutions and plastic supports
— Regeneration of spent etching
solutions by oxidizing with
atmospheric oxygen

E-scrap of at — Chlorination of e-scrap at 300-700°C  99.9% purity Au [77]
least 80% Au — HCl washing to dissolve impurities-
content metal chlorides
— NH,OH and HNO3 washing to dis-
solve AgCl
Processor — Without shredding or grinding Au (>98%) [51,
scrap stages to reduce secondary dust 78]

pollution, reaction time and con-
taminant by-products

- Environmentally friendly Au recov-
ery from scrap by oxidizing of the
scrap substrate with ammonium
(NH,),S,0¢ or potassium persulfate

K,S,0g
Coatings of - Selective extraction of Ag in the form  Ag (50% recovery for silver plates [79]
Cu-based e- of diamminesilver(l) complex using  and up to 100% for silver powder
waste scrap base-activated persulfate — ammo- with K,S,0g)

nia system

— Easy reduction of the complex to
metallic silver

Printed wiring - Selective chemical desoldering in Sn, Pb and Ag (>95%) [80]
boards and an acidic solution at 30°C and 40°C

integrated cir- - Collectin salts or oxides of solders Precious metals, mainly Au

cuits (ATMI (Pb/Sn and Sn/Ag) (>99% recovery, >99.9% purity)

process) - ICs grinding and nontoxic, environ-

mentally benign leaching at 30°C to
remove all precious metals

— Chemical reduction or electrowin-
ning to collect gold, silver,
palladium
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Solutions of such complexing agents as cyanides, thiourea, halides and some
strong acids (e.g. aqua regia — 3:1 mixture of HCl and HNOs) are used as typical
leaching agents not only for Au dissolution but also for other metals present in the
e-scrap. Aqua regia is a very effective leachant because it makes possible to dissolve
Ag, Pd, and Au at the same time. For over 100 years, cyanide leaching has been
playing an important role in industrial Au and Ag recovery, particularly from natural
ores, due to high gold recoveries, robustness and relatively low costs [81-83]. Gold
leaching with cyanides relies on an electrochemical dissolution of Au in the alkaline
cyanide solution and formation of the Au(CN), complex according to the general
reaction:

4Au+8CN~ + 0, +H>0 — 4Au(CN), +40H" 1.1

The cyanide leaching is not considered an eco-friendly process [81], hence, to replace

cyanides, other complexing/leaching agents are proposed:

— thiourea - less toxic, faster rates of Au and Ag dissolving; disadvantage —
carcinogenic and sensitive to Cu, Pb, Zn, As, Sb presence [78, 84],

— thiosulfate — nontoxic and economical compared to cyanide leaching; disadvan-
tage — low Au recovery [81],

— thiocyanate — effective, forms stable and soluble complexes of aurothiocyanate
and aurithiocyanate [84],

— mineral acids with different oxidants such as H,0,, O,, Fe** or addition of NaCl.

Thus, recently some novel approaches to Au leaching have been proposed, e.g. non-
cyanide leaching processes [69, 81, 82], use of more environmental friendly leaching
agents, such as ammonium persulfate (NH,),S,0g or copper chloride to oxidize (etch)
non-noble metals to detach solid gold and ceramic support [51, 70, 78].

Recently, a portable/mobile plant for hydrometallurgical metal recovery from
WEEE was designed, and a prototype HydroWEEE was installed in a container lorry
[54, 69]. It can treat four different e-wastes, i.e. fluorescent lamps (Y recovery), CRTs
(Y, Zn), Li-ion batteries (Li, Co), PCBs (Au). Such a small mobile plant is addressed to
SME without their own recycling plant. It was estimated that the portable process is
economically feasible for the amount of gold exceeding the limit value of 500 ppm,
and investment return is expected after up to 7 years of plant operation, assuming
processing of 50-100 kg of WEEE [54]. A scheme of metal recovery in the portable
plant is shown in Figure 1.6.

The process comprises several steps of leaching, filtration and cementation.
Copper is extracted from the waste material with 2 M sulfuric acid as a leaching
agent. Solid residue after Cu leaching step is leached by thiourea in the presence of
ferric ion (Fey(SO4,)3) as an oxidant in sulfuric acid solution to extract gold. Thiourea
with Fe>* ions (oxidizing agent) in diluted H,SO, is often proposed as an efficient
solution for Au or Ag leaching [54, 69, 76, 81, 85]. In the next step, Cu is electrowon
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Figure 1.6: Scheme for hydrometallurgical recovery of base and precious metals from WEEE in a
portable plant HydroWEEE [54].

from sulfate solution as a cathode Cu. Au and Ag produced as a cement powder can
be sold to refinery or internally refined up to commercial purity metal powders.

Thiourea leaching in the presence of Fe* ions is also proposed for selective
recovery of Cu, Ag, Au and Pd from waste PCBs [75]. High Cu recovery (99%) is
obtained in two steps of sulfuric acid leaching in the presence of oxidizing agent
(H,0,). In the next step, Au and Ag are leached from solid residue by thiourea and
ferric ions, achieving 85% and about 70% recoveries, respectively. The remaining Au
and Pd are dissolved in a NaClO-HCI-H,0, leaching system. Finally, they are quanti-
tatively precipitated as metals with sodium borohydride (reducing agent) according
to the following reactions:

7PdCL;” +2BH, +200H~ « 2B0O3~ +14H,0 +7Pd +28Cl~ 1.2)

7AuCB™ +2BH, +200H™ « 2BO3™ +14H,0 + 7TAu +28Cl~ (1.3)
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To increase Au recovery not only in thiourea but also in thiosulfate leaching,
cupric (Cu?*) or ferric (Fe®*) ions are added into leaching solutions as catalysts.
However, thiosulfate can be decomposed by the presence of copper as well as other
metals [83]. The electrochemical reactions of Au leaching in the presence of Cu are as
follows:

Au+2S5,02" — Au($,03); +e” (1.4)

Cu(NH;)," +3S5,02" +e~ — 2Cu($,03);” +4NH, (1.5)

Generally, the use of thiosulfate-based solutions for Au and Ag leaching from PCBs is
not efficient even in the presence of Cu?* ions [76]. Also, because of complex compo-
sition of e-waste, for the recovery of metals present in the PCB, various leaching
solutions are needed. For example, high recoveries of different metals (84% Cu, 82%
Fe, 77% Al, 76% Zn, 70% Ni, 90% Pd, 88% Pb, 83% Sn) were obtained using H,0,,
NaCl, H,SO, and aqua regia solutions. Ninety-eight percent gold and 93% silver
recovery with thiosulfate solution took as many as 48 h [81].

ATMI (Advanced Technology Materials, Inc.) proposes WEEE treatment without
shredding or grinding which is advantageous because there is no loss (even up to
40% in case of shredding) of precious metals and/or no hazard of formation of
dangerous metal fines, dust containing brominated flame retardants and dioxins
[80]. After selective chemical desoldering of feed e-waste (PWBs and ICs) in an acidic
solution at 30°C and 40°C, solders (Pb/Sn and Sn/Ag) are collected as salts (>95%
recovery of Sn, Pb and Ag), while gold connectors containing copper, gold and base
metals remain intact on the board. The desoldered ICs are still operational and may
be reused which contributes substantially to the sustainable development because
manufacturing 2 g of new chips requires 1.6 kg of fossil fuels, 72 g of chemicals, 32kg
of water and 700 g of gases. ICs may be also ground to recover precious metals from
them by nontoxic, environmentally benign leaching (authors do not reveal chemical
composition of the leaching bath) at 30°C, which selectively removes all precious
metals (gold, silver, palladium) that further are collected by chemical reduction or
electrowinning. The process was scaled up and applied as a recycling pilot line to
treat about 200 kg/h of PWBs.

Some laboratory scale proposals, based on etching (selective oxidation) of non-
noble metals such as Ni, Fe, and Cu, also seem interesting and perspective. Chemical
etching to remove the excess of metals from copper-plated boards is well known in
electronics as a step of PCB production. Thus, etching of non-noble metals from
e-scrap to produce solid Au eliminates gold leaching step, and reduces reaction time
and contaminant by-products. Focusing on recyclable etching agents (oxidizers),
easily renewable CuCl, solution was proposed for recovery of precious metals, in
particular gold. CuCl, can be completely regenerated by oxidation of the cuprous
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chloride, formed during the etching, using the atmospheric oxygen. This CuCl,-based
process is considered to be a closed circuit and environmentally friendly process
because it applies only clean reagents (energy and the air) leading to effective
separation of gold from non-noble metals and substrate (support materials, i.e.
plastic, ceramic), and finally, the etching solution is easily and completely regener-
ated by oxidation in the air atmosphere, and is recycled to the process [70].

Another example of etching solution is ammonium ((NH,),S,0g) or potassium
persulfate (K,S,0g). During reaction of (NH,),S,0g solutions and solid scraps of
processors in oxygen flow and at 95°C, iron, nickel and copper were partially oxidized
and 99% of gold was released (as a solid) from the substrate [51].

It is noteworthy that base-activated persulfate — ammonia system can be used for
efficient silver recovery from coatings of Cu-based e-waste scrap [79]. Moreover,
presence of Cu either in the metallic or ionic form is very important because it is a
source of the persulfate activation and increase in the oxidizing strength of the
solution. Each gram of base-activated potassium persulfate under specified condi-
tions may leach almost 100 mg of silver coatings in a form of well soluble diammi-
nesilver(I) complex. one gram of the silver complex is obtained from about 40 g of the
scrap. Then, the silver complex can be reduced to metallic silver.

Completely different approach is represented by authors of a dissolution-
extraction-stripping process (Figure 1.7) [50], who proposed use of liquid-liquid
extraction to recover Pd(II) from chloride leaching solution. Diisoamyl sulfide
(S201, represented in the equation as R,S) in dodecane was used as an organic
phase to extract palladium(II) chloro-complexes according to the following
reaction:

Zst + PdCIi_ — ZPdCIz . Zst +2CI~ (16)

The extracted Pd(II) was stripped with ammonia solution from the organic phase, and
then, the organic phase was washed with NaCl solution and reused in subsequent
extraction. However, there is no information on further treatment of Pd(II) ammonia
solution to recover metallic Pd.

These several examples are focused on leaching of Au or other precious metals,
and only some operations of further treatment are shown. However, it is important
step of each recovery process to purify the leaching solution and selectively extract
metals from a mixture. Among these, purification and separation operations are not
only abovementioned liquid-liquid extraction, cementation, neutralization or elec-
trolysis but also ion exchange or adsorption [81].

1.5.2.2 Indium recovery

Indium recovery from LCD panels is a quite new problem in WEEE recycling, and is
mainly based on hydrometallurgy. A typical process of LCD treatment includes
pretreatment (crushing and grinding) or preleaching, e.g. with acetone, to remove
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Figure 1.7: Scheme of dissolution-extraction-stripping process [50].

plastic or other organic materials. Then, separation of LCD polarizing film by thermal
shock method is proposed, further, liquid crystals (considered as harmful because
they are a mixture of 10-25 various compounds, including aromatic-based polymers
with benzene, cyano-group, fluorine, bromine and chlorine) are removed, e.g. by
ultrasonic cleaning. To maximize the recovery of the main fractions, plastic, glass
and In concentrate, different pretreatment operations are proposed. For example,
two physico-mechanical processes were developed by Ferella etal. [59], i.e. wet
process, in which around 40% of the original LCD panel weight was recovered as
In concentrate, 20% and 15% of the weight were plastic and glass fractions, respec-
tively. A dry process is less advantageous because In is recovered as a mixture of
glass and indium (85%), while 11% are plastics. The plastic fraction can be easily
recycled, and In can be recovered from the concentrate by hydrometallurgical tech-
niques. Scheme of LCD recycling process including dismantling, leaching and pre-
cipitation of In from leach solutions is shown in Figure 1.8 (see also Table 1.10). In this
process, Silveira etal. [86] recovered 0.2986kg In from 1,000kg of LCD screens

(corresponding to indium content of 0.0299 wt% in the cell phone screens).
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Figure 1.8: Scheme of LCD recycling process [86].

Polarizer film

Indium contained in thin film conductive layers or indium concentrate (depending
on the pretreatment operations) is dissolved by acid leaching (with mineral acids),
according to the following reaction:

In,055n0, + 10HCL """ 2Incl; + Sncl, + 5H,0 1.7)

Strong oxidative acids mixed with strong acid not only speedup In dissolution but
also prevent Sn** from being reduced to Sn**, (black precipitation of SnO which has a
negative influence on the indium recovery). Moreover, obviously not only the
required metal is leached from the waste but also many accompanying ones (base
metals), therefore further purification is necessary. Some examples of hydrometal-
lurgical processes for In recovery are presented in Table 1.10.

Though, indium precipitation from pregnant leach liquors is considered envir-
onmentally friendly and simple, in many cases this operation is not selective enough.
Thus, liquid-liquid extraction is often proposed to recover In selectively from the
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Table 1.10: Hydrometallurgical proposals for indium recovery from waste LCD (recoveries given in

brackets).

Components

Operations

Products

Ref.

LCD

LCD

LCD

LCD

LCD

LCD

Sharp Corporation process

— In leaching with HCl from crushed LCD
panels

— Removal of glass and film by filtration

— Purification of leaching solution containing

In and other metal ions at anion-exchange
resin

— Precipitation of In(lll) sludge from the con-
centrated In solution after sorption of
accompanying metal ions with NaOH at
pH 4.5-5.5

—In and Sn leaching with 5 M HCl and 10%
H,0, at 75°C for 120 min

- Cross-current leaching (6-10 steps) with
2 M H,S0, at 80°C for 10 min

— Cementation of In with zinc powder
(5 g/dm>, pH 3, 55°C)

— In leaching with 6 N HCl at room tempera-
ture which allowed solubilization of
approximately 90% In

— In extraction through the PEG-ammonium
sulfate-water system (aqueous biphasic
systems)

—100% of indium leaching with 1 M H,SO,,
10% wt/vol S/L, 80°C, 3 h, without oxidant
or, alternatively, with 0.75 M H,S0,, 10%
wt/vol S/L, 80°C, 3 h and 10% vol. H,0,

- In recovery from pregnant solution by ion-
exchange (5% wt/vol. Amberlite IRC748
resin, at pH 3, 24 h)

- In stripping from the resin by 2 MH,S0O,in1h
— Three-stage process from nitric acid media
in the presence of SCN™ as a complexing

agent.

— Pb removal from 0.1 M HNOs by electrode-
position (8 h, in the absence of SCN7)

- Sn removal by electrodeposition from the
residual electrolyte from stage 1 with addi-
tion of 0.02 M SCN™ (8 h)

- In recovery at the anode of the cylindrical
mesh electrode cell as an oxyhydroxide
phase by increasing SCN™ concentration to
0.1M (24 h)

In (90%)

In

In (>90%), Al and
Sn (>85%)

In (300/0)

Pb (97%), Sn
(94%), In (98%)

[22]

[34]

[35-37]

(38]

1591

(87]

printed on 2/14/2023 7:07 AMvia .

Al use subject to https://ww.ebsco.conlterns-of-use

(continued)



EBSCChost -

1.5 Recovery of metals from WEEE

Table 1.10: (continued)

Components

Operations

Products

Ref.

Gallium zinc oxi-
des (GZO0), indium
gallium zinc oxi-
des (1GZO) from

thin film solar

industry and dis-

play panel
manufacturing
Mobile phones
LCD

Mobile phones
LCD

Flat panel dis-
plays, LCD

LCD

Sulfate solution

(model)

— Leaching by HNO3

- Two steps of liquid-liquid extraction to
separate In, Ga and Zn

— Zn remains in the raffinate, In and Ga
stripped with HCl

- Precipitation of the metal hydroxides with
NaOH

- Formation of metal oxides by calcination

— Atmospheric pressure leaching: 1 M citric
acid as leaching agents, 90°C, 5 vol.%
H,0,, 120 min

— Supercritical CO; leaching: co-solvents —
citric acid and 5 vol.% H,0,, 100°C, 15 MPa,
30 min

- Leaching with 2.4 M HCl

— Separation by homogeneous liquid-liquid
extraction (HoLLE) with a solution of Zonyl
FSA (CF5(CF,),CH,CH,SCH,CH,COLH (n = 6-
8 in the presence of chelating agent (1,10-
phenanthroline)

— Leaching by HCl (formation of soluble metal
chloride complexes)

— In extraction with 0.25 M Cyanex 923 in
kerosene (2 stages) and stripping with 1 M
HNO; (2 stages)

—Y extraction with 0.2 M DEHPA in kerosene
(3 stages) and stripping with 2 M HCl

— Separation of LCD polarizing film by thermal
shock method at 230-240°C,

- Removal of liquid crystals between the
glass substrates by the ultrasonic cleaning
in industrial detergents at a frequency of 40
KHz (P = 40 W) for 10 min

- In recovery from glass by leaching in a
mixture of concentrated HCl and HNO5 (HCl:
HNOs3:H,0 = 45:5:50, vol.), 30 min at 60°C

- Preparation of resin: formation of PVA-
boric acid protective layer on solvent
impregnated resins impregnated with
EHEHPA

- In adsorption from H,SO, (pH 1.5)

- In desorption from the resin with 0.5-2 M
HCl

Zn, Ga, In
(99.9%)

In (76.5% —
traditional
leaching)

In (94.6% -
supercritical
Coy)

In (97%), Al
(91%),

Fe (95%), Sn
(91%), Si (67%),
Sr (10%)

Y, 95% purity In

In (92%)

In (98.9%)

(88]

(89]

[90]

[58, 91—

93]

[94]

[95]
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Table 1.10: (continued)

Components Operations Products Ref.
LCD leaching — Preparation of HZ830 resin: impregnation In (93%) [96]
solution with Cyanex 923

- In adsorption from HCl solution
- In desorption with H,SO,

In(ll1) industrial — Preparation of phosphorylated sawdust In (95%) [97]
wastewater beads
— In adsorption from industrial wastewater,
pH 3.5
- In desorption with 6 bed volumes of 0.5 M
HCl
LCD — Manual removal of screens from cell phones  In (96.4% in [86]
— Pretreatment for removal of the polarizing leaching, 99.8%
film from the glass of LCD panels in precipitation
— In leaching with 1.0 M H,S0,, 1:50 S/L, step)

90°C, 1 h, 500 rpm
— In precipitation with NH,OH at pH 7.4

leaching solutions. Acidic [58, 91-93, 98] (bis(2-ethylhexyl)phsosphoric acid —
DEHPA, 2-ethylhexyl-2-ethylhexylphosphonic acid — EHEHPA, bis(2,4,4-trimethyl-
pentyl)phosphinic acid — Cyanex 272), basic [98] (trioctylamine, mixture of tertiary
amines — Adogen 364, tetrabutylammonium chloride) or solvating [91, 92, 98-101]
extractants (tributyl phosphate, trioctylphosphine oxide, mixture of trialkylpho-
sphine oxides — Cyanex 923, Cyanex 925, methyl isobutyl ketone) are proposed as
indium extractants.

Yang etal. [91, 92] proposed DEHPA for In recovery from acidic leaching solu-
tions but, finally, a solvating extractant Cyanex 923 was proposed to separate selec-
tively In from Y, Eu, Nd, Cu, while DEHPA was applied to separate Y from Cu, Nd, Eu
and partly from Fe [58]. The major impurities such as AI(III), Cu(II), Fe(III), and Zn(II)
were limited by properly selected conditions of extraction and stripping.

DEHPA was also shown to extract both indium and tin from H,SO, media after
leaching of LCD wastes [93]. The proposed solvent system contains two countercurrent
stages (A/O = 8) of extraction and two countercurrent stages (A/O = 1/2) of stripping
(Figure 1.9). In this process, indium is concentrated from 0.74 to 12 g/dm?> and is almost
completely recovered from the leaching solution. Use of HCI as a stripping solution
leads to high In/Sn selectivity in stripping steps, and as a part of the whole process
provides with high concentration and separation of In from Sn from ITO.

DEHPA was also used as an extractant for recovery of indium, gallium and zinc
from spent gallium zinc oxide (GZO) and indium gallium zinc oxide (IGZO) elements
by a process comprised of leaching, solvent extraction, stripping and chemical
precipitation. Scheme of the whole recovery process is shown in Figure 1.10.

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



1.5 Recovery of metals from WEEE =—— 31
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Figure 1.9: Scheme of countercurrent extraction-stripping process for separation of In from Sn [93].
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and In separation from various LCDs and
solar panels [88].

Acidic and solvating extractants EHEHPA and Cyanex 923 were used to impregnate
resins which further were used to remove In(IlI) from H,SO, (pH 1.5) or HCl (pH 2)

solutions [95, 96].
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Some new approaches to selective indium winning are chloride volatilization at
400°C or ultrasonic-assisted and supercritical liquid extraction [89]. Solvent extraction
with aqueous biphasic systems, considered cheap, safe (reduced flammability) and
nontoxic [38], was also proposed; however, In recovery was not efficient (30%). Another
proposal is In electrocoagulation resulting in formation of In(OH); precipitation at the
current density 6.4 mA/cm? 0.003 N NaCl supporting electrolyte and 298 K [102].

However, up to now, only Sharp Corporation, a company leading in LCD produc-
tion, has contributed to recover In from waste LCD panels since 2005 [22, 103]. The
company developed a simple, eco-friendly and low-cost method based on anion-
exchange resins. The demonstration equipment could process 240 kg of waste LCD
panels/day. After dismantling, LCD panels are crushed and leached with HCI. Glass
and film are removed by filtration, while leaching solution containing indium and
other metal ions (impurities) is purified at anion-exchange resin. The concentrated In
solution obtained after sorption of accompanying metal ions is further treated with
alkaline agent to precipitate In(IIl) sludge (about 94% In content). The final In
recovery achieved by the process was up to 90%.

1.5.3 Biometallurgy

Biometallurgy or biohydrometallurgy employs microorganisms for bioleaching to
convert metals from solid materials into their soluble forms. Biometallurgy is con-
sidered as an alternative technology for metal recovery from very low-grade ores and
concentrates, thus, it has also great potential for treatment of e-waste containing
components of low content [14, 19, 62, 104, 105]. An exemplary scheme of bioleaching
use for e-waste treatment is shown in Figure 1.11.

Metal-rich p all
PCBs yrometallurgy

- 11
waste PCBS Table separation Adapted moderately
thermophilic culture

I

I

| Metal-poor Bioleaching at high pulp Extraction and
PCBs | density electrowinning of metals

I BIOLEACHING |

Zn(ll) ‘E! i. ________________

Figure 1.11: Scheme of bioleaching use for e-waste treatment [104].

General information on biometallurgy is given in Chapter Wastes generated
by automotive industry — spent automotive catalysts, while here some examples
of recent use of microorganisms for metal bioleaching from WEEE are presented.
As nonmetallic components of electronic scrap (e.g. Pb) and waste PCBs are
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toxic for bacteria, these components should be removed prior to biometall-
urgical process, and only metal concentrates should be treated by bioleaching
[106, 107].

Though most efforts are directed toward copper bioleaching from e-waste, also
Ni, Zn, Cr or precious metal are technically feasible to be recovered by bacteria- or
fungi-assisted reactions. Generally, three microbial groups are involved in this pro-
cess: autotrophic bacteria, heterotrophic bacteria and heterotrophic fungi (e.g.
Acidithiobacillus ferrooxidans, Leptospirillum ferrooxidans and Aspergillus sp.)
[19, 55, 108-110]. Cu bioleaching is enhanced by a presence of Fe?* ions in acidic
solution because bio-oxidation of copper runs through indirect mechanism, invol-
ving a redox intermediate such as ferrous/ferric couple, which oxidizes the metals
according to the reactions [46, 55, 106, 107, 111]:

bacteria

4Fe* + 0y +4H* S 4Fe* +2H,0 (1.8)

2Fe** + Cu® — 2Fe’* + Cu** (1.9)

Maintaining pH of a leaching solution at low level <2.5 (by acid addition) is necessary
to provide suitable amount of Fe** for reaction (9), and to avoid hydrolysis of Fe** and
production of jarosite precipitate KFe;(S0,),(OH)¢ [46, 107].

Part of copper is also leached by direct oxidation:

2Cu° + 0, + 4H* — 2Cu* +2H,0 (1.10)

The following optimized conditions, mixed culture of acidophilic bacteria, 10%
inoculation quantity, initial pH 2.00, initial Fe(I) concentration 12 g/dm?>, 12 g/dm>
metal concentrate dosage of 60-80 mesh particle size, 30°C temperature, were
successfully applied and resulted in 96.8% of Cu leaching in 45 h, and 88.2% and
91.6%, Al and Zn leaching efficiency, respectively, in 96 h [106].

Not only Sulfobacillus thermosulfidooxidans, the most frequently applied bioleach-
ing bacteria, but also fungi (Aspergillus niger, Penicillium simplicissimum) mobilize Cu,
Sn, Al, Ni, Pb and Zn, by formation of inorganic and organic acids, to be leached at
more than 90% efficiency at 30°C for 21 days [108]. For commercially interesting
process, the microorganisms should be grown separately in the absence of e-scrap;
therefore, a two-step process for an industrial application comprises organisms growth
in the absence of electronic scrap followed by the second step of metal solubilization
by the metabolites formed in the first step. Owing to such a solution, the biomass does
not contain metals and can be recycled, and, on the other hand, the waste material is
not contaminated by microorganisms. Moreover, higher efficiency of two-step bio-
leaching can be obtained by higher waste concentrations (microbial growth was
inhibited in direct contact with e-scrap exceeding 10 g/dm’), and by optimization of
acid formation in the absence of e-waste. Two strains of A. niger were used for
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bioleaching of Au, Cu and Ni in the presence of gold-plated finger ICs found in
computer motherboards and mobile phone PCBs. However, the efficiencies of Cu and
Ni leaching after 14 days at 28°C did not exceed 30%, while Au was leached even in
87% from PCBs with a combination of A. niger MXPE6 + A. niger MX7 [112].

A mixed culture of mesophilic bacteria (A. ferrooxidans, L. ferrooxidans,
Acidithiobacillus thiooxidans) was also applied for Cu leaching from manufacturing
scrap TV circuit boards reaching Cu recovery equal even to 84%. This process was
enhanced by the presence of Fe?*, which was added in the form of pyrite concentrate (a
source of iron and sulfur) [55]. Fe>* released in reaction (8) reacts with pyrite resulting
in Fe?* and acid, which are essential for effective dissolution of copper in the bioleach-
ing process. High bioleaching efficiencies achieved for PCB treatment (15 g/dm’) in the
presence of Fe** in 72 h by A. ferrooxidans can reach even 96.8% of Cu, 83.8% of Zn and
75.4% of Al [107]. A mixed acidophilic culture enriched from a sulfide ore mine site,
containing A. ferrooxidans, A. thiooxidans/albertensis, Acidithiobacillus caldus, L. fer-
rooxidans, S. thermosulfidooxidans, Sulfobacillus thermotolerans and some members of
Alicyclobacillus genus was proven to bioleach 99% of Cu (in 3 days) from PCB at high
initial Fe?* concentration (7.8 g/dm’) and pH as low as 1.6 [105].

Bioleaching Zn, Cu, Pb, Ni, Cd and Cr from PCBs by a culture of sulfur-oxidizing
bacteria (Acidithiobacillus sp.) and a mixed culture of biosurfactant-producing bacteria
(Bacillus subtilis PCM 2021 and Bacillus cereus PCM 2019) and sulfur-oxidizing bacteria
resulted in almost 50% dissolution of Zn, and over 90% of Cr, Ni and Cu were better
leached in the acidic medium (48.5% and 53%, respectively), while Cr was the only metal
that was more effectively bioleached in the medium containing both sulfur-oxidizing
and biosurfactant-producing bacteria [109]. Effective bioleaching without biosurfactant-
producing bacteria was shorter (15 days) than with these bacteria (25 days).

Metal-poor PCBs (fraction of PCBs after a shaking table separation) contain only
about 8% of metals, i.e. 2.83% of Cu, 0.62% of Fe, 1.78% of Pb, 1.11% of Sn, 1.29% of
Al, 0.85% of Zn and 0.35% of Ba. As metal content in this fraction is low, it is not
suitable for pyrometallurgy (in the contrary to metal-rich PCBs) but can be treated by
bioleaching with moderately thermophilic bacteria species, i.e. Leptospirillum ferri-
philum and A. caldus. The bacteria were adapted (for 10 days) before being applied for
bioleaching and after adaptation they could tolerate 80 g/dm> metal-poor PCBs.
Recovery of Zn, Cu and Al reached almost 100%, 77% and 85% in 7 days [104].

Bioleaching of precious metals (Pd, Pt, Au) needs other microorganisms than Cu
and other base metals. Therefore, separation of Au and Cu from PCBs requires bio-
leaching with two different types of bacteria. Bacteria such as Bacillus megaterium,
Chromobacterium violaceum, Pseudomonas aeruginosa, Pseudomonas fluorescens,
Pseudomonas plecoglossicida and fungi such as Clitocybe sp., Polysporus sp. and
Marasmius oreades have the ability to produce cyanide applied for Au leaching [113].

For example, two-step bioleaching was proposed to increase efficiency of Au
leaching from PCB. In the first step, A. ferrooxidans were used to completely remove
copper from PCB powder because Cu presence negatively influenced Au bioleaching.
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Next, B. megaterium, a cyanogenic bacterium, produced cyanide (in a presence of
glycine — a direct precursor of cyanide) as Au leaching agent, and then gold was
leached (64%) at pH 10, pulp density 2, 0.5 g/dm> [114]. Other strains of bacteria
producing cyanide for gold leaching from e-scrap are C. violaceum, P. aeruginosa and
P. fluorescens [113, 115]. The bacterium produces cyanide (at the beginning of the
stationary phase), and also an enzyme, -cyanoalanine synthase responsible for degra-
dation and detoxification of the cyanide excess (during the late stationary and death
phases) [113]. This detoxification step decreases the environmental and health risks of
the bioleaching. Although Au was bioleached by cyanide for 8 days, the efficiency of
gold dissolution did not exceed 30%.

Another approach was proposed by using Desulfovibrio desulfuricans to recover
Au?* as Au® from e-scrap leachates [53]. A demonstration bioreactor was constructed
(working volume ~2 dm?), and a three-stage bioseparation process for the recovery of
Au(III), PA(IT) and Cu(Il) in the presence of electrochemically-generated H, was
proposed.

Though biometallurgy is considered to be an eco-friendly and energy saving way
of metal recovery, it is still applied rather on a laboratory scale when speaking about
WEEE processing. Bioleaching is limited by very slow processing and sensitivity of
the microorganisms to toxic compounds or sudden changes in process conditions.

1.6 Summary

To summarize the processes presented in this chapter, some advantages and dis-
advantages of pyro-, hydro- and biometallurgy are given in Table 1.11.

Table 1.11: Comparison of pyrometallurgy, hydrometallurgy and biometallurgy applied for recovery of
metals from WEEE.

Process Pyrometallurgy Hydrometallurgy Biometallurgy
Drawbacks  — High temperature of operation — Not applicable to complex - Slower and less
e-scrap efficient than
hydrometallurgy
— Limited selectivity of metal - High volumes of solutions used - Limited efficiency
refining (can be corrosive or toxic) of metal leaching
— Generation of hazardous fumes - Causes secondary pollution due to sensitivity
(dioxins, Hg, Pb, Cd) and emission with wastewaters or sludges of microorganisms

of great volumes of gases (S0,)

- Difficulty in recovery of Al and Fe

— Precious metals are obtained at
the very end of the process (stay
for a long time)

— High energy consumption

— High operation cost

(continued)
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Table 1.11: (continued)

Process Pyrometallurgy Hydrometallurgy Biometallurgy
Advantages - Any form of e-scrap — Pure products and high - Low temperature
recovery rate of operation and
energy
consumption
- Applicable to complex electronic - Selective leaching of various - Greener than
scrap metals pyro- and

hydrometallurgy
— Low temperature of operation - Selective for spe-

and low energy consumption cific metals
— Low or no gas emission - Low investment
cost

— No dust or low dust generation
— Easy working condition and
simple equipment
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2 Wastes generated by automotive industry — Spent
automotive catalysts

Abstract: Rhodium, ruthenium, palladium, and platinum are classified as platinum
group metals (PGM). A demand for PGM has increased in recent years. Their
natural sources are limited, therefore it is important, and both from economical
and environmental point of view, to develop effective process to recover PGM
from waste/secondary sources, such as spent automotive catalysts.
Pyrometallurgical methods have always been used for separation of PGM from
various materials. However, recently, an increasing interest in hydrometallurgi-
cal techniques for the removal of precious metals from secondary sources has
been noted. Among them, liquid-liquid extraction by contacting two liquid
phases: aqueous solution of metal ions and organic solution of extractant is
considered an efficient technique to separate valuable metal ions from solutions
after leaching from spent catalysts.

Keywords: automotive catalyst, metal recovery, platinum group metals (PGMs)

2.1 Availability of platinum group metals (PGM)

The largest PGM mines are located in the South Africa (The Bushveld Complex),
Russia (The Urals deposits), North America (Canada) and Zimbabwe (The Great
Dyke) [1]. Figure 2.1 presents world mine production of PGM in the period of
2009-2013.

Natural ores contain small amounts of PGM, i. e. less than 10 g/t (0.001 %) [3].
Thus, the technological process of platinum ore processing is very energy-consuming
and also causes environmentally damaging activities. For example, obtaining 1 kg of
platinum requires extraction of about 150 tons of ore from a depth of 1,000 m. In
comparison to the manufacturing process, the content of precious metals in waste is
quite high, because from 2 tons of spent catalytic converters (automotive catalysts)
about 1 kg of platinum can be obtained [4]. Despite of the increasing demand for
PGM, their prices have been decreasing since 2010. However, in 2017 all the prices
have increased, particularly for Pd and Rh. Figure 2.2 presents prices of four PGM for
the last 8 years.

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Rzelewska, M., Regel-Rosocka, M. Wastes generated by automotive industry — spent automotive
catalysts. Physical Sciences Reviews [Online] 2018, 3. DOI: 10.1515/psr-2018-0021
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Figure 2.1: World mine production of PGM in 2009-2013 [2].
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Figure 2.2: Prices of platinum group metals from 2010 to September 2017, Johnson Matthey,
September 2017 (1 troy ounce (0z) = 31.1 g) [1].

2.2 Applications of PGM

The recovery from secondary sources and reuse of PGM is not only economically
viable, but also environmentally friendly. PGM are very important for the industry
due to their specific properties, such as low chemical reactivity or high temperature
resistance. Compared to non-precious metals, PGM are less reactive and more resis-
tant to various chemicals and high temperatures [5].

About 60 % of the yearly world production of platinum metals, especially Pt,
Pd and Rh, are used to produce automobile catalytic converters, called also
automotive/automobile catalysts [6]. The cars (98 %) currently produced have
automobile catalysts containing PGM. However, they are used not only for
automotive catalyst manufacturing; the main areas of applications of PGM are
presented in Figure 2.3.
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Figure 2.3: Main areas of applications of platinum group metals.

PGM are also used in chemical and petrochemical industry (catalysts for many
chemical processes), automotive industry (fuel cells), and jewelry. They have wide
application as the investments and for production of hard disks, electronic compo-
nents (mainly palladium) and as dental restorations [5-9]. These areas of application
are also main secondary sources of PGM. Both the recovery of noble metals from waste
solutions as well as preconcentration techniques to facilitate their determination at
very low levels are important issues to be developed.

2.3 PGM in automotive catalysts

The main element of automotive catalyst is a ceramic or metallic carrier which is
covered with an intermediate layer of Al,O5; (0.01 mm thick) and an active layer —
comprising noble metals, mainly platinum, palladium and rhodium, the content of
which varies from 107 to 10™! wt% [10]. The ceramic carrier has a honeycomb
structure and is made of cordierite, while the metallic carrier is a spiral or a rolled
film made of an acid-resistant steel [7]. Figure 2.4 illustrates an automotive catalyst
before and after grinding.

Figure 2.4: An automotive catalyst before and after grinding.
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Cordierite, magnesium aluminosilicate, is a mineral composed of magnesium
oxide (3%-35 % MgO), aluminum oxide (32%-35 % Al,0s), silicon oxide (45%-51%
Si0,) and iron oxide (2%-12% Fe,05). It may also contain small amounts of CaO or
Na,O as admixtures. Cordierite is the basic material for the production of ceramic
carriers in the automotive catalysts. Aluminum oxide on the carrier is activated by the
addition of Ce0O,, NiO, BaO, CaO and La,0s. The role of cerium oxide, for example, is
increasing the catalytic efficiency of the converter (oxygen storage ability) and
stabilization of PGM dispersions [11].

In the 1970s, car manufacturers in the United States proposed the use of first
production catalytic converter containing Pt/Pd/Rh to reduce emissions of automo-
tive exhaust. In Western Europe catalysts were voluntarily implemented later, in the
1980s [12, 13]. Further very rigorous regulations concerning the exhaust gas emis-
sions from vehicles forced car manufacturers to modernize and improve performance
of the existing catalytic converters. Since the 1970s, the global demand for PGM for
production of automobile catalysts has grown rapidly and is still at a high level, as
almost each car currently produced has a catalyst containing Pt, Pd, and Rh.

The catalytic converters neutralize more than 90 % of the exhaust gases, parti-
cularly, they catalyze the reduction of NO, and hydrocarbons (up to 80 %) and the
oxidation of carbon monoxide (up to 90%) to N,, CO, and H,O [3, 5, 13]. For
comparison, one car sold in 1960 produced more exhaust gases than 100 cars
produced in 2014 with catalytic converters containing PGM. As the production of
cars is still increasing, the demand for PGM is growing [4, 6, 14].

There are many different techniques of metal recovery from solid materials.
Regardless of the source of PGM (ores or waste materials containing PGM), the
techniques of recovery of PGM are divided into pyrometallurgical, hydrometallurgi-
cal, and biometallurgical. Selection of the proper metallurgical technique depends
primarily on the type of metal and its ore (low or high grade, oxide or sulfide, and
polymetallic) or waste materials. An important factor to be considered is also the
amount and availability of the metal and the cost of energy needed to process the ore
or waste.

2.4 Recovery of PGM from spent automotive catalysts

2.4.1 Pyrometallurgy

Pyrometallurgy, i. e. thermal treatment (defined in Chapter Electronic waste), is the
main technique used to recover precious metals from waste materials, i. e. secondary
sources such as spent automotive catalysts, on the industrial scale.

Umicore (Hoboken, Belgium) is one of the largest producers of precious metals
recycled from waste from the electronics industry, spent automobile catalysts and
spent chemical catalysts (processing about 200 different types of materials) [13], with
annual capacity of over 50 tones PGM (25 tones of each Pt and Pd, 5 tones of Rh) [13,
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15]. The company carries out a unique process of metals’ recovery based on copper,
lead and nickel as collector metals, focusing particularly on recovery of precious
metals. Among various industrial wastes and by-products from the non-ferrous metal
industry (listed in Chapter Electronic waste) used in the process as a feed material
are also spent automotive catalysts.

The crucial apparatus of the process is a new smelter, which serves as a gateway
and upgrading step for e-scrap fractions [13]. Also in this process, similarly to
Noranda and Boliden (discussed in Chapter Electronic waste), plastics or organic
residues contained in the feed materials play role of a reducing agent and a fuel
substitute. Mixture of 6 % of plastics and 1% of coke as a reducing agent, instead of
4.5% coke, yielded in similar process efficiency (metal recovery rates and operating
stability), and resulted in saving energy sources and utilization of polymeric wastes.

Over 95 % of the feed is turned into useful products, and the final slag is used for
construction purposes. The feed material must be a mixture of e-scrap and other
materials to have appropriate chemical and physical properties. Also, to avoid con-
tamination of the environment with Cd and Hg (remaining, non-recyclable part of the
feed), these metals are extracted and safely disposed of.

Umicore recycling process operates in two technological streams (Figure 2.5):

a. Precious Metals Operations (PMO) focused on efficient refining of an extended
range of complex and valuable raw materials, containing precious metals,
b. Base Metals Operations (BMO) focused on processing of by-products from the

PMO at the lowest possible cost.

Precious Metals Base Metals
Operations (PMO) Operations (BMO)

Sampling, material]_
preparation J

l | Pbslags l
S0, LEAD BLAST
H,SO, PLANT - SMELTER
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s J

Pb refinery
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Figure 2.5: Umicore process flowsheet [13, 15, 16].
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The first step of the PMO - smelting in IsaSmelt furnace (equipped with sub-
merged lance combustion technology) — results in separation of precious metals in a
copper bullion from mostly all other metals. Other metals are concentrated in a lead
slag which is further treated at the BMO. The next step is leaching out the copper in
the leaching and electrowinning plant to collect the precious metals in a residue that
is further refined at the precious metals refinery. It should be emphasized that the raw
materials can enter the flowsheet at the most optimal process step, determined by
their physical aspect, their analytical fingerprint and their value [13]. As Umicore
indicates:

The precious metals refinery combines classical methods (cupellation) with unique in-house
developed processes (silver refinery), to enable Hoboken to treat all possible variations and
ratios of precious metals (silver and gold) and platinum group metals (platinum, palladium,
rhodium, iridium and ruthenium)

[13].

BMO processing consists of three main steps: the blast furnace, the lead refinery
and the special metals plant. Impure lead bullion, nickel speiss, copper matte and
depleted slag are products of reduction of the lead slag (from the smelter) in the blast
furnace. The impure lead bullion, containing non-precious metals, is processed in
the lead refinery. After further refinement of the special metals residues and side-
streams of PMO, the final products are high quality indium, selenium, tellurium and
antimony. The copper matte is returned to the smelter, and nickel speiss is leached to
obtain nickel sulfate, while the precious metals remain in the residue and are refined
at PMO [13].

The Umicore’s plant works continuously so it needs uninterrupted supply of
waste material and a lot of energy, therefore Umicore process is profitable only on a
large (industrial) scale. An alternative route to pyrometallurgical recovery of precious
metals from secondary sources is hydrometallurgy. As the advantages of hydrome-
tallurgy the following features are emphasized: the possibility to process waste
materials on a small scale, operating temperatures less than 100 °C and the absence
of ash after the process (see also Chapter Electronic waste).

2.4.2 Hydrometallurgy

2.4.2.1 Extraction of PGM from model solutions

The processes of separation and purification of PGM are difficult and complicated
due to, on the one hand, their resistance to chemical attack and, on the other hand,
the ability to form many chemical compounds of PGM in chloride solutions.
For these reasons it is very important to select effective and economical way to
recover these metals from the secondary sources. At first, PGM must be leached
from the solid automotive catalysts, and then separated from aqueous solution
(leachate). Liquid-liquid extraction, i. e. contacting two liquid phases: an aqueous
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solution of PGM ions and an organic solution of an extractant (responsible for
selective and efficient transport of metal ions from the aqueous phase) is often
proposed as a hydrometallurgical technique for selective recovery of PGM ions from
various, also diluted, solutions.

First of all, some examples of an extraction treatment of model PGM aqueous
solutions are given in Table 2.1. The feed solutions of precious metal ions contain
mineral acids, HCl, HNO; or H,SO,, and various concentrations of Pd(II), Pt(IV),
Rh(III), Ru(IID), or even Ag(I) and Au(IIl) ranging from 5 x 10~ to 0.1 M.

Triisobutylphosphine sulfide (Cyanex 471x), a commercial extractant was used
for effective Pd(II) recovery from nitric acid medium. Organic compounds containing
S (Cyanex 471x, ILs containing a disulfide group) and N atoms (trialkylamine
(Alamine 336) or methyltrioctylammonium chloride (Aliquat 336)) are known to
have affinity to extract PGM, specially, Pd(II) and Pt(IV). Moreover, some ionic liquids
(IL), not only synthesized in a laboratory pyridinium, pyrrolidinium and piperidi-
nium bis(trifluoromethylsulfonyl)imides, betainium bis(trifluoromethanesulfonyl)
imide but also commercial trihexyl(tetradecyl)phosphonium chloride (Cyphos IL
101) or bis(2,4,4-trimethylpentyl)phosphinate (Cyphos IL 104) were proposed as
new extractants for Pd(II) or Ru(III) from model solutions.

2.4.2.2 Leaching of metal ions from solid materials

A leaching bases on a mass transfer from a solid to a liquid phase through eluting the
desirable ingredients by dissolving these ingredients in a leaching solution, called
leaching agent. Two types of dissolution are possible, i. e. chemical and physical.
During the chemical dissolution, the soluble component reacts with the solvent. In
the physical dissolution, there is no reaction between the ingredient and the solvent.
In an ideal situation, as a result of leaching two fractions could be distinguished: one
the worthless material that is free from valuable components and is dumped, and the
other — the metal ion-pregnant solution (reach in separated component), called also
pregnant leaching solution or leachate — that is advanced for further processing. The
leaching is a preliminary step in obtaining metal ions from ores or other solid
materials [34, 35].

Before the leaching, a material should be crushed to a powder, to increase the
surface of mass exchange and reduce the contact time of both phases. The leaching
does not require high temperatures, in most cases is carried out at ambient tempera-
ture or somewhat higher temperatures, which is one of the main advantages of
hydrometallurgy. The dissolution of the solid material is performed in batch, con-
current, or countercurrent modes at slightly below atmospheric, atmospheric, or
above atmospheric pressures. The required metal ions are extracted from pregnant
leach solutions by various separation techniques [36].

The selection of an adequate leaching method depends primarily on the type,
size and composition of the ore or waste. A great advantage of hydrometallurgy is the
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possibility of selective separation and efficient recovery of metals from low-grade raw
or waste materials, which cannot be realized by other techniques [13].

Two general techniques of leaching are distinguised, and selection of the ade-
quate depends on the size of the raw material [11, 12, 35]:
- percolation techniques - leaching of components from stationary ore body,
— agitation techniques — leaching of shredded material in stirred tanks.

A division of the leaching techniques into percolation and agitation is presented in
Figure 2.6.

Leaching
[ [ ] [ [
. . under . .
L in . in . sintering
vin situ heap/dum invats suspension pressure, In leachin
P P P autoclaves g

Figure 2.6: Various techniques of leaching [34, 35].

The selection of leaching agent (lixiviant) depends on the composition of the
material and properties of the separated metals. In the case of metal leaching
from secondary raw materials, agressive lixiviants at high concentration
are used. The most frequently as the leaching solutions are used the following
[12, 34, 35]:

— mineral acids: H,SO,, HCl, HNOs, and aqua regia (mixture of 3:1 vol. HCI:HNOs),
- hydroxides: NaOH, NH,OH,

— chlorides: NH,Cl, CuCl,, and FeCls,

- carbonates: Na,COs, (NH,),COs, and

- water.

As the leaching is the first stage in the preparation of a material for further proces-
sing, the leaching solution should be selective for separated metal ions, easy to
regenerate, non-volatile, non-toxic, non-flammable, cheap, easily accessible, safe
to use and store, and should be well soluble in water. Due to the type of leaching
agent, chlorine, ammoniacal, alkaline, cyanide or acid (H,SO,, HCI) leaching are
distinguished [11, 12, 35]. The leaching can also be carried out using microorganisms,
such as bacteria, fungi, algae, and yeast [37-39].
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2.4.2.3 Leaching of PGM from spent automobile catalysts

Searching for an effective method of PGM recycling from spent automotive catalysts
is nowadays an important and extensively investigated issue due to the high demand
for Pd, Pt and Rh. Processing of waste materials to recycle PGM reduces waste, as well
as the exploitation of increasingly poorer ores, however, makes sense only if the cost
of PGM recovery is significantly lower than the profit from their sale. Thus, the profit
depends not only on the type of metal and its price but mainly on the complexity of its
treatment to obtain final saleable product. Spent automotive converters are consid-
ered to be PGM reach secondary raw materials, however, they also comprise of many
base metals. Different compositions of spent automobile catalysts, containing PGM
are shown in Table 2.2.

Table 2.2: The content of platinum group and base metals in different spent automobile catalysts.

Spent automobile Composition Ref.

catalysts

1 3.68 % Mg0, 0.43 % Ca0, 13.94 % Al,03, 12.54 % Si0;, 20.0 % [40]
Fe, 0.01% Cu, 0.04 % Ni, 0.16 % Pt, 0.12 % Pd, 0.042 % Rh

2 20 % Al, 1,3 % Ce, 0.030 % Zr, 0.113 % Pt, 0.023 % Pd, 0.014 % [41]
Rh

3 1.1% Cr, 3.5% Fe, 0.4 % Pt, 65.4% 0, 29.3 % Al, 0.3 % Si [42]

4 13.70 % Pt, 1.30 % Rh, 16.90 % Fe, 2.46 % Ni, 1.15% Ca, 1.35% [43]
Mg, 0.15% Cu, 0.17 % Zn, 0.17 % Pb, 0.62 % As, 0.84 % Re,
8.25% Si

5 20.3% Al, 5.9% Mg, 1.2 % Ba, 1.5 % Zr, 6.2 % Ce, 2300 ppm Pt, [44]
530 ppm Rh

6 0.035 % Pt, 0.013 % Pd, 0.008 % Rh, 44.3 % Al, 38.3 % Si, 14.8 % [45]

Mg, 1.6 % Fe, 0.56 % Ce, 0.51% Ni

The composition of various automobile catalysts differs significantly and depends on

the following parameters [12]:

— type of active component, with or without an admixture (platinum with palla-
dium and/or rhodium as an admixture provides high efficiency and stability of
the catalyst),

- type of the carrier,

- presence of promoters (e. g. alkali metal oxides or lanthanide oxides, responsible
for the proper management of oxygen in the catalyst), and

— application of the catalyst.

Generally, the automotive catalytic converters contain 300-1000 pg/g of Pt,
200-800 um/g of Pd, and 50-100 mg/kg of Rh [45].
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For the first time issues concerning the recycling of PGM from spent automotive
catalysts were discussed at conferences in the United States in the 1990s [46, 47]. A
first paper about recycling of PGM was published in 1988 [36]. In this article six
different ways of platinum, palladium and rhodium recovery from spent automobile
catalysts were discussed and compared. As a result of the discussion, leaching from
the spent catalyst with concentrated hydrochloric acid was proposed as the optimum
and profitable technique.

As spent automobile catalysts contain not only PGM (Pt, Pd, and Rh), but also
non-precious (base) metals, such as Cu, Fe, Mg, Al, Ca, Zn and Bi, it is necessary to
dissolve them and further separate only the precious metals from ions of other metals
existing in the leachate. The metal ions are leached from the spent catalysts usually
with concentrated hydrochloric acid, but also with sulfuric acid, and then separated
in various extraction and stripping systems [48-55]. PGM generally are very resistant
to HCl dissolution, and to form platinum, rhodium and palladium chloro-complexes
in chloride solutions a high reduction potential > 0.74 V is required therefore addition
of an oxidizing agent is necessary [56]. Thus, to dissolve chemically resistant PGM the
chloride leaching by HCl involves addition of chloride precursors (e. g. AlCl;, CuCl,) or
oxidants such as HNO; (aqua regia), H,0,, NaClO5 [45, 57, 58].

Some attempts to leach PGM with cyanides at elevated temperature (160 °C) and
pressure (0.6 MPa) were made but cyanidation of PGM is not a technique commonly
used for leaching of these metals from the automotive catalysts. Recovery of
PGM from the pregnant cyanide solutions could be realized by ion exchange, adsorp-
tion onto activated carbon, thermal hydrolysis, or zinc cementation and electrowin-
ning [59].

As alumina washcoat is easily dissolved by acids, many PGM recovery methods
tend to minimize dissolution of the alumina catalyst support. In an ideal situation
PGM should be dissolved from the spent automotive catalyst leaving the alumina
support unattacked. In fact, y-alumina dissolved in HCl under oxidizing conditions
has a negative impact on the economy of the PGM recovery process, because of high
consumption of the acids and other reagents. To significantly minimize this dissolu-
tion, a thermal pretreatment (heating in 1,200 °C) of the spent catalysts is proposed to
convert y-alumina to a-alumina — a compound which is only slightly soluble in both
acidic and alkaline aqueous solutions [60].

The concept of minimizing Al dissolution is also realized by leaching with
mixture of HCI-AICl;-HNO; that extracts PGM with good efficiency, and does not
dissolve the entire alumina washcoat [60]. A Canadian company Duometal Inc. was
probably one of the first to successfully apply chloride leaching with high tempera-
ture mixture of AlCl;, HCl and HNOs. As rhodium dissolution is always lower than
platinum one, it is important to maintain high temperature (80—-90 °C) and AlCl;/HCl
ratio to increase rhodium recovery. The solid after leaching was additionally washed
with aqueous solution of AlICl;, H,SO, and water to recover the unleached PGM. To
separate Pt(IV) and Pd(II) from the leachate, sorption with Emberen 345 resin at pH 3
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was carried out and finally the precious metals were precipitated by cementation with
Al powder. The final recovery of platinum and palladium from catalysts reached
97%-98 % [45].

Another proposal to recover PGM efficiently from spent automotive catalysts, and
to reduce quantity of the reagents used includes prereduction of the catalyst samples
(particle size < 0.59 mm) with formic acid (HCOOH) [58]. At HCl concentration less
than 4 M leaching of PGM from prereduced samples was significantly enhanced. On
the contrary, at higher HCI concentration an effect of prereduction on PGM leaching
was negligible. The optimal conditions of prereduction were established as follows:
15 vol% HCOOH, 10 % pulp density, 60 °C, 1 h. After this pretreatment, leaching with
2M HCl at 90 °C for 2 h resulted in more than 80 % Pt(IV), 85 % Pd(II), and 60 % Rh
(I11) in the leachant. Moreover, addition of an oxidant 1.5 M NaClO; enhanced leach-
ing efficiency of PGM up to 95 %.

There are many proposals of leaching/liquid-liquid extraction systems for pro-
cessing of PGM from secondary sources. PGM are selectively extracted from leachates
by different types of extractants, e. g. hydroxyoximes, dialkyl sulfides, alkyl deriva-
tives of 8-hydroxyquinoline, hydrophobic amines, esters of pyridine-carboxylic
acids, trialkylphosphine oxides and organophosphoric acids [61], some of them are
presented in Table 2.1. As concentration of HCl in the leach solutions is reported to
range from 1 up to 12M HCI [38, 56], PGM will be present in chloride solutions as
various chloro-complexes. Thus, these chloro-complexes can be extracted to the
organic phase according to different reactions, e. g. by anion exchange, addition or
chelation.

Table 2.3 presents some proposals of the leaching/liquid-liquid extraction sys-
tems for hydrometallurgical recovery of PGM from automotive catalysts. For the
presented systems of the leaching/extraction the most effective group of PGM extrac-
tants from the acidic leachates are amines. It can be explained by formation of
anionic chloro-complexes in the acid solutions that are exchanged for anions paired
with protonated nitrogen of the amine. The extraction efficiency of Pt(IV) from
chloride solutions with trioctylamine (TOA) or Alamine 336 equals to more than
90 % [64, 65]. Also, amide DMDPHTDMA extracts quantitatively Pt(IV) and simulta-
neously almost does not transfer AI(III) and Fe(III) to the organic phase.

A proposal of flowsheet of HCI-AICI5-HNOs leaching of PGM from spent automo-
tive catalysts and liquid-liquid extraction of PGM from the leachate, including also
chloride removal and absorption of gases evolved during the leaching step is pre-
sented in Figure 2.7. One of the advantages of the treatment proposed is a selective
extraction of PGM, and leaving the y-alumina washcoat as much unattacked as
possible [60].

Gemini Industries Inc. (USA) developed a hydrometallurgical technology for
recycling of soluble alumina substrate catalysts, particularly petroleum refinery
and petrochemical catalysts containing Pt, Re, Ir and Pd [66]. However, it is sug-
gested that also platinum and palladium automotive catalysts can be treated in
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Spent automotive catalysts
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Figure 2.7: Flowsheet of HCI-AlCl3-HNO3 leaching and extraction of PGM from spent automotive
catalysts [60].

Gemini process based on the dissolution of an inert carrier (Al,O5) in sulfuric acid
[45]. Precious metals are collected as a leach cake that is then treated with aqua regia.

In contrast to pyrometalurgical processes, the company recovers more Pt and Pd
(99.99 % purity, 90 % recovery from waste material) and significantly more Re, and it
operates at low temperatures, and does not produce waste slag

2.4.2.4 Adsorption and ion exchange

The adsorption process means an anion-exchange process which takes place only on
the surface of an adsorbent. Thus, the loading or the exchange capacity of adsorbents
is relatively smaller in comparison with ion-exchange resins. The characteristics of
surface and the pores of adsorbent are important parameters that influence the
capacity and decide on their applications. Ion exchange technique is realized by
passing a metal ion-containing solution through bed of solid ion-exchange resin (IX).
The metal ions are exchanged with the ions of the resin carrying accessible cations,
anions or amphoteric ions. Afterwards, the pregnant/loaded resin is washed with
another aqueous solution to elute the adsorbed metal ions and to regenerate the
resin. This is a technique useful for concentration, purification and separation of
chemically similar metallic elements present in aqueous solutions [35]. Ion-exchange
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resins interact electrostatically with the ions leading to stoichiometric capture of the
sorbed ion. The exchange is influenced by relative ionic sizes, valence and concen-
trations of the ions displaced. These stoichiometric ion-exchange reactions distin-
guish ion-exchange resins from adsorbents like an activated charcoal.

Though some examples in Table 2.4 refer to model solutions or solutions from
leaching of other materials than automotive catalysts, they all are acidic chloride or
chloride/nitrate solutions which reflect conditions used for spent automotive catalyst
dissolution.

Strongly basic anion exchangers react with anionic chloro-complexes of Pd(II) by
interaction with protonated amine groups on the resins, e. g. Lewatit MonoPlus SR-7
[73]. These resins are characterized by good kinetic properties, also, they can be
regenerated with ammonia solution and reused repeatedly without decreasing their
adsorption capacity. High affinity of Purolite S-984 for noble metal ions was revealed
in both single and tertiary component solutions at agitation speed 180 rpm and
temperature 40 °C [74]. In the case of weakly basic anion exchangers, e. g. Purolite
S-984, A-830 [74, 75], the anion exchange mechanism (of anionic chloro-complexes
of precious metals) takes place with the polyamine functional groups of the resin
protonated in the concentrated HCl. However, in weakly acidic solutions a chelating
mechanism takes place (inner-sphere complexation with Pd(II), Pt(IV) or Au(III))
because the functional groups of the resin are deprotonated. Thus, Purolite S-984 is
not selective when it is used as a sorbent of metal ions that form stable anionic chloro-
complexes (tertiary component Pd(II)-Pt(IV)-Au(IIl) solutions).The sorption process
with weakly basic anion exchangers can be controlled by various steps (simulta-
neously or one of the steps) [76]: (1) transport of PA(II) in the bulk solution (can be
neglected when stirring is vigorous), (2) PA(II) diffusion across the so-called liquid
film surrounding resin beads, (3) Pd(II) diffusion in the liquid contained in the pores
of the resin particle and along the pore walls — intraparticle diffusion, and (4)
sorption of Pd(II) chloro-complexes on the resin and its desorption from the resin
surface.

Polymeric sorbent (MP-102) coordinates Pd(II) and Ni(II) by the phosphine oxide
groups, preferably in a bidentate mode (chelation), while Cu(II) adsorption proceeds
through both amine and phosphine oxide groups. High selectivity of Pd(II) adsorp-
tion results from higher energy gain due to coordination of Pd(II) than Cu(Il) and
Ni(I1).

Maximum monolayer adsorption capacity (MMAC) of triazine-hexamine (TAPEHA)
polymer is very high (almost 520 mg Pd(II)/g). Pd(II) adsorption onto TAPEHA particles
is a spontaneous, physisorptive, and exothermic process that proceeds according to
ligand exchange mechanism. Similarly to previously described commercial Purolite,
Amberlite or Lewatit Mono Plus resins, in low pH the dialkylamino groups of the
TAPEHA are protonated and positively charged, and attract anionic chloro-complexes
of Pd(II). Additionally, 1,3,5-triazine compound is not only a cross-linking agent but
also the presence of triazine N atoms (—-NH-CH,—NH-) positively affects Pd(II)
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adsorption by chelating of Pd species. TAPEHA resin was shown to be stable, acid-
resistant and strong when contacted with 2M HNO; and 0.1M NaCl for 36 h [77].
However, there are no information on desorption and reuse of the regenerated
TAPEHA resin.

Addition of S-containing groups (e. g. Lewatit TP 214 or carbon activated with
thiophosphoric acid) at a surface of sorbents increases the selectivity of removal of
the precious metals from mixtures of metal ions due to covalent interaction between
PA(II) or Pt(IV) anionic chloro-complexes and sulfur atoms [78].

Amberlite XAD 1180 was used to recover Pd(II) from leachate (mixture of 10 %
HCI and 5% H,0,) after treatment of spent catalyst (5% palladium on activated
carbon) [79]. pH of the solution before adsorption was adjusted to the optimum
value 4, and 90% of Pd(II) was adsorbed onto Amberlite modified with
mercaptobenzothiazole.

Palladium is efficiently desorbed mostly with thiourea ((NH,),CS) solutions
because Pd(II) forms stable complexes with thiourea and disturbs the equilibrium
between the resin surface and the adsorbate. Another way to reuse the resin (amine-
functionalized alumina) with adsorbed Pd(Il) is a proposal of its application as a
catalyst for the catalytic reduction of 4-nitrophenol and Cr(VI), and also hydrogen
generation from ammonia borane. Pd-containing resins demonstrated an excellent
catalytic activity and reusability toward energy and environmental applications [80].

2.4.2.5 Other hydrometallurgical proposals
Among a great number of hydrometallurgical approaches to recovery and separation
of PGM from model and real solution, some other than the previously described are
noteworthy. Not only classical liquid-liquid extraction is proposed for efficient
extraction of Pd(II) or Pt(IV) but also a developing technique for separation of
multi-metal complicated systems called “three-liquid-phase extraction” (TLPS).
TLPS bases on unique separation selectivity from three coexisting liquid phases
with different physicochemical properties, for example 1-butyl-3-methylimidazolium
hexaflurophosphate (S201), 1-butyl-3-methylimidazolium hexafluorophosphate
([C,mim][PF¢]) and the aqueous hydrochloric acid solutions containing Pd(II),
Pt(IV) and Rh(III) [81]. An efficient separation of Pd(II)/Pt(IV)/Rh(III) is obtained by
partition of metal ions among three different phases of S$201-H,O-[C,mim][PF]
system. It means that most of Pd(Il) is extracted into the 50 vol% S201/nonane
organic top phase, while most of Pt(IV) is transported into IL bottom phase
[C,mim][PF¢], and finally, Rh(III) remains in the aqueous middle phase without
being extracted. Some difficulties to control the phase forming behavior are empha-
sized as a drawback of TLPS, limiting its potential application.

Another concept is represented by selective precipitation of Pt from chloride
solutions containing base metals, using S-bearing liquids such as sodium thiosulfate
solution (Na,S,05). Pt (99.5%) was precipitated as sulfide from 4 M HCI solution.
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Separation factors of Pt(IV) from such base metals as Fe(III), Co(II), and Cr(III), are as

follows: Bp/re = 112 > Bptjco = 9 > Pre/cr = 5 [82].

Johnson Matthey Company proposes joining pyro- and hydrometallurgy in one
process for PGM refining from various waste materials, also from spent automotive
converters. The process involves three key steps [83]:

- smelting — the material is melted in temperatures over 1,200 °C for 12 h in large
revertory furnaces to separate non-metallic components,

— chemical leaching of a silver bullion (from smelting) by concentrated HCl to
leach Ag(I), Pt(IV) and Pd(II) and to separate out Au (gold impurities are sent for
further refining), and

— chemical separation — multistage process including dissolution, series of solvent
extractions, evaporation, precipitation and filtration to separate five PGM (Pt, Pd,
Rh, Ru, and Ir) in a form of a PGM sponge.

2.4.3 Biometallurgy

Biometallurgy or biohydrometallurgy is used as an alternative to pyrometallurgy or
hydrometallurgy to recover metals from very low-grade materials. As it is highlighted
in Chapter Electronic waste biometallurgy is considered an eco-friendly, cost and
energy saving process. This process is carried out at temperature and pressure of the
environment, without complicated equipment. Biometallurgy covers, generally, bio-
leaching, biosorption and biodeposition [84, 85].

2.4.3.1 Bioleaching

Bioleaching utilizes natural leaching ability of various microorganisms (bacteria or
fungi) to convert metals into their soluble forms through direct or indirect mechanism
[86, 87]. Direct leaching (Figure 2.8) means that microorganism cells contact by
adhesion directly with the surface of a material to bio-oxidize it. The electrons are
acquired directly from the reduced materials. Moreover, the bacteria produce various
enzymes, aminoacids or organic acids which enhance metal leaching. In indirect

a) b)
enzymes, aminoacids, Fe oxidizing 0 < , Soxidizing
organic acids bacteria a5 — = bacteria
pH1-3.5 <[ m m

FeZ+ Fe3+ 50 5042- H*
pH1-3.5 U H

bioleached material

Fe2+
bioleached material

Figure 2.8: Mechanism of a) direct and b) indirect bioleaching.
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mechanism the Fe oxidizing bacteria regenerate the oxidizing agent (Fe**), while S
oxidizing bacteria produce sulfuric acid (Figure 2.8). Such a typical bioleaching with
acidiphilic bacteria was described in Chapter Electronic waste.

Various microorganisms that play an important role in the recovery of metals,
particularly the precious ones, from ores and industrial waste (electronic scrap, spent
catalysts) are listed in Table 2.5.

Biometallurgy is applied mainly for sulfide ores or requires another source of
sulfur for the microorganisms to produce sulfuric acid which provides acidic living
conditions for the microbes (pH < 3.5), see Figure 2.8 [91].

Table 2.5: Biometallurgical systems for recovery of precious and base metals from spent automotive
catalysts.

Microorganism Strains Metals recovered Ref.

type

Bacteria Streptomyces erythraeus, Au, Ag, Pt, Pd [85, 88, 93, 94, 97, 98,
Spirulina platensis, Pyrobaculum 100, 101, 115-117, 119,
islandicum, Pyrococcus furiosus, 120, 122, 124]

Archaeoglobus fulgidus,
Ferroglobus placidus,
Thermotoga maritima,
Pyrobaculum aerophilum,
Shewanella algae strain BRY,
Geobacter metallireducens,
Geobacter sulfurreducens,
Desulfuromonas palmitatis,
Geovibrio ferrireducens, Geothrix
fermentans, Desulfovibrio vul-
garis, Chromobacterium viola-
ceum, Pseudomonas
fluorescens, Pseudomonas ple-
coglossicida, Streptomyces ery-
threus, Desulfovibrio
desulfuricans, Desulfovibrio
fructosivorans,
Rhodopseudomonas palustris,
Escherichia coli

Bacteria Acidithiobacillus ferrooxidans, Fe, Cr [84, 92]
Acidithiobacillus thiooxidans

Yeast Saccharomyces cerevisiae Ag, Pt [89, 93, 99, 102, 103]

Algae Chlorella vulgaris, Fucus vesicu- Au, Pt, Pd [89, 90, 93]

losus, Dealginated Seaweed
Waste, Sargassum fluitans,
Sargassum natanss,
Ascophyllum nodosum
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As PGM require strongly oxidizing conditions to be dissolved, it is rather not
possible to bioleach them with microorganisms. Thus, an opposite approach to metal
bioleaching from spent automotive catalysts assumes the use of Acidithiobacillus
strains to leach base metals (Fe, Cr and Al) from metallic support, leaving PGM not
leached and, thus, separating them from the non-precious metals [92]. Fourteen-day-
long contact with bacteria led to conclusion that the leaching of Fe and Cr proceeded
as biological oxidation while Al leaching did not depend on the presence of the
microorganisms and was attributed to chemical oxidation.

Recovery of precious metals, particularly PGM, from spent automotive converters
is not carried out by hioleaching with Acidithiobacillus bacteria because these metals
require strongly acidic or oxidizing conditions. The most frequently used for PGM
treatment are the strains of Desulfovibrio but their role is not leaching but biosorption.

2.4.3.2 Biosorption

Biosorption is an analogous technique to the sorption, and covers accumulation and
concentration of metal ions from solutions by biomaterials, i. e. either microorgan-
isms (algae, fungi, bacteria actinomycetes, and yeast) or biopolymers and biowaste
materials [93].

Biosorption is considered as a physiochemical, very complex metabolism depen-
dent process, and is proposed to be an alternative to hydrometallurgy. It makes
possible recover metal ions from very low concentrated leachates, which is not
always possible when classical hydrometallurgical operations are employed [37].
The efficiency of metal ions recovery is influenced by physical and/or chemical
sorption onto the cell wall of microorganisms, it means that a chemical structure of
the microorganisms significantly affects the sorption properties of the biomass.
Specific effects such as complexation, coordination, chelation or ionic interactions
between metal ions and ligands are responsible for the mechanism of biosorption
and depend on specific properties of the microorganisms, e. g. alive, dead or derived
microbial cells can be used as sorbents. Alternatively, biosorption can be related to
formation of various ligand groups as a result of cell metabolism [94-96].
Additionally, further removal of adsorbed metal ions depends on metabolism of the
biomass used, and includes precipitation of metals in the form of sulfides or phos-
phates, sequestration by metal-binding proteins, peptides or siderophores, transport
and internal compartmentalization [97].

PGM can be biosorbed from leachates after chemical dissolution of spent auto-
motive catalytic converters. Pt and Pd ions are proposed to be biosorbed onto
biomass (bacteria or yeasts) and biopolymer (chitosan) derivatives [97-99]. The
mechanism of Pd or Pt recovery by the biomass is assigned to two steps: biosorption
and bioreduction [100].

Desulfovibrio desulfuricans (NCIMB 8307), Desulfovibrio vulgaris (NCIMB 8303)
and Desulfovibrio fructosivorans (DSM 3604) grown anaerobically for 2 days were
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used as biosorbents of Pd(II) and Pt(IV) at pH 2 for 4 days [97]. Adsorption of 19 and
9% of Pd and Pt, respectively, in respect to dry biomass cells of Desulfovibrio
desulfuricans were the highest results obtained in this system. Such microbial bio-
polymers (present in the cell wall) as proteins, nucleic acids and polysaccharides are
able to bind metal ions, and their interactions depend on charge of the ionisable
functional groups which are available at the surface of the biomass. For example,
Gram-negative bacteria such as Desulfovibrio, comprises a polymer of two sugar
derivatives, N-acetylglucosamine and N-acetylmuramic acid which provide carboxyl
and amine groups. Additionally, an outer membrane structure of these bacteria
includes lipids, lipopolysaccharides and proteins, and extracellular polymeric sub-
stances such as sugar residues [97]. Thus, Pd(II) adsorption is attributed partly to ion-
exchange of metal anionic complexes for chlorides electrostatically attracted to the
protonated groups present on the surface of the biomass. Pt(IV) biosorption is
explained by complexation or chelation on sulfur groups of the deprotonated pro-
teins (pH range 0-2).

Selective biosorption and recovery of ruthenium from industrial effluents with
purple non sulfur bacteria Rhodopseudomonas palustris strains was demonstrated for
the first time [101] The bacteria adsorbed about 40 mg of Ru(III) per 1 g of dry biomass.
Biosorption tests were carried out on undiluted real effluents of Ru-plating process
(acidic or basic) at 65 °C. After biosorption the biomass was centrifuged, lyophilized,
and mineralized to recover the sorbed metal, and resulted in 42%-72% of Ru
recovered from acidic or basic wastewater, respectively.

Platinum was biosorbed by the yeast Saccharomyces cerevisiae, which is a
cheap and abundant source of biomass [99, 102]. A suitable sorbent was produced
by immobilization of polyethyleneimine and glutaraldehyde on S. cerevisiae. High
platinum uptake (150-170 mg/g) at pH less than two was attributed to chemical
sorption mechanism. The biosorption is rapid and near 70 % of Pt(IV) from a 50
mg/dm? solution is removed in 5 min. The problem with an effective desorption of
Pt(IV) must be pointed out as a drawback of the proposed method. Additionally, it
is sensitive to the composition of the wastewater, resulting in limited sorption
efficiency due to high inorganic ion content and complex speciation of Pt(IV)
in real solutions. Thus, biosorption with the yeast requires additional pretreat-
ment steps. Pt sorbed at yeast-based biomass (immobilized on polyvinyl
alcohol cryogels) was applied directly as an electro-catalytic anode in a fuel cell
(FC) to generate electrical energy from renewable sources (e.g. glucose and
ethanol) [103].

Recently, great attention is given to application of biopolymers and biowaste
materials as biosorbents of precious metals, among others Pd(II) and Pt(IV) [93]. As,
very often, biosorbents are not good adsorbents themselves, they are functiona-
lized (by physical and chemical modifications) to increase stability and sorption
capacity of the biological materials. Such chelating agents (containing N and S
groups) as thiourea [104], thiocarbamonyl [105], and L-lysine [106] are proposed to
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modify and functionalize crosslinked chitosan for adsorption of the metal ions.
Sorption properties are also considerably increased by incorporation of polyethy-
lenimine (PEI) or ethylenediamine [104, 107-109]. They introduce new reactive
groups: primary, secondary and tertiary amine groups with higher reactivity
than, for example, carboxylic groups of alginate and algal biomass. Some examples
of biopolymer and biowaste materials applied for sorption of PGM from chloride or
chloride/nitrate solutions are presented in Table 2.6.

Chitosan is a biopolymer that is frequently applied for biosorption of metal ions
from aqueous solutions because it includes amino and hydroxyl groups that can react
as chelation sites. It is a N-deacetylated derivative of chitin, a cationic polysaccharide
composed of -D-glucosamine and acetyl-B-D-glucosamine residues with a 1,4 linkage
[110]. Depending on conditions of adsorption different mechanisms of metal ion
capture are proposed, i.e. chelation or electrostatic attraction. Also, algal biomass
posess amino and carboxyl groups present in proteins, carbohydrate, phosphorous
and sulfonic groups on other constituents of cell walls that interact with precious metal
ions. To increase its sorption capacity it is chemically modified/fuctionalized [108].

An acidic extractant bis(2,4,4-trimethylpentyl)dithiophosphinic acid (Cyanex
301) was immobilized into alginate matrix and was used for Pd(II) sorption [111] or
reactive precipitation metal reaction with the sulfur functional group of Cyanex 301
[112]. In the letter case, alginate was applied rather for stabilization of emulsion of
the extractant in the solution, and afterwards a precipitate of Pd(Il) and the

Table 2.6: Biopolymer and biowaste materials for PGM sorption.

Biopolymer  Modification/ Parameters of Conditions of sorption Ref.
or biowaste  functionalization biosorbent

Magnetic Magnetization MMAC: 171mg Model feed solution: Pd(ll) or Pt(IV)  [96]
crosslinking  with Fe30, Pt(IV)/g, 138 mg in chloride, mixture of Pd(ll) and

chitosan Modified with Pd(ll)/g Pt(IV) in chlorides, pH 2

nanoparticles

ethylenediamine

Desorption (five cycles):

— highest selectivity of Pd(ll)
(82.2 %) desorption with 5M
NH,OH,

- effective of both Pt(IV) and Pd(ll)
with mixture of 0.4 M HNO5 and
1.0 M (NH,),CS

Magnetic cel- Magnetization MMAC: 40.48 mg  Optimum conditions: pH 2, initial [114]
lulose (nano- (Fe,05 nanoparti-  Pt(IV)/g concentration of Pt(IV) 25 mg/dm>,

active cles) and functio- 45°C, adsorbent dose: 0.04 g

adsorbent) nalization with Desorption: 0.5M H,S0, in 1M

thiol and amine

(NH,),CS, > 90 % of initial capacity
in 4 cycles of regeneration

printed on 2/14/2023 7:07 AMvia .

(continued)

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

2.4 Recovery of PGM from spent automotive catalysts —— 71

Table 2.6: (continued)

Biopolymer  Modification/ Parameters of Conditions of sorption Ref.
or biowaste  functionalization  biosorbent

Alginate Cyanex 301 (acidic MMAC: 150 mg Model feed solution: [111,
matrix extractant) immo- Pd(ll)/g Size of — Pd(Il) in 1M HCl 112]
bilized at alginate beds: 450 £ 30 mm - Pd(ll), Pt(1V), Ni(ll), Zn(11), Cu(ll) in
HCl

Desorption: 0.2 M (NH,),CS, Pd
(1) desorption efficiency 57 %

Algal bio- Glutaraldehyde- MMAC: 135.68 mg Model feed solution: [108,
mass beads  crosslinked poly-  Pd(ll)/g, 62.54mg - Pd(ll) or Pt(IV), pH 2.5 109]
(Laminaria ethyleneimine Pt(IV)/gin pH 2.5 - Pd(Il) and Pt(IV), pH 2.5
digitata)
Waste bio- Functionalized MMAC: 176.8 mg  Model feed solution: Pd(Il) in HCl [106]
mass with Pd(Il)/g Desorption: acidified (NH,),CS in
Corynebacte- polyethylenimine 1.0 M HCl
rium
glutamicum
Active carbon Modified with MMAC: 43.48 mg  Model feed solution: [113]

chitosan Pd(Il)/g, 52.63mg 100 mg/dm? Pd(ll) or Pt(IV), opti-

Pt(IV)/g, mum pH 2

BET: 362.30 m?/g  No elution studies
TPV: 0.230 cm®/g
Pistachio nut Carbonized at MMAC: 38.31mg [71]
shell 1000°C underan  Pt(IV)/g
argon atmosphere

extractant were isolated (e. g. aqueous biphasic systems — ABS). This approach can
be compared to other biphasic systems developed over the decades. The binding
capacity reached even 350 mg Pd(II)/g in this system. Quantitative stripping of Pd
(I1) from the precipitated biopolymer was not achieved.

The extractant immobilized into alginate (bead shape) has great affinity with Pd
(I1), and selectively attracts Pd(II) in the presence of Pt(IV) [111]. Generally, when Pd(II)
was in excess against Pt(IV) the selectivity coefficient was greater than 500. The
presence of base metal ions (Cu(II), Ni(Il) and Zn(II)) decreased the adsorption of Pd(II).

A positive effect of modification of active carbon surface with chitosan was
shown, resulting in higher MMAC of Pt(IV) and Pd(II) on modified carbon in compar-
ison to the unmodified one [113].

Application of magnetic cellulose or chitosan was proposed to produce nano-
active adsorbent for Pt(IV) or Pd(II) removal from model solutions [104, 114].
Magnetic polymers have some advantages that make them prospective for recovery
of metal ions by adsorption, i. e. they are chemically stable, magnetic susceptible and
therefore easily to be collected and precipitated in a magnetic field. The MMAC of
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grafted magnetic cellulose with thiol/amine was equal to 40.48 mg of Pt(IV) per one g
of adsorbent. It should be emphasized that regeneration of the adsorbent with 0.5 M
H,S0, in 1M thiourea was successful and the capacity in four adsorption cycles was
stable and maintained over 90% of the first cycle capacity [114]. Also, magnetic
chitosan nanoparticles were found to be stable and have good resuability for over
five cycles [104].

In some cases desorption of PGM from sorbent is difficult that means that
sorbent recycling is impossible. However, biosorbents, e. g. algal-based, are rela-
tively cheap, therefore they can be destroyed by thermal degradation (incineration)
to recover the precious metals [108, 112].

2.4.3.3 Biodeposition

PGM are proposed to be at first chemically leached and then microorganisms are used
to separate Pd from pregnant leaching solution. A series of works of Macaskie is an
interesting example of such a PGM treating, called electrobiotechnology. 80 % of
metal ions are recovered by microwave-assisted leaching using 50 % diluted aqua
regia. The dissolution of acid mixture is necessary for the leachate to be more
biocompatible. Desulfovibrio desulfuricans, Escherichia coli or Rhodobacter sphaer-
oides were used for hydrogenase-mediated reduction of soluble PGM to cell-bound
insoluble metals (e. g. Pd(I)->Pd(0)) [85, 115-118]. The bacteria were treated in a
special way, because free cells did not reduce PGM - they were immobilized on a
solid alloy which formed a biomass-coated Pd-Ag alloy electrode. Then, the biomass
prepared in such a way was used in a flow-through electrobioreactor with electro-
chemically generated hydrogen for recovery of Pd, Pt and Rh from aqua regia
leachates (pH 2.5) of spent automotive catalysts. The efficiency of PGM recovery
amounted up to 90% (15min of flow residence time). However, in the previous
research Yong et al. [119] observed that uptake of Pt(IV) and Rh(III) by Desulfovibrio
desulfuricans from real leachate is negligible in the presence of Pd(II) (pH 7, in the
presence of formate as electron donor). It was concluded that biosorption is effective
at pH < 3.5 even for leachates rich in Cl" but biodeposition, as it is inhibited by
chloride excess, would be appropriate for nitrate solutions.

Application of the active biofilm layer in the flow-through electrobioreactor is
considered as a prospective recovery technology and way of manufacturing of
bioinorganic catalyst for the reductive dehalogenation of chlorophenol and PCB
species [120] or flame retardant materials [121]. Such a biocatalyst is proposed also
for reduction of Cr(VI) to Cr(III) in formate solution (formic acid-NaOH, pH 3.0) [122,
123]. The Pd coated biomass was shown to remove, after 3 days of continuous
operation of such a bioreactor, Pd and Pt in 90%, and Rh in 70% as a black
precipitation [85]. Reduction of PGM ions to elemental precious metals is attributed
to enzymatic reduction by the sulfate-reducing bacteria in the presence of hydrogen
as the electron donor. In other words, such sulfate-reducing bacteria have a broad
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metal-reducing activity coupled to hydrogenase or/and cytochromes. However, the
enzyme responsible for Pd(II) reduction has not yet been identified.

The mechanism of Pd(0) deposition assumes an initial biosorption of Pd(II) from
model solutions and leachates from spent automotive catalysts onto biomass ligands,
e.g. amine groups, at pH 2-3 — as it was described previously in Biosorption
paragraph, followed by hydrogenase-mediated metal reduction to form clusters of
Pd(0) which remain associated with the biomass [119]. Even 100 % of Pd(II) reduction
was achieved in 5 or 30 min anaerobically at pH 7 or 3, respectively, and Pd(0) was
adsorbed at the surface of the biomass, which was confirmed by energy dispersive
X-ray microanalysis (EDAX) and X-ray diffraction analysis (XRD). Pd(II) biosorption
was selective in relation to Pt(IV) and Rh(III). Biosorption of Pd(II) from leachates
(15 %) is inhibited by high chloride (aqua regia) content.

To sum up, the bioconversion of palladium and platinum-containing spent
automotive catalysts leads to formation of a new type of catalysts (biocatalysts) for
treatment of environmental contaminants or clean electricity generation [117, 124]. A
proposal of an “integrated biorefinery” to convert agri-food wastes and precious
metal wastes into power [117] is shown in Figure 2.9.

PRETREARMENT | Hydrolysate, washings,
(settling, washing, pressing) Juice

FERMENTATION - ELECTRODIALYSIS —1
o<
Metal waste GECUEINE | B «— PHOTOFERMENTATION

UPGRADINGAND | SORPTION AND [ PROTON EXCHANGE |
LEACHING " REDUCTION m MEMBRANE FUEL CELL 'm
Figure 2.9: The proposal of “integrated biorefinery” for power production from agri-food and precious
metal wastes [117].

In the final step of integrated biorefinery proton exchange membrane FCs are pro-
posed for generation of pure energy. The role of an anode and cathode catalyst in FC,
composed of precious metals (mainly Pt), is splitting of H, into 2H* and 2e". The
electrons generate the current, while the protons in a reaction with the oxygen at the
cathode form water. Biomass (yeast or bacteria) covered with Pt(0) or Pd(0) is an
attractive material to produce active FC biocatalysts (e.g. Bio-Pd anode) and to
generate energy (68 mW of power per 16 cm? anode [117]) when FC is fed with
bioproduced hydrogen [103, 117]. Such a solution involving utilization of waste
biomass and metal waste into biocatalyst formation to produce clean energy is
considered inexpensive and eco-friendly.
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2.5 Summary

A demand for PGM (palladium, platinum, rhodium, and ruthenium) has increased in
recent years. Their natural sources are limited, therefore it is important, and both
from economical and environmental point of view, to develop effective processes to
recover PGM from secondary sources, particularly from spent automotive catalysts.

Searching for an effective method of PGM recycling from spent automotive
catalysts is nowadays an important and extensively investigated issue. The proces-
sing of secondary materials to recycle PGM reduces waste, as well as the exploitation
of increasingly poorer ores, however, makes sense only if the cost of PGM recovery is
significantly lower than the profit from their sale. Thus, the profit depends not only
on the type of metal and its price but mainy on the complexity of its treatement to
obtain final saleable product. Spent automotive converters are considered to be PGM
reach secondary raw materials, however, they also comprise of many base metals.

Up to now, PGM are recovered from spent automotive catalysts with pyrometal-
lurgical processes. However, as these operations are high energy consuming and
generate emission of harmful gasses, they could be in the future replaced by hydro-
metallurgy and/or biometallurgy. Though none of the processes is drawback-free,
hydrometallurgy is considered more eco-friendly than pyrometallurgy, and less time
consuming than biometallurgy. Additionally, hydrometallurgy is more flexible in
relation to composition and grade of the materials treated, and can be used in
small mobile plants (if they are constructed). It would give an opportunity for small
and medium enterprises (SME) involved in spent automotive catalysts collection to
treat and recover the valuable metals.

Looking for new sources of energy, the concept of membrane FCs built of
biocatalysts deposited with Pd(0) or Pt(0) seems to be very interesting and prospec-
tive for management of PGM-containing waste.

Funding: This work was supported by the 03/32/DSPB/0810 grant.
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Maciej Staszak

3 Rubber industry

Abstract: Following chapter presents short introductory description of rubber and
rubber industry. The main problem of rubber industry is the way of the usage of spent
tires. Furthermore very important group of problems arise considering the metal and
nonmetal additives which are significant component of the vulcanized rubber. The
key attention is dedicated to typical ways of rubber usage in utilization and recovery
of metals from spent rubber materials concentrating specifically on used tires proces-
sing. The method of recovery of rare metals from rubber tires was described. The
rubber debris finds widest use in the field of waste metal solutions processing. The
environmental pollution caused by metals poses serious threat to humans. Several
applications of the use of waste rubber debris to remove metals from environmental
waters were described. Moreover, the agriculture usage of waste tire rubber debris is
described, presenting systems where the rubber material can be useful as a soil
replacement.

Keywords: spent tires, recovery systems, rubber-based adsorbents

3.1 Introduction

Natural and synthetic rubbers are two main products of chemical rubber industry.
While natural rubber is produced based on caoutchouc, sometimes called India
rubber, the synthetic one is the product of chemical synthesis from petroleum by-
products. Natural rubber, which is obtained from natural rubber plant trees, is mainly
composed of polymer of isoprene, mainly poly-cis-isoprene, as presented in Figure 3.1.
Isoprene is naturally found in many species of trees like oaks, poplars, or eucalyptus.

Natural rubber comes from latex which is stable aqueous emulsion of polymer
microparticles. The latex itself is a substance which main function is to protect the
trees from herbivores. There are over 12,000 of trees species produce latex but most of
the species latex is not suitable for industrial use [1].

3.2 Rubber vulcanization

The natural and synthetic rubber in its uncured, primary state has not any useful
industrial parameters. Its viscous and sticky character excludes it from wider use. The
rubber easily deforms and is inelastic and breakable in low temperatures. The chemical

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Staszak, M. Rubber industry. Physical Sciences Reviews [Online] 2018, 3 (4). DOI: 10.1515/psr-2018-0022
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Figure 3.1: Isoprene and polyisoprene.

process of converting natural rubber into much more useful materials with beneficial
mechanic properties is the process of vulcanization. The most popular method of
vulcanization is the process conducted in high temperatures from about 140°C to
180°C and under high pressure. Prior to the process, the additives like sulfur are
added and mixed with the rubber. The sulfur itself does not guarantee high quality
of the product. The accelerators like zinc oxide (ZnO) or stearic acid must also be added
to provide high efficiency of the process of vulcanization. From chemical point of view,
these substances are catalysts but they play also additional important roles, for
example ZnO increases the heat conductivity which, for example, is important and
required property for tires durahility.

The industrially widest method of vulcanization is the sulfur vulcanization. The
addition of sulfur causes formation of disulfide bonds in the polymer structure which
connects polymer chains and forms cyclic structures (Figure 3.2). The polymer
structure is then changed and stiffened by the disulfide bridges which are the main
reason of new valuable rubber properties.

N\/\[/Q_Sj\/\
Vulcanization

— — . s

/\/\M/\/\

Figure 3.2: Generic scheme of sulfur vulcanization [2].

In present vulcanization processes [3-6], natural rubber is usually formed with the
presence of accelerators in amounts from 0.5% to 1%, together with various concen-
trations of carbon black which may reach up to 45% for tire production, low amounts
of phenols and aromatic amines for antioxidation reasons, silica carbide (nanometer-
sized reinforcing filler), and from 5% to 8% of sulfur. Such types of vulcanized
natural rubber are generally recognized as natural rubber composites or natural
rubber nanocomposites depending on the dimension scale.

A complex structure of a rubber can be presented as a heterogeneous network of
macromolecules [7]. The network is considered to be an ensemble of zones with
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numerous potential energies for separation of active chains from temporary nodes
and attachment of hanging chains to the network connections. The network is cross-
linked by means of chemical and physical bonds, and by mixes and aggregates of
filler. The vulcanized rubber structure [8], its mechanical properties, and thermal
stability, formed with additives based on sulfur and accelerators, depend on two
essential attributes. One is the amount of the cross-links being present in the rubber
composition, and the second important attribute is the sulfide bond type, e. g. mono-,
di-, or polysulfide bridges in the rubber structure.

The rate of vulcanization might be increased by raising the process temperature.
Nevertheless, at higher temperature, the quality of sulfur cross-links is lower on the
expense of the physical properties. Such situation occurs due to the sulfur bonds and
rubber chains dissociation [9-11]. Therefore, the vulcanization rate can be regulated
by supplementary amounts of sulfur and accelerator in place of higher temperature.
The higher amount of sulfur addition leads to growth in cross-link density and the
amount of polysulfide bridging, which consequently leads to a decrease in the
stability on aging. Higher amounts of accelerators cause that the efficiency of sulfur
vulcanization having mono- and disulfide bridges is improved and results in higher
stability considering aging. Unfortunately, the latter is the reason of the decrease in
dynamic properties of the rubber. Consequently, it is important to maintain ideal
vulcanization conditions which are an optimization task between productivity and
the quality of the final products, e. g. automobile tires [12, 13].

The elemental composition of most widely used radial tires contains three main
elements [14]: carbon (73%), iron (13%), and hydrogen (6%) — which results in total
92% of tire weight. The remaining 8% of the tire is composed from about 20 other
chemical elements in smaller amounts, including the nonmetallic elements like
abovementioned sulfur, as well as nitrogen and oxygen. The most typical heavy
metals are copper, zinc, tin, and cobalt. Every substance which composes the rubber
material has a particular objective and provides different ways to improve physical
properties, simplify production, and enhance the final product performance. The
quantitative composition of these substances will depend on the type of tire and its
producer. One of the typical examples is enhancing the mechanical properties of tires
when brass is used as a coating for the steel cord threads. This helps during the
process of wire drawing and improves adhesion to the belt compound. Bronze plating
keeps a firm and protective coating on tire’s bead wire for manufacturing and
guarantees appropriate adhering to vulcanized rubber.

3.2.1 Rubber waste
One of the most significant sources of rubber waste is the tire management and
utilization. For example, the UK produces around 4.3 x 108kg of waste tires a year

[15, 16], while Japan produces 2.1 x 10®kg of tire wear debris [17]. The economics of
international financial flows of tire industry evidently shows the magnitude of the
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Table 3.1: Exported values of new rubber pneumatic tires, in US dollars [18].

Exporters Exported value in 2014 Exported value in 2015 Exported value in 2016
China 16,446,634 13,842,691 12,893,129
Germany 6,295,369 5,420,488 5,490,394
Japan 6,496,494 5,387,441 4,784,154
United States of America 5,622,782 5,096,080 4,479,954
Thailand 3,505,808 3,401,750 3,557,764
Republic of Korea 4,002,360 3,371,560 3,413,127
World summary 83,899,621 72,788,289 69,595,539

rubber industrial potential, see short excerpt from the International Trade Centre
database in Table 3.1 (only six first countries and world summary are presented).

As the largest part among waste polymers in world, waste rubber tires decom-
pose slowly due to its cross-linked structure and existence of stabilizers and other
additives. Therefore, traditionally they are treated by incineration or landfilling [19].
Waste tires are utilized as an additive in road pavements [20], rubber roofs, drainage
systems, and floor mats. Merging of waste rubber tire with polymeric substances
became an important subject in recent years [21, 22]. Numerous studies described in
the literature showed the effective application of waste rubber tire as an adsorbent for
several types of pollutant, for example dyes [23], pesticides [24], phenols [25], and
various metal ions [26-30].

At present, the significant increase in waste tires imposes serious threats to
human health and environment [31, 32]. Numerous approaches were studied to
convert waste tire rubbers into highly value-added products, such as fuel [33-35],
adsorbent (activated carbon) [36—39], or filler [40-43]. The fabrication of adsorbents
[44] from activated carbon for wastewater remediation has been of interest in the field
of tire recycling. Typical preparation procedures for activated carbon production are
performed by the pyrolysis of waste tire rubber at high temperature (500-900°C),
followed by chemical activation with HNO3, H,0,, or KOH [45-53].

The rubber tires typically contain reinforcing fillers like carbon black, used to
strengthen the rubber and support abrasion resistance, reinforcing steel fibers or
textile, usually in the form of a cord, used to provide the supporting strength or
tensile component in tires [54]. They contain also extenders like petroleum oils, used
to control viscosity, decrease internal friction during processing, and improve low
temperature elasticity in the vulcanized product. Tires are constructed with two types
of design: nonbelted and steel-belted. The nonbelted design uses textile material as
stiffening cord, while most popular steel-belted radial type tires utilize steel cord.

The carbon black metal composition measured by inductively coupled plasma
technique is presented in Table 3.2 [55]. The results indicate that carbon black is the
potential source of various metals, but their concentrations are usually too small to
recover, mainly from the economical point of view.
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Table 3.2: Metal and ash content in typical carbon black from tire rubber.

Metal ppm Metals ppm
Aluminum 205 Molybdenum 6
Antimony <1.0 Nickel 56
Arsenic <1.0 Phosphorus 210
Barium 16 Potassium 301
Beryllium <1.0 Selenium <1.0
Bismuth <1.0 Silicon 1,960
Boron 16 Silver <1.0
Cadmium <1.0 Sodium 330
Calcium 9,333 Strontium <1.0
Chromium 40 Thallium <1.0
Cobalt <1.0 Tin 2
Copper 44 Titanium 962
Iron 1,600 Vanadium 26
Lead 69 Zinc 45.866
Magnesium 533 Ash, wt% 8.12

The rubber automotive tire usage is a source of heavy metals which reach the atmo-
sphere in significant amounts [56]. Substantial quantities of manganese, iron, cobalt,
nickel, copper, zinc, cadmium, and lead are present in the tire tread which is spread
especially in the case of studded tires. However, ZnO and zinc sulfide are present in
the tire rubber and tire tread dust in the highest amounts [57].

Waste tire treatment is typically performed by pyrolysis that is a thermal
processing at high temperatures. Such solutions are often proposed in the industry.
Exemplary, in the Finnish Metso company, one of the technology targets is recy-
cling where the pyrolysis process is one of the elements of the resources recovery
[58]. The tire pyrolysis system involves an indirectly fired rotary oven, steel recovery
system, char management, crushing and pelletizing circuit, oil condensing, and gas
cleaning system. The schematic of tire recovery system used in industry is pre-
sented in Figure 3.3.

Very interesting analysis of pyrolysis of tires was presented in work [59]. Not
only the main metals form tires (zinc (Zn) and iron (Fe)) but others such as barium
(Ba), bromine (Br), calcium (Ca), chlorine (Cl), chromium (Cr), copper (Cu), potas-
sium (K), manganese (Mn), phosphorus (P), lead (Pb), rubidium (Rb), sulfur (S),
silicon (Si), strontium (Sr), titanium (Ti), and yttrium (Y) were considered by
authors. The behavior of these elements during pyrolysis and the effect of tempera-
ture were studied. With the increasing pyrolysis temperature from 500°C to 650°C,
tires showed increases in the contents of ash, fixed carbon, C, S, and the yield of gas.
The amount of metals after pyrolysis process is different in comparison to the raw
material. There are no relationship between temperature and the metal contents, as
it is seen in Table 3.3. The results showed that the contents of the metals are various
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Figure 3.3: Used tires recovery system.

Table 3.3: Elements composition before and after pyrolysis of tires, in mg/kg.

Pyrolysis temp., °C Ba Br Ca Cl Cr Cu Fe K Mn
Raw material — tire 11.8 5.4 787.0 626.0 29 13.2 828.0 794.0 10.2
500 11.7 13.2 1,940.0 794.0 53 293 1,800.0 1,010.0 23.4
600 11.0 11.7 1,410.0 775.0 5.4 25.5 1,420.0 920.0 15.3
650 11.6 9.3 1,330.0 762.0 53 25.2 1,370.0 1,040.0 121
Pyrolysis temp., °C P Pb Rb S Si Sr Ti Y Zn
Raw material - tire  373.0 20.1 4.2 5,250.0 9,060.0 4.5 29.4 2.3 16,700.0
500 884.0 19.3 4.9 10,800.0 9,520.0 7.1 42.6 17 31,200.0
600 709.0 27.3 5.2 9,780.0 8,300.0 6.8 411 1.5 23,800.0
650 686.0 30.6 5.4 9,650.0 8,000.0 9.6 41.7 2.8 24,500.0

and depend on the process conditions. This should be taken into consideration in
the further processing of this type of materials.

Besides the abovementioned pyrometallurgical processes, the hydrometallurgical
ones, based mainly on leaching and extraction, are widely used. Hydrometallurgical
processes are energy efficient and flexible considering the metal contents in wastes for
the recovery of important metals, compared with pyrometallurgical ones. Many inves-
tigations have been conducted on the leaching behavior and the recovery systems of
heavy metals from industrial wastes like heavy oil ashes [60], coal ashes [61], waste
catalyst [62], sewage sludge, and residue from waste water treatment plant [63] or
spent batteries [64].
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3.3 Additives containing metals

3.3.1 Zinc processing

Zn0 is a chemical compound which is extensively used in the rubber industry due to
its specific and useful properties which allow it to work as activator during the
process of sulfur vulcanization. The largest single market for ZnO is the tire industry,
utilizing more than half of the total worldwide requirement of 1.2 x 10° tons [65]. In
general, ZnO is applied in rubber mixtures in amounts from 3% to 8%. Heavy-duty
tires contain high amounts of ZnO for better heat conductivity and strengthening.
This is due to the negative effect of heat increase which is critical for centrifugal
forces arising in tires at higher speeds compared with their solid rubber counterparts.

The additional advantages of the ZnO use are its biochemical activity preserving
plantation latex from decomposition, improved dielectric strength minimizing the
corona electrical discharge risk, stabilization to light and UV aging effect, heat
stabilization which impedes the devulcanization, reinforcement which depends on
the ZnO particle size and its reactivity with the rubber, improved rubber to metal
bonding, and improved tack retention over long time of storage. The activator ZnO is
an additional significant pollution source [66], tire debris holds substantial quanti-
ties of zinc which is potential source of contamination of soils from tire wear. Tire
wear debris has been known for long time to be the source of Zn to the environment
[67-72].

The study of recovery of zinc from tire ashes [73] using acid and alkaline solutions
from both viewpoints of environmental protection and resource utilization is
described by following procedure. The uniformly milled rubber samples were filtered
out using a screen using 0.5 mm screen. The metal concentrations in the ashes were
measured by dissolving the ash in aqua regia (mixture of nitric acid and hydrochloric
acid) at an ambient temperature for 24 h, and determining the metal contents in the
resulting solution by inductively coupled plasma atomic emission spectrometry (ICP-
AES). After such procedure, the tire ash composition was as follows (in wt%): Zn (2.1),
Fe (6.8), Al (0.05), Mg (0.05), Co (0.02), Cu (0.04), Ti (0.02), and Mn (0.05). Leaching
experiments were performed by submerging the dried ash in leachant. The leaching
temperature was set at 296 and 333 K. After filtering out the solid remainders, the
concentrations of metals in leach solutions were measured by ICP-AES after dilution,
and the percent leaching was estimated from a mass balance. Solvent extraction was
used for metal recovery from leach liquor. Equal volumes of the aqueous feed and the
organic solution were shaken for 1 h, and small portion of the organic phase was
taken out to be mixed with stripping solution. The metal content in both aqueous
phases after the forward and back extractions was determined, and the percent
extraction was calculated from a mass balance. Authors state that no pH adjustment
was performed to the aqueous feeds. The typical industrial extractants were proposed
in this work. Extractants used were hydroxyoximes: LIX54 (a-acetyl-m-dodecyl
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acetophenone) and LIX84 (anti-2-hydroxy-5-nonyl acetophenone oxime); acidic
organophosphorus extractant: D2EHPA (bis(2-ethylhexyl) phosphoric acid); and
basic extractants: Aliquat336 (tricaprylmethyl ammonium chloride), Alamine336
(tricaprylamine), and TOA (tri-n-octylamine). The extractants were diluted with
kerosene to the concentration of 100 g/L. Moreover, recovery of the metals from
ammonia leach liquor was performed by precipitation, during which the precipitate
of metal was obtained by keeping the solution at 313 K to evaporate ammonia. The
yield was computed from a difference in the metal concentration in the aqueous feed
before and after the precipitation. The results presented a considerable prospect of
selective zinc recovery from the ashes with hydrometallurgical treatments. The
pulverized tire ash is a promising source for zinc due to its high metal content.
Alkaline leaching caused effective separation of zinc from the undesired metals,
though the percent leaching was lower than that in the acid leaching. As downstream
processing, solvent extraction was used to the acidic leaching liquors. The acidic
extractant was found to be suitable for removing the coexisting iron, while the amine
extractants were suitable for extracting zinc. Utilizing well-known TOA as extractant,
67% of zinc recovery was attained without any treatment to the leaching solution.
The solvent extraction is potential method for the recovery of zinc using
Cyanex®272 from spent automobile tire ash after prior leaching in hydrochloric
acid [74]. An extraction yield of 93.42% zinc by 0.032 M Cyanex®272 was obtained
from 10 g/L spent automobile tire ash leach liquor at 25°C and a stirring time of 25 min.
The stripping effectiveness of about 92% of zinc from the organic phase was achieved.

3.3.2 Arsenic processing

Arsenic pollution has become widespread, particularly in developing countries [75],
where a substantial fraction of the residents depends on groundwater. The World
Health Organization provisional guideline of 0.01 mg/dm? has been approved as the
drinking water standard [76]. The arsenite As>* is more acutely toxic and mobile than
arsenate As’*. Arsenic is moved and transferred by natural weather and geochemical
processes, biological activity, and other anthropogenic behaviors. The arsenic pollu-
tion treatment technology must conform maximized adsorption capacity of As for a
particular sorbent material, wide accessibility, and economical effectiveness. The
activated carbons manufactured from coconut shells, wood char, lignin, petroleum
coke, bone-char, carbon black, rice hulls, sugar, peach pits, and fertilizer waste [77,
78] can be expected as good selection. Graphitic carbon nitride can be used as the
sorbent material which can be synthesized through a low-temperature solvolysis of
sodium cyanide in formamide [79].

Huge amount of used tires are a potential danger to the environment. Standard
pyrolytic-tire char (PyrC) can be used as starting point to obtain some novel adsor-
bent materials for arsen treatment. The low-cost protocol [80] containing two stages
of the process, involving acid-cleaning of the novel material PyrCs;s,® surface and
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calcination at temperature of 350°C, permits production of pyrolytic char which is
optimal for As®>* adsorption from aqueous solutions at environmentally relevant pH
values 4-8.5. The PyrCs;5o® optimized material is manufactured through a detailed
selection of the material considering As®* uptake. PyrCsso® reaches As>* uptake
capacity of 31 mg/g at pH 7 that is about 400% improved versus raw pyrolytic tire
carbon. The char powder used was obtained from a commercial pyrolysis of used
rubber tires at 450°C, in oxygen-free atmosphere under vacuum for 4 h [81]. In the
procedure, an initial step is the acid treatment of PyrC which is suspended in 2 M
HNOs for 2 h to remove metal traces remaining from pyrolysis from the surface. Next,
the material is separated by centrifugation with the decantation of supernatant. The
solid material is washed with deionized water to obtain pH of 7.0 + 0.1. Finally, the
solid is gathered by centrifugation and dried, obtaining acidic pyrolytic material
PyrCaciq. Subsequently, the material is calcined to obtain PyrCs;5,®, at temperature
from 350°C to 500°C under nitrogen atmosphere, due to following reasons: to remove
surface carboxylates which inhibit As>* adsorption [82, 83], to avoid oxidation of the
carbon matrix and the graphite [84, 85], to optimize the formation of the ZnS and Fe;C
phases. The substance is then heated with a temperature increase rate of 2°C/s under
nitrogen atmosphere at 1 bar pressure.

The proposed chemical equilibrium reactions describing adsorption of arsenic
read [80]:

Adsorption of As*" onto PyrC:

= C,OH, + H3As0; °9 C,OH,[H3As0;], Keq=8.1£0.2 (.1)

Adsorption of As®>" onto PyrCycia:

= COOH + H3As0; “® COOH[H;As05], Keq=0.3+0.2 (3.2)
= C,OH, + H3As0; °9 C,0H,[H;As0;), Keq=8.1£0.2 (3.3)

Carbon-matrix sites [84] are marked as C,OH,.
Adsorption of As>* onto PyrCss,”™:

= COOH + H3As0; “® COOH[H;As05], Keq=0.3+0.2 (3.4)
=Fe;C+ H;As0; 9 Fe;[H;As0;), Keg=9.5+0.2 (3.5)
= CXOHZ + H3ASO3 &1 CXOHZ [H3ASO3]7 Keq =125+0.2 (36)
= ZnSHz + H3ASO3 Leq ZHSH2 [H3ASO3], Keq =42+0.2 (37)
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According to powder X-ray diffraction measurements, two types of specific sites exist:
the ZnS and Fe;C. Reaction (7) illustrates the binding properties of ZnS [86, 87] and
reaction (5) the binding properties of Fe;C [88, 89].

The key advantage of novel adsorbent is its low price and high effectiveness.
According to United States Environmental Protection Agency (US-E.P.A.) for
arsenic adsorbent design and costing tool [90], activated alumina (AA-400 G), iron-
impregnated activated alumina (AA-FS50), granular ferric oxide (Bayoxide E-33,
ferric hydroxide, titanium dioxide (Metsorb G), iron-modified zeolite (Z-33 Revision
B), and sulfur-modified iron version III can be used for drinking-water treatment.
Their cost is $2.2/kg, $2.8/kg, $12.1/kg, $6.6/kg, $13.2/kg, $0.5/kg, and $8.8/kg,
respectively. Because no production plant exists for the novel material, the estimated
cost of PyrCsso® is $2.5/kg. Together with its reported effectiveness (retained 99%,
88%, and 92% of As>* uptake capacity for three cycles respectively), it places it as
very promising adsorbent material for arsenic removal from rubber material.

3.3.3 Mercury processing

Rubber from tire wastes can be used to produce carbon adsorbents for mercury in
aqueous solution. The proposed initial material is reduced in size from residual rubber
obtained from tire wastes [28]. Next rubber was heated at 400°C or 900°C for 2 h in
nitrogen atmosphere at flow rate of 225 ml/min. The heating increase rate was 10°C
1/min. The acid chemical treatments of residual rubber were performed by the acid
solution of H,SO,, HNO; or a mixture of these acids at different H,SO,/HNOs ratios. The
system was given 24 h to react. In the other case, rubber was first heated at 400°C for 2h
in the same nitrogen conditions, and then processed with a aqueous mixtures of H,SO,
and HNOs, and also vice versa. For the testing purposes, mercuric chloride was used in
the preparation of the adsorptive solutions. The heat treatments of residual rubber
result in the release of volatile elements and in the mass loss. The tire pyrolysis studies
[19, 91] found that the quantity of char obtained exceeds the amount of carbon black
present in the original tires. Therefore, the final product of pyrolysis can be considered
as a combination of carbon black and char created by tire rubber degradation.

The mercury adsorption process is faster for the preparation scheme performed by
heat treatment of residual rubber at 400°C or 900°C and using the H,SO,, HNO;, or 1:3
H,SO,/HNO; mixtures in the chemical processing of residual rubber. However, the
process is slower when using the H,SO,/HNOs solutions containing a high amount of
H,SO, and when residual rubber is in turn heated and processed chemically, or vice
versa. To estimate the amount of mercury adsorbed the Freundlich eq. (3.8) can be
used, which reads [92]:

X, =K;CV/™ (3.8)

where X, is the concentration of mercury adsorbed mg/g at equilibrium. Krexpressed in
mg/g is adsorption capacity of the adsorbent, and n is the variation of the adsorption
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with concentration. These coefficients are two constants which encompass all factors
influencing the adsorption process. The value of Ky reaches about 108.9 mg/g for HNOs-
treated residual rubber at 900°C. For adsorbents prepared from different sources, values
of Kyof 50.11 [93], 28.8 [94], 4.52 [95], 42.6 [96], and 6.18 [97] have been reported earlier.

The chemical composition of the adsorbents does not seem to be an important
factor taking into consideration their adsorption capacity. On the other side, the
micropore content in the products obtained from residual rubber appears to play a
more significant role on the strength of adsorption of mercury, despite the low
development of the microporosity in the adsorbents. In fact, the adsorption process
of mercury is more efficient if the adsorbent is a nonporous solid, its mesopore
volume is high, or its pore size distribution in the macropore region is wide.

The waste tire rubber can be a very effective way to remove mercury from the
environment, e. g. from a contaminated soil [98]. In the soil, which was processed by
the rubber, the mercury concentration in the rainwater leachate was 1.2 ng/mL,
which is considerably lower than that for the unprocessed soil characterized by
value of 84 ng/mL. Additionally, the rubber processing inhibited the development
of metallic mercury Hg® in the mercury-contaminated soil. The tire rubber is found to
be successful stabilizer for mercury under acidic to neutral pH conditions. It is
important to mention that the sulfur groups present in the rubber may attribute to
the reduction of mercury leaching. Mercury appears to be adsorbed to the sulfur-
active sites through the surface complexes formation.

The study [99] of adsorption of mercury at the rubber pieces also allowed
estimating the effectiveness of this process in the experiments conducted at labora-
tory scale. Vulcanized rubber pieces were used as a model adsorbent to demonstrate
the influence of sulfur, zinc, and carbon black on mercury adsorption in water. The
expected and confirmed fact was that pieces with smaller size generated higher rate
of adsorption. The mechanism of mercury adsorption is closely related with sulfur
amount which was used as a vulcanizing agent in rubber fabrication. Because
mercury adsorption capacity is associated with the cross-linking density in the
rubber pieces, it appears that mercury reacted with the sulfur in the cross-linking
network. Consequently, the investigated adsorption process is related to the specific
reaction and may be regarded as chemisorption. The influence of ZnO was found not
to affect directly the adsorption but indirectly by acting as the vulcanization activa-
tor. With the higher the amount of carbon black loading, the lower was the adsorp-
tion rate due to the reduced mobility of rubber structures. This is caused by the
interaction of carbon black particles with rubber molecules, thereby impeding the
diffusion of mercury into the rubber.

3.3.4 Nickel, lead, and cadmium processing

Human exposure to nickel ions at elevated amounts is related to important and
dangerous health consequences like dermatitis, nausea, coughing, chronic bronchitis,
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gastrointestinal distress, reduced lung function, and lung cancer [100, 101] due to its
toxicity, persistency, and bioaccumulation in the food chain [102].

The potential of scrap tire as adsorbent for removal of nickel ions from water can
be performed by particular preparation of activated carbon [45]. Lead and nickel
treatment by rubber waste-prepared adsorbent is an alternative use of waste rubber
tire usage in environmental processing [48]. These metal pollutants are a potential
hazard to the environment because of their toxicity, persistence, and bioaccumula-
tion in the food chain [102]. The method of adsorbent preparation is as follows. The
waste ground tire crumbs after initial washing and drying at 100°C were carbonized
to 500°C for 5 h. Subsequently, the processed rubber material was treated with the
hydrogen peroxide (H,0,) solution for 24 h at 60°C to oxidize adhering organic
impurities. The material was cleaned with deionized water three times to eliminate
H,0, and dried at 110°C for 2 h in vacuum. The dried material processed was heated
up to 900°C for 2 h. Subsequently, treatment with 1 M HCl solution was performed to
remove the ash content and then washed with deionized water. After cleaning
process, material was prepared by drying at 100°C for 24 h. The experiments per-
formed using fixed bed column, under optimized conditions of column flow rates,
increased metal ion concentration, and higher adsorbent mass and showed the metal
removal capacity of 98.43% under optimized conditions.

Another metal of interest is cadmium which is highly toxic especially in waste-
water and surface water. The cadmium removal technique proposed is as follows
[103]. The waste tire was carefully washed with a detergent and rinsed with deionized
water to guarantee that there are no detergents or soil particles staying on the surface
of the rubber material. Afterwards, the rubber material was dried at 100°C. Small
portions of tires were inserted into tubular furnace to obtain a powder with different
particle sizes, under a continuous purging with nitrogen. The pyrolysis process was
applied to obtain the raw carbon powder at the temperature of 900°C. The powder
was then been milled to obtain the particles of the same size (100-250 pm). The entire
pyrolysis procedure was a standard method without optimization, to obtain the raw
carbon powder which is additionally activated using different conditions. There are
several possibilities of chemical activation agents such as KOH, NaOH, HCI, and
H,S0, [104]. The H,0, is investigated due to its environmental friendly properties.
The chemical activation technique can be optimized by altering factors that can
influence the manufacture and efficiency of the activated carbon. Variables such as
temperature and time were fixed at 200°C and 2 h, respectively. Activating acidic
agents and numerous ratios of raw carbon to activating agent is significant in gaining
desirable properties of the adsorbent that are appropriate in adsorbing inorganic
pollutants. The most significant characteristic of the optimization was the selection of
the acidic activating agents which were applied to impregnate the raw carbon with,
which is phosphoric acid and H,0,. The temperature at which the activation was
executed was set at 200°C. The ratios between the raw carbon and the activation
agents were 1:5 and 1:10 but the raw carbon was fixed at 0.3 g. Subsequently, the
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activation process, the activated carbon was left to cool down for a few minutes and it
was mixed with 10% HCI to remove the inorganic pollutions. The excess phosphoric
acid in the adsorbent was removed with hot water and the H,0, with cold water. The
activated carbon adsorbent exhibited high efficiency in the removal of cadmium and
lead from wastewater. The maximum adsorption capacities of cadmium and lead
were determined to be 201 and 196 mg/g, respectively.

3.3.5 Copper processing

The adsorption capacity of tire rubber toward Cu?* ions in three forms untreated,
chemically activated, and physically activated was analyzed [105]. The adsorption
capacity of physically activated rubber was slightly higher than the chemically
activated which, consecutively, was higher than the capacity of the untreated mate-
rial. The influence of activation temperature and time was studied in the physical
activation process. Up to 97% of the Cu? ions were adsorbed from aqueous solution
when untreated, chemically or physically activated tire rubber was employed as an
adsorbent with initial metal concentrations of 20 mg/ml and 40 ppm, respectively.
The higher the adsorbent concentration, the greater is the elimination of metal ions
from the aqueous solution. Additionally, the higher the Cu** ion concentration in the
presence of a constant amount of an adsorbent caused intensified metal ion loading
per unit weight of the adsorbent. The adsorption process was improved with the
increasing of pH value for all three adsorbents tested.

Chemical activation of tire rubber was performed by impregnation with 15 wt%
ZnCl,, 1:3 ratio of rubber to ZnCl,. The suspension prepared was stirred at 85°C for
5h maintaining the volume constant by addition of water. Subsequently, the material
was filtered and dried at 105°C. The impregnated material was carbonized by heating
in a fluidized bed under nitrogen flow at 650°C, 850°C, and 1,000°C for 15 min. The
resulting activated carbon was washed with 1 M HCl followed by rinsing several times
with distilled water at 90°C to entirely eliminate any chloride. The carbon was
subsequently dried at 105°C.

Physical activation of tire rubber was performed by direct carbonization using
nitrogen followed by carbon dioxide at various temperatures: 650°C, 850°C, and
1,000°C for 15 min to enable the porosity development analysis. The carbonization
unit was a fluidized bed reactor inserted inside the heating element of a vertical furnace.
The experiment was conducted in two stages; initial carbonization of the sample under
an inert atmosphere using nitrogen followed by activation with carbon dioxide.

The other method of copper processing with waste tire rubber is to perform an
incineration of the rubber material [106]. The material was obtained by processing
of waste tire rubber in order to prepare the desired ash. Therefore, it was first
washed with detergent solution and afterwards with dilute HCI to remove soil
remains. The clean and dry chunks were burnt at 500°C in a muffle furnace for
4 h. The cooled ash was then washed with a very dilute acidic solution, such as
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0.0010 mol/L of HCI to eliminate the residues of salts of metals, such as Na, K, and
Ca. Afterwards, the mixture was filtered out and the adsorbent was washed with
100 mL of double distilled water and dried at 105°C for 2 h before use. The results
obtained show that waste tire rubber ash can be used as a suitable adsorbent to
remove copper from wastewaters with a good effectiveness and at low price.
Numerous factors were studied and maximum adsorption was found to be in the
pH range 4.5-6.0 within 120 min contact. The adsorption was intensified with
increasing contact time and initial metal concentration; the maximum detected
capacity of the material was 34.3 mg/g of adsorbent. The conclusion stated that
waste tire rubber ash has a potential to be an efficient adsorbent for the removal of
Cu** from wastewater.

3.3.5.1 Rare earth elements (REE)

The possibility of recovery of REE from Nd-Fe-B permanent magnets of electronic
waste by an oxidation-reduction process using waste tire rubber-derived carbon is
reported in the literature [107]. The two-step oxidation-reduction approach, using
waste tire rubber-derived carbon as a reducing agent, is proposed as an alternative
to hydrometallurgical processes [108-110], magnetic and leaching procedures
from waste magnets [111], hydrometallurgical treatment of magnetic sludge using
leaching and precipitation techniques [112], separation of rare earth chlorides from
iron alloys [113], or recovery of rare earth metals via chemical vapor transport
technique based on the differences in thermal stability of the vapor compounds
[114]. Nd-Fe-B magnets were obtained from electronic waste devices (hard drives).
The magnets were heated up to 300°C under argon stream (1 L/min) for demagne-
tization and the elimination of organic compounds prior to grinding, using a ring
mill. The magnet powder was prepared by heating in the furnace in 1,000°C. Waste
tire rubber scraps were independently processed in a high temperature tubular
furnace at 1,550°C for 10 min under argon stream. Carbon derived from waste rubber
was used as a reducing agent in the stoichiometric ratio for the reduction of the
iron, cobalt, and nickel oxides, present in the magnet powder. The established
mixture was then heated up to 1,450°C in a tubular furnace under argon stream for
90 min. Successively, the material was kept in the cold zone in an argon atmosphere
for 10 min. The rear earth oxides recovered using waste tire rubber-derived carbon
revealed a high level of hardness, making them potential material for abrasion and
polishing applications.

3.3.5.2 Vanadium processing

Removal of metals from recycled tire oils by liquid-liquid extraction using super-
heated water appears to be environmentally friendly approach [115]. Superheated
liquid extraction is a method in which a solvent at high temperature and pressure
without reaching the critical point is used [116, 117]. The utilization of water for the
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elimination of contaminants from solid materials establishes a promising option
[118, 119]. Aqueous solution of nitric acid can be used for the extraction of metals
from plant material [120] and the addition of sodium dodecyl sulfate (typical
anionic surfactant) as a micelle formation surfactant can be effectively utilized for
the extraction of polycyclic aromatic hydrocarbons from soils [121]. Such a method
of pressurized liquid-liquid extraction using modified superheated water as extrac-
tant, for removing metals and inorganic nonmetal species from used industrial oils
[122, 123], showed to be efficient, inexpensive, environmentally friendly, and
straightforwardly manageable by industry. It is an interesting alternative to com-
monly used methods.

The method proposed for vanadium processing is as follows. The polluted oil and
the extractant were pumped in a continuous mode at the pressure required to keep
the liquid state at the preset temperature. The oil and extractant streams entered
mixed and the sections of the immiscible phases were directed to the extraction coil
in the oven at the working temperature. The sections of oil and extractant circulated
through the extraction coil at high pressure and temperature, allowing the metals to
be transported from the oil into the water phase. Subsequently, the oil/water phase
segments were cooled in a water bath at 25°C. Both phases were separated after
collection in a vessel. Effectiveness higher than 90% was obtained in the optimum
working environment, at the temperature of 175°C, with the use of oil/extractant flow
rates at 5:10 ratios together with 20% HNO; (1 M) and KCl (10> M) and diami-
noethane-tetraacetic acid (EDTA) as extractant.

3.3.6 Agricultural use focused on metal content

In some cases, the waste tire rubber can be utilized as a source of zinc in the
agricultural systems [124]. The authors proposed following method. The zinc extrac-
tion from used tire was performed by using acidic solutions. Waste tire rubber and its
ash were bathed using various ratios of HNOs, H,SO,, and water. The solutions
obtained were analyzed for metals zinc, lead, cadmium, and iron. The extracted
mixture with the highest zinc amount was then applied as a source of zinc for
hydroponics (the method of growing plants without soil) -grown tomatoes. The
highest retrieval of zinc from rubber and its ash was obtained using HNO; at con-
centration of 4 mol/dm>. A mixture of nutrients containing two levels of zinc (equal to
and twice of full Johnson solution composition [125]) provided by the leachate of tire
and ash were examined. In addition, another full Johnson nutrient solution with
ZnS0O, as source of zinc was prepared as the control sample. Tomato plantlets grown
in the nutrient solutions provided with the leachates of waste tire and its ash yielded
comparable shoot dry matter yields, though providing zinc by the tire leachate at the
double Johnson solution concentration resulted in a decrease in shoot and root dry
matter yield in comparison to the other prepared samples. Lower plant growth in the
double Johnson solution treatment seems to be joined with very low pH (2.3) of the

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

96 —— 3 Rubberindustry

leachate since the zinc concentration in the leaves is not high enough to imply that
zinc phytotoxicity took place. No significant difference in other heavy metals was
found between model sample with ZnSO, and the tire leachate solutions tested. The
double Johnson solution treatment considerably enlarged the tomato root and shoot
lead concentration, but these levels stay lower than soil grown tomatoes, and very
small amounts of lead moved into tomato fruits. Concentration of cadmium in the
tomato tissues was lower than the atomic absorption spectrophotometry detection
limit. Consequently, the health risk from cadmium content is not problematic for
plants grown in the hydroponics nutrition solution provided by the ground tire
rubber leachate.

The rubber from used tires is a potential substitute for soil. The plant cultivation
in laboratory scale [126] shows that metal amounts in the plants tested (chrysanthe-
mum) decreased for potassium, calcium, magnesium, and copper but increased for
zinc. There was no accumulation of other heavy metals like cadmium, chromium,
nickel, lead, or sodium in the tissue due to rubber application. Though, plant
development decreases and the possibility of zinc toxicity may restrain the effec-
tiveness of ground tires as an alternative for conventional organic modifications.
The soilless media usefulness is studied with the use of Petunia “Stereo Red” and
Impatiens “Impulse Violet” which were grown in a media that contained 0, 5, 10,
and 20 volume percent of ground tire rubber [127]. The media was tested for pH
equal 5.0 and 6.5. Shoot weights dropped with increasing rubber content, due to
growing serious zinc toxicity. Lower shoot weights at pH 6.5 than at pH 5.0 were
attributed to manganese deficiency that was not connected with the presence of
rubber. Extrapolation from the experimental data indicated that Petunia “Stereo
Red” would have been damaged by as little as a 2% inclusion of tire rubber. The
resulting high risk of zinc toxicity pointed that ground tire rubber is not suitable
material be included in soilless potting media.

Another way of incorporation of crumb rubber into artificial medium for plant
growth is to use it in green roofs [128]. Such a roof is partly or totally wrapped with
flora and a growing medium. The study performed an analysis of the amount of zinc
that impacts the microbial ecosystem. The method of leaching with bacteria or fungi
is known as a bioleaching and it is described widely in the literature. The bacteria
Salmonella enterica was used to perform the biotests. The study showed that crumb
rubber contains materials that can leach into rainwater and are inhibitory to S.
enterica serovar Typhimurium. The crumb rubber inhibitory material leached out
over an extended period of time, which can be minimized by pretreatment with an
acidic solution. In the light of the results of the study, crumb rubber can be a
practical green roof soil additive on a large scale. The study showed that S. enterica
serovar Typhimurium can colonize crumb rubber and that crumb rubber extract may
provide nutrients that are usable by this bacterium. The zinc role is associated with
other biological functions, including biofilm formation, motility, and potential
cross-resistance to antimicrobial agents.

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

References =—— 97

3.4 Summary

Several metals are of high significance in rubber industry where the most important
are iron and zinc. Many other metals are used in the preparation of natural rubber in
the form of additives, which play important role for quality of end rubber product.
One of the widest applications of rubber is the tire industry which has large impact on
environment not only in the phase of production but especially in the phase of
consumption and waste product utilization. The iron is mainly used as a metal cord
to strengthen and to make more resilient. Zinc plays twofold role, it is used as an
activator of vulcanization process and improves the rubber thermal properties which
are important during tire use.

The text presented some published techniques aimed at removal and utilization of
metals from waste rubber materials like spent tires. The other important area of metal
processing in the field of rubber industry is the waste metal treatment by the rubber-
based adsorbent. Used rubber materials, especially waste tires, are proposed to be used
as a valuable subtract to produce novelty metal adsorbents. Several methods of metal
removal by waste tire-prepared adsorbent are described and discussed.

The impact of metal content is also subject of interest in the agricultural field.
One of the proposed applications is to use rubber debris as a soil substitute in the
plant growth systems. Several techniques and analyses of the metal impact and
possibility of plant contamination, especially zinc, and the plant development are
depicted in the text. The impact on microbial life is presented on the examples of
Salmonella bacteria.

The problem of rubber metal content and its utilization from waste rubber
material is still subject of research. The importance of this field becomes higher
due to greater environmental awareness and law enforcements.
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4 Energy industry

Abstract: The potential sources of metals from energy industries are discussed. The
discussion is organized based on two main metal-contains wastes from power plants:
ashes, slags from combustion process and spent catalysts from selective catalytic NOy
reduction process with ammonia, known as SCR. The compositions, methods of
metals recovery, based mainly on leaching process, and their further application
are presented. Solid coal combustion wastes are sources of various compounds such
as silica, alumina, iron oxide, and calcium. In the case of the spent SCR catalysts
mainly two metals are considered: vanadium and tungsten — basic components of
industrial ones.

Keywords: ash, metal recovery, selective catalytic NOx reduction (SCR), spent
catalyst

4.1 Introduction

The energy industry is both energy production and its processing and transmission.
Considering this type of industry in terms of waste the mainly focus is on the power
industry. Power production is very important branch of industry. Its level decides on
horizontal social and economic development of each country. Depending on the
sources and energy carries the power industry can by divided into renewable (solar
radiation, biomass, winds, waves and tides, hydropower and geothermal energy) and
non-renewable (wood, peat, coal, brown coal, crude oil, natural gas) ones. The
wastes that are produced in power plants depend of the energy source and used
technologies. For example coal includes 20 to 60 % of carbon, 1-3 % of hydrogen,
0.3-3 % of sulfur, 1-2 % of nitrogen and 5-12 % of oxygen. The exact amounts of each
element depend on the type and rank of coal, how the coal was formed millions of
years ago and the location or mines from which the coal is sourced [1]. It is even more
difficult to define the composition for example biomass, which is, after all, used as a
source of energy.

An interesting report on the energy market is the annual report presented by
the U.S. Energy Information Administration. The latest one “International Energy
Outlook 2017” presents the viewpoint for international energy markets through

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Staszak, K., Wieszczycka, K. Energy industry. Physical Sciences Reviews [Online] 2017, 3 (5). DOI:
10.1515/psr-2018-0023
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2040 [2]. The data presented in this report shows that the total world energy
consumption will rise from 575 quadrillion British thermal units (Btu) in 2015 to
736 quadrillion Btu in 2040. The highest growth will occur in countries outside of
the Organization for Economic Cooperation and Development (OECD), especially
China and India. Energy consumption in non-OECD countries increases 41%
between 2015 and 2040 in contrast to a 9 % increase in OECD countries. What is
important, increase of world consumption of marketed energy is observed for all
fuel sources, except coal, where demand is constant. Coal is increasingly replaced
by natural gas, renewables, and nuclear power (in the case of China). As expected
the world’s fastest-growing energy source is renewable source, the second is
nuclear power with consumption increasing by an average 2.3% and 1.5% per
year between 2015 and 2040, respectively. Still, the main source of energy is and
will be fossil fuels, with assumption 77 % of energy use in 2040, with the largest
source of world energy consumption — liquid fuels, mostly petroleum-based. The
real date from to 2015 show that World energy consumption by energy source, in
quadrillion Btu is as follows: petroleum and other liquids (180), coal (155), natural
gas (125), renewables (70) and nuclear (25). As predicted by the year 2040, this order
will be minor changes as follows: petroleum and other liquids (225), natural gas
(180), coal (155), renewables (125) and nuclear (40). The predictive growth of
natural gas usage on power plants is associated with its advantages: low capital
costs, favorable heat rates, and relatively low fuel cost. The share of individual
sources varies when only net electricity generation is considered. In this case coal
dominates with 40 % contribution in 2015, and 30 % in 2040. The next ones are
renewables (20 and 30 %), natural gas (20 and 28 %), nuclear (15 and 10 %),
petroleum and other liquids (5 and 2 %), with contributions in 2015 and 2040,
respectively. Thus, in 2040 renewables provide the same share of word electricity
generation as coal. Among the renewables the highest share has got hydropower,
the lowest geothermal. This change in contribution of energy source in total world
energy consumption and production, especially move way from coal and growth in
the use of non-CO,-emitting sources of energy, such as wind and solar, caused, very
important for ecological point of view, decreasing of carbon dioxide emission to the
atmosphere.

The data presented in the International Energy Outlook 2017 report, as well
as in others references [3-5], indicate the continuous development of combus-
tion technologies for saving energy and for suppressing environmental impact.
New technologies to reduce pollution are also proposed and applied. For
example, during the combustion technology the NO, is formation. To reduce
its emission following solutions are used: reduction of temperature during the
combust process, reduction of nitrogen in fuels, end-of-pipe (post-combustion)
treatment for removing NO, by converting it to N, [6]. Similar procedures are
applied to limit the other air pollution in the energy industry, such as CO,, CO,
SO, and PPM.
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4.2 Potential sources of wastes
4.2.1 Catalyst using in pollution reduction in energy industry

4.2.1.1 Basic principle of selective catalytic reduction process

According to the environmental regulations NO, should be removed from gases
emitted into the atmosphere in all industry processes. The need to reduce emissions
is due to the fact that nitrogen oxides are responsible for the production of acid rains,
formation of ozone in the troposphere and respiratory problems [7]. They are respon-
sible for bronchitis, pneumonia, viral infections and hay fever. The main source of
nitrogen oxides emission is transport (about 46 % in the 15 EU countries in 2000 [8])
and fuel combustion from stationary sources, primarily from power stations, indus-
trial heaters and cogeneration plants. The most important method of reduction of
NO, emission is their decomposition to N, and H,0 through a selective catalytic
reduction process with ammonia, known as SCR [9]. The mechanism of this decom-
position is based on several reactions with NH; as reducing agent [10]:

4NH3 +4NO + 02 — 4N2 + 6H20 (41)
2NH3 +NO + NOZ — 2N2 + 3H20 (42)
8NH3 + 6N02 — 7N2 + 12H20 (43)

Wherein, approximately 90 % of NO, in the flue gas from coal-fired boilers is nitric
oxide (NO) [11]. Therefore the reaction (1) dominates in this process. Moreover the SCR
technology is proposed for the combined removal of nitrogen and sulfide oxides
(sulfur present in the coal is oxidized to SO, in the boiler), reduction of NO, with
oxidation of dioxins and furans or C and CO in thermal power plants, industrial
boilers and cogeneration units. In the presence of sulfur, the SCR process is based on
the following reactions:

2502 + 02 — 2503 (44)
SO3 + NH3 + HzO — NH[,HSO[, (45)
SO +2NH; + H,0 — (NH,),S0, (4.6)

To avoid the deposition and accumulation of the ammonium sulfates onto the
catalyst, and consequently deactivation of catalyst, the reaction occurs in the pre-
sence of large excess of water, and temperature higher than 300°C [12]. Moreover
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minimize the amount of unreacted NH; in the flue gas is desirable. This quantity is
referred to as NH; slip and, in general, must be held below 5 ppm and preferably 2 to 3
ppm. At the same time it should be noted that normally, without ammonium, almost
all of the SO; converts to H,SO, as flue gas is cooled in the air preheater [13]. The
emissions of SO; from a boiler depend on coal sulfur content, combustion conditions,
flue gas characteristics, and air pollution devices used in the process. Formation and
emission of SO3/H,S0, cause environmental and plant operation problems, mainly
due to corrosive properties. The commonly practical technology to reduce of SOs, if
the SCR process is not used, is the injection of alkali in the flue gas stream into or after
furnace with efficiency between 40 and 90 %.

4.2.1.2 Catalysts in SCR systems

The SCR system is well-known process, patented in the U.S. by Englehard
Corporation in 1957 and used in industry since 1970s. It was first installed in
Japan, in 1985 was applied in Europe. This technology commonly removes
80 %-90 % of NOy emissions in coal-fired power plants. The efficiency depends
on coal characteristics, flue gas composition, temperature, reagent injection
and distribution, and catalyst formulation and activity. Three types of commer-
cial catalysts have been developed for SCR systems: noble metals, metal oxides
and zeolites. The catalysts based on noble metals are very active in the selective
reduction of NO,. Unfortunately, they also oxidize NH;. That is a reason that
this type of catalyst are used only in specific solution of commercial catalyst
system combine high NOy reduction and CO oxidation activities at low tempera-
ture and for low temperature and natural gas applications [10]. The good
examples are the automotive catalytic converters based on Pt-Rh or Pd [14].
Metal oxides catalysts are mainly based on vanadium supported on titania in
the anatase form, and promoted with tungsten or molybdenum (V,05-WO;
(Mo0O3)/Ti0,). This type of catalyst is proposed for NO, reduction and SO,
oxidation. Because V,0s is responsible for the activity in the reduction of
nitrogen oxides and undesired oxidation of sulfur(IV) oxide, its content is low,
especially in the presence of high amount of SO, (below 1% w/w). Addition of
WO3; or MoOs (10 and 6% w/w, respectively) helps to increase the acidity, the
activity and thermal stability of the catalyst and to limit the oxidation of
SO, [15]. In the case of occurrence of As compounds in the exhaust gas it is
better to use of MoO; because it prevents catalyst deactivation [16]. Metal oxide
catalysts work generally in temperature between 300 and 400°C. For higher
temperatures the zeolite catalysts with transition metal ions (e.g. Fe(IIl))
are proposed [17, 18], such as Fe/ZSM-5, Fe**-exchanged TiO,-pillared clay,
Fe,05—WO03/ZrO, and Fe,05/TiO, [19-21]. Small amount of noble metal (Pt, Rh,
or Pd, order with decreasing of SCR activity) to the Fe-ZSM-5 catalyst decrease
the necessary temperature for selective catalytic reduction of NO with
ammonia from 300-400°C to 200-300°C [22]. The catalyst with addition of
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1% of Cu is also proposed [23-25]. An overview of the selective catalytic reduc-
tion of NO, by metal-exchanged zeolites is described in detail, in work [26].
The analysis of chemistry of this process, including undesired side-reactions
and aspects of the reaction mechanism over zeolites and the active sites
involved, is presented.

The two leading shapes of SCR catalyst used are honeycomb and plate. The
honeycomb form usually is an extruded ceramic (titanium oxide) with the catalyst
either incorporated throughout the structure (homogeneous) or coated on the
substrate. In plate geometry, the support material is generally coated with a
catalyst.

Review of technological processes show that typical commercial SCR catalyst is
V,05-WO5/TiO,-based catalyst. It has several advantages as low cost, high NO,
removal efficiency and good sulfur resistance. Disadvantages, such as high starting
temperature, narrow active temperature window, low N, selectivity at high tempera-
ture and high conversion of SO, to SOs, cause that new solutions are still looking for
new catalyst composition [27, 28]. Moreover, vanadium pentoxide shows toxicity to
environment and humans (such as causing irritation to skin, eyes and respiratory
tract) [29]. A promising metal oxides catalyst is CeO,/TiO,-based catalyst with high
activity of nitrogen oxides reduction with ammonia in a broader temperature window
[30-33], low-temperature activity, selectivity and durability Sh-promoted V,05/TiO,
catalyst [34, 35] and manganese-based catalysts (MnO,-TiO,, MnO,-CeO,-TiO, and
MnO,-Fe,05-Ce0,-TiO,) [36-38]. Especially MnO,-Fe,05-Ce0,-TiO, catalyst exhibit
good low-temperature activity in reduction of NO with NHs, low N,0O escape, low
oxidation to NH;, good resistance to SO, poisoning and good activity stability [39].
Modification of vanadium-based catalyst is also proposed in the literature.
Germanium addition to CeO,-WO5 catalyst allows obtaining catalyst with very high
NO, conversion at a wide temperature range [40]. Moreover catalyst with V,05(S0,),
as active component are successfully tested [41].

The catalytic activity of SCR catalysts decrease gradually during the operation
time due to the poison from the complex chemical compositions in flue gas, fouling,
thermal degradation, vapor compound formation, vapor—solid reactions between
vapor and catalyst surface as well as solid-solid reactions between catalyst carrier
and promoter, and attrition/crushing [11, 42-45]. Generally, the lifetime of SCR
catalyst is 2-3 years in typical process of coal or oil combustion [46, 47], and much
smaller in plants burning biomass [48]. The reason of such difference of life-time is
much higher content of alkali metals in the biomass in comparison to the typical
fossil fuels.

If it possible the regeneration of catalyst are made, not only to reduce the cost of
operating SCR units, but also to reduce the amount landfill disposal. The regenera-
tion of used catalysts will be a preferable option because it could prolong the
lifetime of catalysts and thus save metal resources. Unfortunately, after several
times of regeneration [42, 49], the SCR catalyst comes to the end of its life. This
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results in a significant amount of waste each year. Only in Taiwan 1000 tons per
year spent SCR catalyst is generated [50], in China in 2018 it is estimated on 38 000
tons [51]. To avoid the worst solution — landfill disposal, it is suggested to recover
metals from spent catalysts. This is due not only to the ecological but also to the
economic issue. The spent catalysts are not only hazardous waste but also precious
natural resources.

The serious problem in coal-burning power plants is the emission of mercury. It
should be noted that the heavy metals in exhaust gases mostly exist in solid forms
but emitted mercury with high vapor pressure exists in a gas form, causing its
removal at the source more difficult [52]. The global emission of mercury is esti-
mated on the range from 1000 to 6000 tons/yr [53], with the largest source - coal-
burning plants. Mercury in coal-burning flue gas exists in three forms: elemental
(Hg®), oxidized (Hg?"), and particle-bound (Hg(p)). Mercury is released during coal
combustion, part of it is oxidized by excess amount of chlorine in coal (HgCl,). Both
forms of mercury have ability to adsorb on solid surface, such as fly ash particles,
and form the particle-bound mercury. In conventional wet scrubber process the
oxidized mercury can be easily removed, due to its dissolution in water. The
elemental Hg is not soluble in water and others methods should be used to reduce
its emission. One of the solutions is adsorption of mercury on activated carbon,
alone or modified by impregnation with sulfur, chlorine and iodine [54, 55].
Unfortunately, this method is effective only for high concentration of Hg. Since
mercury on the second oxidation stage is easy to remove, application of catalyst to
oxidize elemental mercury is proposed. Similar to described above SCR process, the
V,05/Ti0, catalysts are mainly used [52, 56—59], here in the presence of hydrochlo-
ric acid, according to the following mechanism:

2Hg + 4HC1 + 0, — HgCl, + H,0 4.7)

To increase the Hg® catalytic efficiency the modification of SCR V,0s/TiO, catalyst by
noble (Au, Pd [60]), rare earth (Ru [61]) and other metals (Mn, Cu, Cr [61-63]) are
proposed. Elemental mercury catalytic oxidation efficiency is high (over 90 %). Thus
this method can be used for Hg emission control.

Typical compositions of fresh and spent catalyst using in selective catalytic
reduction processes are presented in Table 4.1. In the first three pairs the difference
between composition of fresh and spent catalysts is shown. Compared with the fresh
catalysts, spent catalysts show lower vanadium contents. Moreover, the sum of
others elements concentrations such as Al, Si, Ca, Fe, K, and Na increase to varying
degrees in spent catalysts. This indicates that different elements such as Fe and Al
accumulate in catalyst during their work. Evidently, the spent catalyst could not to be
directed reused by blending with fresh catalyst, because the deposited alkali metals
exert an adverse effect on catalytic activity [64]. The toxicity of alkali oxides to
catalysts followed with sequence: Cs,0 > Rb,0 > K,0 > Na,O > Li,O [65, 66]. It is
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assumed that SCR catalysts were primarily deactivated by chemical poisoning with
alkali oxides, as was presented in works [67, 68]. The sent catalysts need to be
regenerated, though by washing (mainly by water and nonorganic acid) to remove
the disturbing compounds [42, 49, 64].

As it is seen these catalysts are mainly composed of TiO,. The small composi-
tion of V.and W (less than 10 % of each component) does not seem at first attractive
but V and W account for more than 40 % of the total metal price [74]. Therefore the
recovery of vanadium and tungsten from spent catalyst is studied widely. These
methods are based mainly on soda roasting and acid leaching [75]. These methods
are usually efficient because in typical SCR catalyst the vanadium in the form of
V,0;5 is dispersed on TiO, support, but their interaction is week [76]. In soda
roasting, NaOH, Na,COs, and NaCl are used as leaching agents. The main idea of
these processes is to selectively transfer metal ions from solid waste into aqueous
solutions. Afterward, further traditional purification techniques, such as sediment,
precipitation, solvent extraction, ion exchange or crystallization, are proposed in
the literature [50, 77]. The basic of these processes in convert of V,05; and WO;
(water insoluble states) from spent catalyst to the forms of water-soluble states
NaVOs; and Na,WO, according to the reactions:

V,0s + 2NaOH — 2NaVO0; + H,0 (4.8)
WO; +2NaOH — Na,WO, + H,0 (4.9)
V,0s5 + Na,CO; — 2NaVOs; + CO, (4.10)
WOs3 + Na,CO; — Na,WQ, + CO, (4.11)

Because main component of SCR catalyst is TiO, the following reaction also occurs
during the leaching process:

TiO, + 2NaOH — Na,TiO5 + H,0 (4.12)

Because titanium (IV) oxide is barely soluble, in leaching solution mainly vanadium
(soluble) and tungsten (easy soluble) ions exist. To separate V and W ions in the
leaching solution the calcium precipitation process are proposed with the following
mechanism:

Ca(OH), + Na,WO, — CaWO, + 2NaOH (4.13)

Ca(OH), +2NaV0; — Ca(VOs), + 2NaOH (4.14)
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CaCl, + Na,W0, — CaWO, +2NaCl (4.15)

CaCl, +2NavV0O; — Ca(V0s), +2NaCl (4.16)

Besides precipitation the separation of tungsten from vanadium with the anion
exchange resin is proposed [50]. In this process the difference in the number of
negative charges between V and W in alkaline solution is utilized (see eqs (4.8) and
(4.9)). Typical procedure of recovery metals from catalyst include besides the
leaching process, also the initial step with catalyst preparation (grinding, sieving)
and the separation, mainly by filtration, the leaching solution after process.
Generally in the literature the conventional stirring leaching method of spent
catalyst is proposed. Zhang et al. [78] showed that leaching can be intensified by
ultrasonic wave. The obtained results indicated that the leaching efficiency of V and
W enhanced with ultrasound energy was 76.92 % and 69.87 %, respectively in very
short time — 3 min. These results are higher by 23.08 % and 2.59 %, respectively,
compared with the conventional stirring leaching result obtained at the same
time. In the optimal conditions (2 h ultrasonic leaching time, liquid-solid ratio of
12:1, and ultrasonic power of 500 W) the recovery of V and W reached 89.01% and
96.05 %, respectively.

The conditions of various leaching processes combined with others methods for
metals separation and main conclusions are presented in Table 4.2.

Some investigations are dedicated not only to the recovery of metals from spent
SCR catalysts, but also to their re-use, mainly as new catalysts. Interesting alter-
native to utilize spent SCR catalysts is their reuse as new ones after oxalic acid
leaching and impregnating with V,0s [81]. This procedure allows obtaining newly
synthesized catalyst with deNO, activity comparable to fresh catalyst (91% NO
conversion at 300°C), and with good resistance to SO, and H,0. Moreover, because
vanadium and tungsten oxides are known as a component of photocatalyst, it is
proposed to use spent SCR catalyst as a substrate to prepare photocatalytic materi-
als [82-85]. After classical leaching of V. and W from waste V,0;—-WQ3/TiO, catalyst
the appropriate reagents are added, for example Bi(NOs); solution to obtain
Bi,WO¢/BiVO, photocatalyst [77] or Zn(NOs), to obtain Zn3(VO,),/ZnWO, photoca-
talyst [86]. The main assumptions, experimental conditions and conclusions are
summarized in Table 4.3.

It should be mentioned that alternative processes for reduction of NO, emission
are also applied as selective non-catalytic reduction (SNCR) or SCONOx™, In SNCR
process the reduction of NOy to N, is obtained in the presence of oxygen by reaction
with amine-based reagents, either ammonia (NH;) or urea, CO(NH,), at 800-1000°C.
The higher temperature is needed for urea. SNCR does not require a catalyst, but the
efficiency is much smaller than in typical SCR technology and ranges from 20 to 70 %.
Moreover SNCR applications are limited to smaller boilers because of difficulties in
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achieving uniform distribution of reagent in the flue gas stream [6, 88-90].
In SCONO,™ technology a potassium carbonate (K,CO3) coated catalyst are used.
In this process catalytic oxidation carbon-monoxide (CO) to carbon-dioxide (CO,),
and nitric oxide (NO) to nitrogen-dioxide (NO,) occurs. The CO, is exhausted while
the NO, absorbs onto the catalyst to form potassium nitrites (KNO,) and potassium
nitrates (KNOs). Several types of catalyst are proposed in the literature Pt-K,CO5/ZrO,
[91], Pt—xK,CO3/K,Tig0;7 [92] with Pt content about 1-2 %. Although this technology
is characterized by high efficiency of NO, removal, it is not used in the large scale
power plant. For this reason, the recovery of metals from these catalysts has not been
described in the literature, and the compositions of these catalysts are only in
experimental phase.

4.2.2 Coal combustion wastes

Coal-burning power plants produce substantial quantities of coal ash, which is
divided on fly ash and bottom ash. Fly ash is defined as the portion of ash produced
in coal combustion that has a sufficiently small particle size to be carried away from
the boiler in the flue gas. In a typical power plant fly ash particles are captured in
electrostatic precipitators or baghouses (baghouses can also be used to collect ash
with bags that filter the fly ash out of the flue gas stream).

Bottom ash is formed when ash particles soften, melted and accumulates on the
boiler walls and against steam tubes in the boiler. The created clinker eventually is
blown off by jets of air or falls to hoppers located at the base of the furnace where they
are collected and ground to a sand size gradation. Some bottom ash is transported to
storage dry, but most is dewatered prior to unloading and transport to construction
sites or storage stockpiles.

Boiler slag is also formed during burning process, but only when wet-bottom
boilers are used. There are two types of wet-bottom boilers: the slag-tap boiler and the
cyclone boiler. The slag-tap boiler burns pulverized coal and the cyclone boiler burns
crushed coal. In each type, the bottom ash is kept in a molten state and tapped off as a
liquid. Both boiler types have a solid base with an orifice that can be opened to permit
the molten ash that has collected at the base to flow into the ash hopper below. The
ash hopper in wet-bottom furnaces contains quenching water. When the molten slag
comes in contact with the quenching water, it fractures instantly, crystallizes, and
forms pellets-boiler slag.

The properties of ash are dependent on the composition of the parent coal,
conditions during combustion, efficiency of emission control devices, storage and
handling of the by-products, and climate. In the case of the fly ash the chemical
properties are influenced to a great extent by the properties of the coal being burned
and the techniques used for capturing and storage of ash. There are basically four
types, or ranks, of coal, each vary in heating value and chemical composition. These
types are: anthracite, bituminous, sub-bituminous and lignite. The principal
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components of bituminous, sub-bituminous, and lignite coal fly ash are silica,
alumina, iron oxide, and calcium. However, lignite and sub-bituminous coal fly
ash has a higher CaO, MgO, and SOs; content and lower LOI than fly ash from
bituminous coals (Table 4.4). Most of the major elements tend to exist in the relatively
stable particle cores rather than on the particle surfaces where chemical and physical
interactions occur more readily Consequently, concentrations of core elements with
respect to particle size tend to be constant [93, 94].

Table 4.4: Chemical composition of coal flays ash produced from different coal.

Component (wt.%) Coal Type

Bituminous [95]  Sub-bituminous [95] Lignite [95] Anthracitic [96]

Si0, 20-60 40-60 15-45 50-57
Al,05 5-35 20-30 10-25 30-37
Fe,0; 10-40 4-10 4-15 3-10
Ca0 1-12 5-30 15-40 1-2
MgO 0-5 1-6 3-10 0-1
S0, 0-4 0-2 0-10 0-1
Na,O 0-4 0-2 0-6 1-3
K,0 0-3 0-4 0-4 1-3
Lol 0-15 0-3 0-5 *

* Not determined.

Bottom ash particles are much coarser than fly ash. The grain size typically
ranges from fine sand to gravel in size. The chemical composition of bottom ash
is similar to that of fly ash but contains higher concentration of carbon. Bottom
ash tends to be relatively more inert because the particles are larger and more
fused than fly ash. Since these particles are highly fused, they tend to show less
pozzolanic activity and are less suited as a binder constituent in cement or
concrete products. However, bottom ash can be used as a concrete aggregate or
for several other civil engineering applications where sand, gravel and crushed
stone are used. Table 4.5 shows the chemical composition of the example bottom
ash obtained by burning bituminous, sub-bituminous, lignite and anthracitic
coal.

The chemical composition of boiler slag is generally similar to that of bottom
ash generated from the same of coal type. This type of waste is composed princi-
pally of silica, alumina and iron with smaller amounts of calcium, magnesium,
sulfate and other compounds. Boiler slag occurs predominantly at a diameter in the
range of 5 to 0.5mm and has a smooth texture. However, it can also achieve
vesicular or porous structure and that depends on the quenching procedure, as
well as the organic and mineral properties of the coal used, fluid dynamics, ash
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Table 4.5: Chemical composition of coal bottom ash produced from different coal.

Component (wt.%) Coal type
Bituminous  Sub-bituminous Lignite Anthracitic

[97] [98] [99] [100]

Sio, 52.5 60.9 41.7 45.1
ALLOs 22.3 14.5 171 34.1
Fe,03 11.2 18.6 6.6 4.2
Ca0 3.5 1.4 22.5 8.7
MgO 2.5 0.9 4.9 1.4
S0; ** 0.3 0.4 3.1
Na,0 0.7 0.2 1.4 0.5
K,0 2.7 0.6 0.4 1
Ti,0 0.8 1.1 * 1.5
P,0; 0.2 0.9 * 0.1
LOI 2.9 ** 1.13 **

*Presented as a sum of Ti,0, P,03 and other ingredients = 3.83 wt.%; ** Not determined.

transport phenomena, vaporization and condensation of ash species, and so one
[101]. For example, boiler slags generated from the burning of lignite or sub-
bituminous coals are more porous than that of the bituminous coals, slag from
pulverized fuel boiler is composed mainly of irregular, often porous, glassy forms,
which state aluminosilicate glass of variable composition with local accumulations
of Ca, Mg and Fe oxides.

Sulfur dioxide is pollutant produced by coal-fired power plants. To control SO,
emission various methods can be applied [102]: (i) improvement of fuel quality by
using the low-sulfur coal, (ii) appropriate methods of coal preparation by producer,
they allow reducing the sulfur content of 10-30 %, depending on the coal quality and
the technology [103], (iii) boiler modernization, (iv) changes in technology, i.e.
natural gas instead of coal, such changes are observed now in energy sector world-
wide, (v) flue gas desulfurization. The last opportunity, known as FGD, is the widest
applied in the energy industry, and can be classified into four groups: (i) wet-
scrubber, (ii) spray-dry scrubber, (iii) dry-scrubber and (iv) combined SO,/NOx
removal process technologies. Each main category is divided into several subcate-
gories depending on specific chemical reactions and flow conditions.

The most often, the wet scrubber technologies with gypsum producing, with
about 62 % contribution, are applied in energy sector using slurry of alkaline sorbent,
usually limestone or lime, or seawater to scrub gases [104]. The main task of this
solution is oxidation of sulfur dioxide and its removing from flue gas by production of
gypsum as a saleable product. Thus, there are four processes in absorbers and slurry
tanks as follows: limestone dissolution, SO, absorption, SO;>~ oxidation and gypsum
crystallization with the overall reaction [104, 105]:
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1
CaCO3(S) + SOz<g)+ E Oz(g) + ZHzo(l) — CaSO4 X 2H20(s) + COZ (417)

The wet FGD system is well-known technology applied in industrial from early 1970s
in United States and Japan, and expanded rapidly in the 1980s in Europe [106]. It is
characterized by high desulfurization performance and low operating cost.

It is worth to mention that in wet flue gas desulfurization technologies the
effective capturing of oxidized mercury can occur. In this case Hg, as a one of the
elements of coal (about 0.1 ppm), may be incorporated into the FGD slurry and its
solid byproducts including synthetic gypsum [107]. Mercury removal efficiencies in
this process range from 50 % to 75%, or higher 85%-90 %, when the units are
preceded by selective catalytic reduction (SCR) [108]. The mercury content must be
controlled, because the gypsum from FGD process is often used as building materials
and there is s possibility to emission from them [109, 110]. The mercury content
depends of the used coal and technologies applied in power plants. For example the
Hg concentration in FGD gypsum samples is 0.15 and 0.31mg/kg for two 1200 MW
Spanish power stations equipped with a wet limestone-based with forced oxidation
FGD facility, for mixture of local sub-bituminous coals (60 %) close to lignite and
bituminous coals (40 %) or mixture of anthracites (80%) and petroleum-coke
(20 %), respectively [111].

Moreover, in FDG systems, the elements such As, Se, F, Cl, and B can be
presented. The most of them is removed in the aqueous effluent (filtered water) or
gypsum, while B and Se remain in the flue gases [112, 113]. Exemplary in work [114]
authors presents the detailed composition of FDG gypsum, in mg/kg: As (2.6),
Cl (307), F (778), Hg (0.212), S (175,379), Se (4.0), Ba (9.21), Cd (0.04), Cr (2.8), Mo
(0.11), Ni (5.7), Pb (0.64), Sh (0.06), Zn (7.9). In dry and/or semi-dry technologies SO,
reacts with an alkaline sorbent typically Ca(OH), or CaO. This method is the second
most popular FGD system worldwide (11 %) and it proposed for relatively small power
plants with low S contents in coal (<1.5 wt%) [115].

4.2.2.1 Coal combustion wastes reuses

The most important use of coal fly ash is as partial substitute for cement in concrete.
In 2015 the total amount of fly ash produced in the United States was 44.37 million
tons out of which 54 % were used again in other sectors [116], comparable produc-
tion has been observed in Europe with the reusing of fly ash in 50 % [117], while in
Canada of the approximately 4.7 million tonnes of fly-ash produced annually by
coal-fired power generating stations from which only 31 % is recycled [118]. Coal fly
ash mostly comprises of silicas, aluminas and calcium compounds, therefore, it is
extensively used in concrete either as a separately batched material being an
addition or as an ingredient in blended cement. Utilization of fly ash in concrete
is also an effective energy conservation measure that can improve the economy of
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concrete construction. According to “Standard Specification for Coal Fly Ash and Raw
or Calcined Natural Pozzolan for Use in Concrete” (American Society for Testing and
Materials (ASTM), C618 [119]) fly ashes are classified into two categories — Class F,
produced from anthracite or bituminous coal, and Class C fly ash produced from
sub-bituminous or lignite coal. The difference in the source coal causes difference in
the amount of calcium and the silica, alumina, and iron content in the ash. In Class F
fly ash, total calcium typically ranges from 1 to 12%, mostly in the form of
calcium hydroxide and calcium. In contrast, Class C fly ash may have reported calcium
oxide contents as high as 20-40 %. Another difference is that the amount of alkalis,
which are generally higher in the Class C fly ash than in the Class F. Table 4.6 presents
the composition of example fly ash type Class C and Class F collected from coal
combustion plants.

Table 4.6: Composition of example fly ash type Class C and Class F.

Component (wt.%)

Muskogee Plant
Muskogee

Manjung Plant,
Perak Malaysia

Power plants in
West Bengal

Appalachian
Power Company

Oklahoma [120] [121] India [122] Clinch River Plant

[120]

Class C Class C Class F Class F

Sio, 30.1 38.8 58.9 59.4
Al,05 16.6 14.7 19.1 21.4
Fe,03 7.0 19.5 10.2 8.8
Ca0 36.9 18.1 2.6 3.8
MgO 1.4 3.3 0.7 0.2
S0; 4.4 1.5 - 0.0
Na,0 0.6 1.7 0.6 0.0
K>0 0.3 1.8 3.1 4.6
Ti,O 2.7 1.0 1.3 1.8

LOI is a very important factor to determine the quality of fly ash for use as admixture
in concrete. This parameter values are primarily residual carbon material, which may
adversely affect the fly ash applying. Especially in the production of consistent
durable concrete, a low and constant LOI is desirable. Problem is when activated
carbon powder is used in power plant with air quality control systems to remove
mercury from combustion gases. This additive mainly negatively influences on
determination of air content in concrete [123].

Environmental protection and technical and economic conditions force
co-combustion of fossil fuels with biomass or waste fuels in power plants. The
most often co-fired biomasses include wood, bark, wood chips, corn straw,
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rapeseed straw, olive pulp, olive kernel, and herbaceous biomass [1, 2]. Co-fired
wastes also generated fly ashes and slags [124-126], which composition is compar-
able with that obtained from coal combustion process. The similar composition of
fly ash is a result of a low ash content of wood pellets (0.02-0.5 wt%) compared
with lignite (10 wt%). All fly ashes contained approximately 44 wt% SiO,, 21%
Al,03, 14 % CaO and 4 % Fe,0s, putting them in the class C. Moreover, the LOI of co-
fired biomasses ash is much lower than the 6 wt% (upper limit according to C618)
and ranged from 0.4 to 0.9 wt%. The European Union has approved the use of fly
ash derived from the co-combustion of coal with wood, straw, cultivated biomass,
municipal solid waste and paper sludge as a cement ingredient; however, the
regulation is very restricted. Standard EN 450-1:2012 allows using the fly ash
form co-combustion in concrete manufacturing, but it introduces the requirement
for minimum content of coal in fuel mixture (80 % by mass) and maximum content
of ash from co-combusted materials (10 %) [127]. Moreover, the fly ash should
contain less than 5 wt% carbon, 5 wt% total alkali, and 0.1 wt% chloride [128].
Optical microscopy images of coal and biomass fly ashes are presented in
Figure 4.1.

Figure 4.1: Optical microscopy images of coal (A) and biomass (B) fly ashes (Keyence Digital
Microscope VHX-6000 Series).

Other major uses for fly ash include constructing structural fills and embankments,
waste stabilization and solidification, mine reclamation, and use as raw feed in
cement manufacturing. Bottom ash is often used as aggregate, replacing sand and
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gravel, as well as an ingredient in manufacturing concrete blocks or as a raw feed in
cement manufacture (Figure 4.2). This waste is also considered as structural fills
and embankments and mine reclamation. In 2006 in Europe, about 3.1 million
tonnes of bottom ash were used in the construction industry. Out of this 48 % was
used as a fine aggregate in concrete blocks, 34 % in road construction and about
16 % in cement and concrete. Dense and hard boiler slag is used as a component in
surface coatings of asphalt in road paving. Slag can also be used as blasting grit and
roofing granules and of which about 55 % was used in road construction, e. g. as a
drainage layer. Another uses are as aggregates in concrete and grouts [129, 130].
The utilization rate of flay ash, button ash and boiler slag increased greatly over last
twenty years reaching a high level. In the United State the utilization rate in 2005
was 41% of fly ash, 42.9 % of button ash and in 77.4 % for boiler slag [131], while in
2015 was 54.24 % for fly ash, 40.1 % for button ash and in 83.8 % for boiler slag [116].
Similar effect has been observed in Europe: the utilization rate in 2003 was 47 % of
fly ash, 44 % of button ash and in 100 % for boiler slag, while in 2006, the rate was
49.1% and 51.0 % for fly and button ash, respectively, and the utilization rate of
boiler slag was also 100 %.

B Cement raw material

' ® Blended cement
B Concrete addition

W Aerated concrete blocks

/

Fly ash B Non-aerated concrete blocks

\|l /

M Bricks +ceramics

M Grouting

® Asphalt filler

W Subgrade stabilisation
M Pavement base course

M General engineering fill
.' \‘ | ./ B Structural il

& Soil amendment
& Infill
 Blasting grit

Button ash Boiler ash

aih 'ﬂ/

Figure 4.2: Utilization of fly ash, bottom ash and boiler slag in the construction industry in Europe in
2006 [117].

The residue of the generated waste is being dumped in landfills or open lands,
causing economic and environmental problems [132, 133]. Utilization of dumped
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fly ash not only in construction industries is the most popular research goal
over last years. Especially, the using of fly ash as sorbents of organic and
inorganic compounds has been studied by numerous research centers.
Vandenbusch and Sell have studied fly ashes as sorbent organic materials
from a municipal waste treatment facility effluent [134] and the results indicated
the ability of ash to remove 90% of boron from the effluent. Potassium-fly
ash sorbents have been investigated by Sanna and Maroto-Valer for high-
temperature CO, sorption [135]. The coal fly ash before additional treatment
seems to be a suitable sorbent material, however with low capacity (e.g. 8 mg
Cu(I)/g) [136]. In another studies the fly ashes after hydrothermal treatment
displayed a much better capacity to remove Cu(II), Ni(II), Cd(II) and Pb(II) from
aqueous solutions (e.g. 1111mg Pb(II)/g) [137, 138]. Another cost-effective and
environmentally friendly method for recycling this waste is the using of fly ash
in heterogeneous catalysis [139]. Of course, this type of application required the
surface area enhance of the fly ash, which can be achieved by thermal or
chemical treatment. An example of this application is steam and nitric acid
activation of fly ash, which has been used then as a support for Cu, Ni, Ru, V
and Fe catalysts to catalytic reduction of NO, using NH; [140-142]. A Ni loaded
fly ash was also tested for CO, reforming of methane [143]. Khatri etal. [144]
synthesized a solid acid catalyst for benzylation reactions by loading sulfated
zirconia on chemically activated fly ash. Saputra et al. [145] have employed fly
ash as a support for the synthesis of Co oxide based catalyst which has ability
to degrade phenol in the presence of Oxone. Zhang et al. [146] used activated fly
ash as a heterogeneous Fenton-like catalyst for nitrophenol removal from water.
The potassium impregnated fly ash based catalyst was used in biodiesel produc-
tion displaying maximum oil conversion (86.13%) [147]. Also using the synthe-
sized sodalite as a catalyst for transesterification of soy oil, the very high
conversion has been obtained (96 wt% at 65°C) [148]. Efficient transesterifica-
tion of soybean oil Chakraborty etal. have obtained using a fly-ash-supported
Ca0 catalyst. The studies exhibited high catalytic performance in converting
soybean oil into fuel-grade biodiesel with fatty acid methyl ester content of 97 %
[149]. Fly-ash-supported CaO has also been employed as effective catalysts for
the base catalyzed Knoevenagel reaction [150]. Sutarno and Arryanto [151] have
synthesized zeolites from fly ash and used them as a catalysts for hydrocracking
of heavy petroleum distillates.

4.2.2.2 Trace elements leachability from ash derived from combustion process

Increased coal consumption in large coal-fired power plants implies increased
mobilization of potentially toxic trace elements. Especially trace elements,
including As, B, Cd, Pb, Mo, Ni, Se, and Zn, are important constituents due to
their high concentrations in fly ash and environmental significance. In another
studies Ruane etal. [152] have also found that coal fly ash leachate samples
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were highly variable, but were generally high in B, Fe, Ca, Al, and sulfate, and
often exceeded the drinking water quality levels (i.e. cadmium, chromium, iron,
manganese, lead and pH). It was also indicated that the rate of leaching was
affected by the fly ash particle size, agitation of the mixture, pH, and tempera-
ture of the leachate solution [153, 154]. The ultimate impact of each trace
element will depend on its form in the ash and the toxicity, mobility, and
availability of this particular form in agricultural ecosystems. As Markowski
and Filby have indicated, As, Se, Mo, Cd, and Zn are associated with particle
surface layers, Cr, Cu and Pb are distributed between the core and the surface,
while Ni exists in the particle core. Furthermore, As, Se, Cd, Zn, Ni, Cr, and Pb
increase markedly in concentration with decreasing particle size [155]. Similar
analysis Izquierdo and Querol have presented in their review [156], wherein they
have demonstrated that the elements enriched in the core of fly ash particles are
not directly exposed to leaching, whilst surface-associated elements are more
leachable in an aqueous environment. Also the acidity of the leaching system
has been found to play a dominant role in the leachability of most elements
contained in fly ash, while the alkalinity enhances the mobility of elements with
tendencies to form oxyanionic species (e.g. Cr, Mo, V and W). Rest of elements
such as Be, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb, REE, Si, Sn, Th, Tl, U and Zn show
the minimum solubility in the pH 7-10 region and can be considered as being of
low concern in alkaline fly ash under environmental leaching conditions.
However if the pH decreases their leachability rises even though to an envir-
onmentally hazardous level [156].

In another research, it has indicated that the trace element affinities in coal exert
a considerable influence on the behavior of these elements during combustion.
Elements with sulfide and organic affinities are oxidized during coal combustion
and consequently they may show volatile behavior because of the temperature rise
accompanying oxidation or because of reaction with Cl, F, Na or S compounds which
can induce volatility or capturing as oxide or sulfate [157]. Chadwick et al. [158] have
also indicated an important influence of the organic affinity of uranium on its volatile
behavior during combustion. It has been shown that uranium has partial organic
affinity, which is responsible for its partial volatilization and, similar to Mn, V, Cr, Ni,
Ln, Ga, Nd, As, Sb, Sn, Zn, Se, Pb and Hg, its volatility is inversely proportional to
particle size what causes concentration in the smallest ash particle size fractions.
Elements, such as, Mg, Na, K, Mo, Ce, Rb, Cs and Nb appear to have a smaller fraction
volatilized during coal combustion [159]. It was also indicated that the volatility of
trace elements increased from larger to smaller particle size and establishes an
inverse relationship of volatility and particle size [160]. Coal contains significant
amount of various trace metals, and after combustion these metal concentrations
in fly ash are much higher than that of in parent coal. Concentration ranges for
selected elements, along with trace element concentrations in ash samples from
different power plants currently operating are listed in Table 4.7.

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4.2 Potential sources of wastes = 127

Table 4.7: Trace element analysis of coal and various combustion waste.

Element Coal Bottom ash Coal Fly ash Bottom ash Fly ash Fly ash™

[95] [162] [162] [124]
Vv 20 130 75.1 243 209 278 328
Cr 12 160 27.8 86 75.3 172 191
Mn 24 360 18.6 50 61 * 174
Ni 4 70 15.1 44 41.4 * 118
Cu 6 20 38.8 105 75.6 118 119
Zn 27 - 14.1 47 15.2 175 232
Ga 10 30 * * * * 59
As 12 35 1.1 2.44 1.1 97 161
Se 3 2 * * * 13 13
Br 14 - * * * * 2.0
Rb 23 75 * * * * 131
Sr 120 1200 * * * 1647 802
Zr * * * * * * 279
B 16 - 36.2 77 41.4 * -
Ba 150 1200 * * * 1999 1296
La 5 70 * * * * 69
Ce * * * * * * 157.5
Pb 6 70 13.2 35.3 15.3 109 77
Th 1.4 20 * * * 37 26.6
u 0.7 - * * * 18 8.1
Co 3 20 13 38 33 48 *

* not determined; ** Co-combustion fly ash.

4.2.2.3 Removal of metals from fly ash

Most coal fly ashes currently produced in power plants contain leachable heavy
metals and enhancement in utilization rate of fly ash requires removal of heavy
metals prior to utilization. Also with the exhaustion of natural mineral resources,
there is a need to recover desired metals from ashes and slags. Microbiological and
chemical leaching has been proposed to remove effectively metals ions from the
combustion waste. Biohydrometallurgical process uses a natural ability of micro-
organisms to dissolve metals present in the waste seems to be the most environ-
mentally preferred. Example of a successful bioleaching is Al and Fe removal from
coal fly ash by Thiobacillus thiooxidans (T. thiooxidans) bacteria (Table 4.8) [163].
These very good results of leaching (comparable to chemical leaching) require
adaptation of the bacteria in coal fly ash. Leaching of metals from fly ash by
Yarrowia lipolytica has been also considered and the results were compared with
that obtained from chemical leaching. It has been was shown that Yeast cells are
most effective in the copper leaching (59.4 %), slightly lower results have been
obtained for zinc, nickel and chromium ions, while most of Al and Si remained in
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Table 4.8: Examples of heavy metal recovery from fly ash by bioleaching methods (CFA - coal fly ash,
MSWFA-fly ash from municipal solid waste).

Fly ash type

Bioleaching condition

Results

Ref

CFA

MSWFA

MSWFA

MSWFA

MSWFA

MSWFA

Bioleaching using Acidithiobacillus
ferrooxidans (ZYR-1) fly ash pulp den-
sity 10 % w/v, 100 mL sucrose med-
ium; 7-day pre-culturing; 28°C at 200
rpm

Bioleaching using Aspergillus niger
(AS 3.879) 20 g/L fly ash, 100 mL
sucrose medium; two-day pre-cultur-
ing; 216 h, 30°C at 140 rpm

Bioleaching using Aspergillus niger

(AS 3.879) fly ash pulp density 1% w/v,
100 mL sucrose medium; two-day pre-
culturing; 30°C at 120 rpm pH 2.5-5.8

Bioleaching using
Thiobacillusthiooxidans (TM-32) fly ash
pulp density 1% w/v, 100 mL sucrose
medium; fife-day pre-culturing; 28°C at
120 rpm pH 1.7

Bioleaching using Acidithiobacillus
ferrooxidans (ATCC23270) fly ash pulp
density 1% w/v, 100 mL sucrose
medium; fife-day pre-culturing; 28°C
at 120 rpm pH 1.7

Bioleaching using Thiobacillus
thiooxidans (TM-32) and
Acidithiobacillus ferrooxidans
(ATCC23270) fly ash pulp density 1%
w/v, 100 mL sucrose medium; fife-day
pre-culturing; 28°C at 120 rpm pH 1.7

Bioleaching of Alin 25% and Fe
in 15-22 %.

Maximum metals extraction of
one-step bioleaching was: 98.7 %
of Mn, 87.6 % of Cd, 69.7 % of Cu,
68.5% of Zn, 42.1% of Cr, 31.7%
of Fe, and 36.5 % of Pb.

Al, Fe and Zn removal was
accompanied by increase in citric
acid concentration excreted by A.
niger. Maximum metals extrac-
tion were 97 % of Al 98 % of Zn
and 56 % of Fe.

Maximum metals extraction: Cd
in 100 %, Cr in 96 %, Cu in 73 %,
Zn in 59 % and As in 42 %.

Maximum metals extraction:
100 % of Cr, Zn and Cd, 77 % of Cu
and 49 % of As

Maximum metals extraction:
100 % of Cr and Cd, 78 % of Zn,
67 % of Cu and 36 % of As.

[163]

[167]

[168]

[166]

solid state [164]. Other bioleaching examples have focused on fly ash from munici-
pal solid waste treatment. Bosshard et al. have investigated the bioleaching of fly
ash from municipal waste incineration by Aspergillus niger. The using mixed cul-
ture of iron and sulfur oxidizing bacteria enables a significant recovery of Cd, Zn, Cu
and Pb (81%, 66 %, 57% and 52%, respectively), Mn and Al are extracted in
approximately 30 %, and in less than 10 % Cr, Fe, and Ni [165]. Ishigaki et al. [166]
have also investigated the metal leaching from fly ash municipal solid waste using
cultures of a sulfur- and iron-oxidizing bacterium individual and as a mixture. The
obtained results have shown that high metal leachability is exhibited in the 1% ash
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culture, e g. 67 % and 78 % for Cu and Zn, respectively, and 100 % for Cr and Cd.
Conducting process in the 3% ash cultures the results are comparably.

Chemical solubilization of fly ash metals includes the use of acidic, neutral and
alkaline reagents but effectiveness of the process depends on the leachability of the
metals in leaching solution. Even though the chemical leaching seems to be more
aggressive than bioleaching the chemical treatment of metals from combustion
residues is a very slow process and the solid-liquid phase equilibrium may not be
attained even with long leaching times. Considering acidic reagents, the leaching
force is as follows: aqua regia > HCl > HNO3 > H,SO,. In the case of H,SO, very low
leachability is observed which resulted from the formation of insoluble metal-sulfate
species. The dissolution in this medium can be enhanced by carrying out the process
in thermal and high-pressure conditions [169, 170].

Poor extractable lead in H,SO, as well as in dilute HCI or HNOs and dissolution
of Pb(II) requires concentrated HCl or HNOj; [171]. Concentrated acidic solution is
also required by Fe, Mn and Si, while in the diluted solution (e. g. 0.1M H,SO,, HCl
or HNO3) all of elements display low leachabilities (1-7 %) [172-174]. Efficient
chemical treatment has been observed for As using both diluted and concentrated
acidic solutions of H,SO,, HCl and HNOs;. Organic acids as leaching reagents have
been also considered, from which the most efficient are oxalic, citric and gluconic
acids. In the case of Cu the leaching is with almost 100 % yield, regardless on type
of organic acid and its concentrations [173, 175]. Al, Zn, Pb, Mn and Fe requires
concentrated organic acid solutions to extract up to 100 % of Al, 70 % of Zn, 50 % of
Fe, 80 % of Mn and 50 % of Pb [175]. In another study, it was found that 20 wt.%
acetic acid dissolves 62 wt.% Zn and 94 wt.% Pb while leaching using 10 wt.% HCI
dissolves from fly ash 62.5 wt.% Zn and 39.5 wt.% Pb [176]. Similar to the mineral
acid leaching, a long-time treating of fly ash with acetic acid causes a decrease in
Pb extraction [177]. Special predisposition to dissolution with organic acids Hg
exhibits [178]. This element is highly extractable in acetic acid as opposed to H,SO,,
and Na,COs.

Alkaline leaching considered to be cost-effective process has been proposed by
various researchers. The effectiveness of alkali leaching is a result of the solubility
of the V, Al Zn and Pb at alkali condition. For example, considering NaOH,
hydroxides react with metals having the amphoteric nature like Pd, Zn, Mo, Cr
and V result in the formation of dissolved in the aqueous solutions complex ion
species (e. g. HV,05~, V,0,*7) [179]. Ammonia as lixiviant is also known to favor
extraction of Cu, Ni owing to the formation of metal-amina complexes [180].
Ammonia forms relatively strong complexes with mercury compared to most
other cationic elements and, therefore, may change the leaching characteristics
of mercury. Wang et al. [181] have confirmed that mercury leaching by neutral and
acidic solution is not significant [182], however, ammonia addition increased
mercury leaching in the alkaline pH range, due to the formation of leachability
mercury-ammonia complexes.
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Unfortunately, there are conditions or elements for which the alkaline leaching is
not an ideal method of dissolution. For example, arsenic has shown poor extractability
in alkaline solutions [183], Fe forms insoluble FeSO, - 7H,0 [184] and low solubility of
Zn in the presence of Pb is mainly a result of gelatinous precipitates formation [176].
The main examples of chemical treatment of fly ashes with experimental conditions
and results are summarized in Table 4.9.

Table 4.9: Examples of heavy metal recovery from fly ash by chemical leaching (CFA - coal fly ash,
MSWFA-fly ash from municipal solid waste).

Fly ash type Leaching Maximum metals recovery Ref
agent
Mineral acid leaching
CFA H,S0, (0.1M)  As leaching in 88-94 % [183]
MSWFA H,S0, (0.1M) 100 % of Ca, 58 % of Zn, 52.4 % of Cu, 28 % of Pb and [175]
Fe in 6 %
MSWFA H,S0, (1.5 M) 100 % of Cu and Zn, 98 % of Mn, 82 % of Mg, 81 % of [174]
Fe, 58 % of Si and Pb in 5%
CFA HNO; (0.1 M) As leaching in 83-90 % [183]
MSWFA HNO;3 (0.1 M) 100 % of Ca, 57 % of Zn, 53 % of Cu, 42 % of Al and [173]
25 % of Pb. Fe was dissolved only in 2%
MSWFA HCL (0.1 M) 100 % of Ca, 57 % of Zn, 50 % of Cu, 43 % of Al and [173]
15 % of Pb. Fe was dissolved in 3%
MSWFA HCL (3 M) 100 % of Cu and Pb, 77 % of Zn, 76 % of Al, 71% of [174]
Mn, 63 % of Ca and Fe and Si in 44 %
Organic acid leaching
MSWFA Citric acid 100 % of Al and Cu, 97 % of Pb, 93 % of Ca and Fe in [173]
0.1 M) 67 %
CFA Citric acid Cr leaching in 28 % [185]
(0.3 M)
MSWFA Citric acid 100 % of Cu, 80 % of Al, 70 % of Zn, 50 % of Fe and Pb [175]
(0.5 M) in30%
MSWFA Oxalic acid 47-45 % of Fe, Cu and Zn, while Pb was dissolved in [173]
(0.1M) 3%
MSWFA Oxalic acid 100 % of Cu, 85 % of Al, 68 % of Zn, 60 % of Fe and Pb [175]
(0.5M) in 10 %
MSWFA Gluconic acid 100 % of Cu, 95 % of Al, 80 % of Fe, 72 % of Zn and Pb [175]
(0.5 M) in 50 %
Alkaline leaching
MSWFA NaOH (3 M) Pb in 84 % and Zn in 25% [176]
Primary
MSWFA NaOH (3 M) Pb in 46 % and Zn in 29 % [176]
Secondary
CFA NaOH (0.1 M) As in 35-65% [183]
CFA NH5 (4N) Ni in 59 % V in 10 % and Fe precipitate as hematite [184]
CFA NH5 (1g/L) Cdand Cuinupto 0.5% [180]
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4.3 Conclusions

The potential sources of metals in energy industry were presented, with the focus on
two main metal-contains wastes from power plants — the solid wastes from coal
combustion and spent SCR catalysts. Utilization of fly ash, bottom ash and boiler
slag, especially in the construction industry, was discussed. The problem of metal
removal from such wastes generated in power plants was also presented. Analysis of
the latest literature in this field indicates that recovery of valuable metals such as
vanadium and tungsten from waste SCR catalyst provides significant important social,
environmental and economic benefits. The methods of leaching of these metals, as well
as the re-use applications of spent catalysts were presented and discussed.
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5 Electroplating wastes

Abstract: Electroplating and other metal finishing industries, like every metal and
metallurgical industry, are associated with the generation of waste. Spent electro-
plating baths, waste pickle liquors, etching solutions and rinse waters from electro-
plating units and steel finishing operations are complex solutions containing acids
and several hazardous metals. It is compulsory, for environmental and economic
reasons, to treat these solutions for recovering acid, metals and/or reusing these
solutions/waters. This article is a review on the characterization of the wastes that are
generated in electroplating industry, steel processing and copper etching in printed
circuit boards manufacture, as well as on the treatment and regeneration methods of
such streams. Various techniques, such as neutralization, crystallization, evapora-
tion, pyrohydrolysis, electrodialysis, ion exchange, classical solvent extraction and
membrane-based solvent extraction are presented, their advantages and disadvan-
tages being scrutinized.

Keywords: Acid regeneration, Electroplating bath, Etching solution, Metals recovery,
Spent pickling solution, Waste water treatment

5.1 Introduction

Wastes from electroplating and other metal finishing operations are considered
hazardous and may represent a loss of raw materials. As well known, the consump-
tion of water and metals is enormous. Actually, electroplating units use water in the
electrolytic bath, washing and rinsing of the electroplated articles. Steel finishing
operations such as washing, pickling, cleaning, rinsing, etc. also use a huge amount
of water. Waste pickle liquor from the pickling units and bleed streams from the
electroplating units are of major concern due to the high concentration of metals and
acid that are in solution [1]. For instance, hot-dip galvanizing is the most extensively
used surface treatment to protect steel pieces against corrosion; steelwork plants in
the EU produce 300,000 m?/year of spent pickling solutions [2, 3]. Hence, the
recovery of metals and acid from these wastes must be performed due to environ-
mental reasons, besides the economic benefit.

The development of modern electronic equipment gave rise to a rapid evolution
of the printed circuit boards industry. The etching of copper from printed circuit

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Reis, T. A, Ismael, M. R. C. Electroplating wastes. Physical Sciences Reviews [Online] 2018, 3. DOI:
10.1515/psr-2018-0024
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boards (PCBs) is an important process in their fabrication. Etching is carried out to
completely remove the base copper and leave only the circuit pattern. Spent etching
solutions with a high content of copper are then generated and need to be regener-
ated for environmental and economic reasons too.

It is noteworthy that the waste waters from industries like electroplating, galva-
nizing and steel industries, as well as the PCBs, are also a potential source of
pollution. These hazardous wastes may cause severe environmental problems and
health disorders and ought to be treated before being discharged to the aquatic
medium [4].

It is worth mentioning that the surface treatment industry is not a major source of
emissions to air. However, some emissions such as NOy and acids from pickling
operations, chromium mist released from Cr(VI) plating and ammonia from copper
etching may locally important. Essentially, emissions are primarily to water, and
about 300,000 tonnes of hazardous wastes are produced per year, mainly as sludge
from waste water treatment or spent process solutions [5].

This article focuses on the characterization of the wastes that are generated in
surface treatment industry, such as electroplating, steel processing and copper
etching in PCBs manufacture, as well as on the treatment methods of such streams.

5.2 Characterization of the wastes

The surfaces treatment is an essential and integral part of many industries whose
implementation increased considerably in the last decades. In this type of treatment,
a metallic coating is applied to the surface to improve surface protection against the
environment (e. g. corrosion), to give special properties to the surface (e. g. reflectiv-
ity) or just changing its appearance (decorative art). As example, zinc is widely used,
as metal of sacrifice, to protect steel against corrosion; copper is an excellent con-
ductor used in PCBs and communications equipment; chromium and nickel is used to
increase the hardness and wear resistance of the surface.

The surface treatment process generally consists of three main steps: surface
preparation/cleaning through degreasing (alkaline or acid agents) and/or removal of
rust and oxides (pickling agent: H,SO,, HCl, HCI+HNOs, etc.); plating or electroplat-
ing of metal and finishing with rinse water. This process is water intensive, which
leads to the production of a huge volume of contaminated effluents/waste waters. It is
obligatory, for economic and environmental reasons, to treat these solutions with the
objective of recovering metals and/or reusing metal solutions/water. The selection of
the treatment depends on the composition of the solution, taking special attention to
the concentration, toxicity and market value of the metal(s). Therefore, it is important
to characterize the different effluents/waste waters produced.

Cyanide solutions can be used for direct deposition of copper, zinc, silver and
gold on surfaces. These solutions allow producing a finer grained metal deposit when
compared with acid solution. In addition, cyanide-based plating solutions tend to be
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more tolerant of impurities than other solutions. This bath must be kept at high pH
to avoid the formation of hydrogen cyanide gas. A typical zinc cyanide bath contains
25-60 g/L of zinc, 10-150 g/L NaCN and 25-140 g/L NaOH [6]. The zinc coating is of
high quality besides the operating requirements for a cyanide zinc plating process are
really minimal, when compared to the other zinc plating processes [7]. Despite this
and due to cyanide toxicity and the stringent regulation against water pollution,
these alkaline baths have been replaced by alkaline non-cyanide baths (6-14 g/L Zn,
at 120 g/L NaOH). The metal deposition can also be performed in sulphuric acid
solution.

Chromium plating process can be carried out by using Cr(VI) or Cr(III) solution.
As it is well known, the Cr(VI) is highly irritant and toxic. Therefore, the Cr(III)
solution is preferred as this ion is considerably less toxic than the hexavalent
chromium. A typical plating chromium bath contains 250-450 g/L of chromate and
2.5-4 g/L H,SO,, depending on which bath is used, with less than 10% of the
chromium acid used is deposited on the metal products [8, 9]. During the plating
process, some impurities like Fe(III), AI(III), Cr(IlI), Cu(Il) and Ni(Il) are being
accumulated in the bath attaining concentrations in the range 10-15 g/L. These
solutions must be replaced for the reason that it leads to undesirable effects on
plating process.

The most widely used nickel plating electrolyte is the Watts’ bath, which contains
nickel sulphate, nickel chloride, boric acid and organic additives to improve the
surface properties and appearance of electro-deposited nickel [10, 11]. A typical
composition of these baths includes 240-300 g/L NiSO,¢6H,0, 30-90 g/L
NiCl,*6H,0 and 30-45 g/L H3BOs (pH 3.5-4.5).

The manufacture of PCBs, which are the basis of electronic sub-assemblies,
involves a complex set of individual operations, some of them having environmental
impact. In general, the base material is clad with copper, with a thin layer, the
electronic circuit being screen-printed or photo-printed. After this, etching is carried
out to completely remove the unmasked copper thus leaving only the circuit pattern.
The etching solutions commonly used in the industry are ammoniacal and acidic
etchants with cupric chloride; hydrogen peroxide/sulphuric acid are used for micro-
etching and ferric chloride is now rarely used [5]. The PCBs that have been made
resistant by deposited metals, i.e. tin, are almost exclusively processed in ammonia-
cal etchants [5]. The ammoniacal etching of metallic copper is described by the
following global reaction (dissolution and oxidation):

Cu® + 2 NH3 + 2 NH4C1 + 0.5 02 — Cu(NH3)4C12 + Hzo (51)

The concentration of copper in a typical spent etching solution (7-10 M NH3/NH,",
4-4.5MCI™, pH 8.0-9.5) can attain a value as high as 150-160 g/L [12, 13]. Besides the
spent etching solution, the PCBs industry also produces more dilute effluents as a
result of rinse waters, the typical concentration of Cu(Il) being ~5 g/L [5].
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Copper present in spent etching solutions and rinse waters must be recovered
due to economic and environmental reasons. Actually, economic benefits to the
process are attained if the concentration of copper in the etching solution is reduced,
leading to the reuse of the regenerated solution. The solvent extraction (SX) process is
the most attractive option for the recovery of copper(II) from spent etching solutions.
In fact, the Reference Document on Best Available Techniques (BAT), BREF, for the
Surface Treatment of Metals and Plastics sector reports that liquid-liquid ion-
exchange (IE) (i.e. SX) is the BAT for regenerating ammonia etching solution with
copper recovery [5]. Further details and discussion on the use of SX will be presented
in Section 5.3.7.

The typical cupric etchant contains ~180 g/L of copper as CuCl, and 1-3.5 M HCL.
However, the presence of chloride ions as NaCl (200-300 g/L) allows decreasing the
concentration of HCl to 0.1 M or lower, the etching being possible under a higher
concentration of Cu(Il) ions (up 290 g/L) [14]. Various processes are commercially
available for the regeneration of CuCl, etchant. Chemical regeneration processes
such as chlorine, sodium chlorate, hydrogen peroxide and oxygen mainly use che-
mical additives into waste etchant [15]. The cheapest regeneration process is that of
chlorine, but the addition of water is a very negative aspect, besides the safety
feature. All the above-mentioned chemical methods cause further problems such as
the disposal of excess regenerated etchant. Electrolysis and electrodialysis processes
solve this problem and allow recovering copper from the etchant. However, both
techniques have the drawback of expensive equipment and materials and the release
of H, in electrolysis is also a disadvantageous aspect [15]. It is worth mentioning that
the regeneration method influences the composition of the etchant. For instance,
after regeneration with NaClOs;, the etchant contains 200-300 g/L NaCl, 150-180 g/L
Cu(II) and 0.1-1 M HCl, whereas it comprises CuCl, and HCI (1-3 M) after oxidation
with H,0,.

In 2015, the world produced just over 1,600 million tonnes of steel [16, 17]. The
last phase of steel production involves heat treatments like hot rolling, annealing or
forging. These treatments are carried out at temperatures higher than 800°C in the
presence of air. The oxygen of the air reacts with metals present on the steel surface to
form oxides films, such as iron oxides (FeO), chromium oxide and manganese oxide
[18, 19]. These oxides must be removed from steel surface before the galvanizing
process. The most common method is hot-dip galvanizing, in which steel pieces are
submerged in a bath of molten zinc. Iron on the surface of steel reacts with zinc to
form a multi-layered coating of zinc-iron alloy. This alloy increases the resistance of
steel against corrosion prolonging steel life by 20-40 times [20]. High-quality coating
requires a clean surface, i.e. a surface free of scales and rust. This can be accom-
plished by immersion of the piece in sulphuric, hydrochloric or in HF+HNOs5 acid
solution, the process being called pickling. Up to the middle of last century, sulphuric
acid was the most widely used. In the meantime, H,SO, has been substituted by HCI
since, although it is more expensive, it leads to higher rate of dissolution at lower
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temperatures, better surface quality and more economical regeneration [21]. During
this time, the pickling of stainless steel with hydrofluoric acid or mixtures for hydro-
fluoric acid and nitric acid has also been applied on industrial scale [22, 23]. The
typical compositions of pickling solution and operating temperatures are listed in
Table 5.1.

Table 5.1: Pickling acid solution.

Sulphuric acid solution Hydrochloric acid solution  Nitric and hydrofluoric acid solution
200-250 g/L H,S0, 150-200 g/L HCl 60-180 g/L HNO; and 10-80 g/L HF.
95-100°C 60-70°C 50°C

[1] [1, 20] [1, 22, 24, 25]

In the pickling process, the acid reacts with oxides solubilizing the metal. Therefore,
the concentration of the acid in solution decreases and the metal concentration
increases. When the concentrations of acid and metals in solution attain limiting
values, the pickling process losses its efficacy and the solution must be replaced. For
example, the concentration of iron in spent hydrochloric acid solution can attain 130
g/L and in HNO;+HF solution can attain 30-40 g/L [22, 25].

It is worth noting that all the effluents above mentioned, spent baths, spent pickling
solution and rinse water, are complex solutions containing acids and several hazardous
metals such zinc, nickel, chromium, copper, iron, lead, etc. Table 5.2 alerts about the
toxicity of these metals and lists the range of concentrations allowed in solution to be
discharged in public sewer or surface waters in some EU countries [5]; Table 5.3 lists the
composition of some real effluents. As can be noted, these solutions are environmentally
inacceptable and require treatment. Some interesting reviews on the treatment of these
type of effluents generated are published elsewhere [1, 3, 4, 26-30]. Treatment selection

Table 5.2: Toxicity and limit discharges to public sewer or surface waters.

Metal Toxicity Limit! [5], mg/L

Chromium Cr(VI): highly toxic, ulcers in nasal membranes, lung cancer [31] 0.1-0.5 Cr(VI)

Copper Necrosis and Wilson’s disease [32, 33] 0.4-4

Nickel Gastrointestinal distress, pulmonary fibrosis and skin derma- 0.5-5
titis [34]

Lead Anaemia, insomnia, headache, dizziness, irritability, weakness 0.2-1
of muscles, hallucination and renal damages [35]

Zinc Stomach cramps, skin irritations, vomiting, nausea and anae- 0.5-7
mia [4]

Note: 'Range of concentrations between minimum and maximum limits in Belgium, France, Germany,
England and Wales and Portugal.
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Table 5.3: Characterization of spent bath and rinse water in surface treatment processes.

Acid Acid Zn, g/L Fe, g/L Other Ref.
Conc., g/L
Spent pickling HNO;  120-160 - 35-45 5-20 Cr, 3-6 Ni, in g/L [29]
solution (SPS) HF 60-80
Rinse water after HNOs3 2 - 1 0.14Cr, 0.07 Ni, in g/L [36]
pickling HF 1
SPS HCl 52 6.3 160 47 Cu, 96, 102 Ni, 56 Cr, in [37]
mg/L
SPS HCl 58-230 82 96 173 Mn, 38 Al, 104 Pb, 19 [38]
Cr, 19 Ni, 27 Cd, in mg/L
SPS HCl 36.5 122.3 95.0 - [39]
SPS HCl 9.1 70.2 92.2 - [40]
Rinse water after  HCl not 0.71 7.28 0.01g/LCr [40]
pickling detected
Zn electroplating  H,SO, 150-160 50-100 - 40-50 g/L MgS0,, 10-15 [1]
bath g/L MnSO,, 200 mg/L
chloride, 300-400 mg/L
Ca
Cu spent electro- H,S0, 194 - 0.26 40 Cu, 9.6 Ni, 0.11 Bi, [41]
plating bath 0.0007 As, in g/L
Cu electroplating - pH 0.2- 0.024 0.15 0.61Ni, 2.9 Pb, 0.5 As, [1]
rinse water 0.3 0.45 Bi, 0.012 Sb, in mg/L
Cu spent electro- 26 Cu*, 13 KOH, 12 KCN, [42]
plating bath 350 K,COs, in g/L
Cr electroplating - - 0.167 0.003 5.4 g/LCr,36 mg/L Ni, 99 [43]
(Rinse water) mg/L SO,
Cr electroplating - pH 1.1- 1.0  0.003- 50 mg/LCr(VI),100 g/LCl, [44]
(Rinse water) 2.0 0.005 10g/LSO,
Cr electroplating - pH 1.53 - - 359 Cr(VI), 72.9 Cu, 51.7 Ni, [45]
(Rinse water) in mg/L
Ni electroplating - pH 1.4- - - 1.6-2.5 g/L Ni, 3-6 mg/L [46]
(Rinse water) 6.6 Cr
Ni electroplating - pH 6.5 - - 215Ni**,40Cl7,27550,%7,  [47]
(Rinse water) in mg/L
Ni electroplating - pH 2.0 0.048- 0.016— 2.8-8.7 Ni, 0.3-1.2 Na, [11]
(Rinse water) 0.158 0.054 0.3-1.2B, 0.4-1.6 Cl, 4.6—
18.5 SO, in mg/L
Electroplating - 2.2-2.8 0.097- — 72-215 Ni, 22-48 Cr, 12— [48]
rinse water 0.20 28 Cu, 5-10 Pb, 6-12 Ni, in

mg/L

should have environmental issues as a priority. In the last decades, an increasingly
stringent regulation has been established regarding the discharge of acids and metals to
protect people and the environment. As stated before, the removal of acids and metals
from solution should also result in an economic benefit, i.e. these products must be
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recovered or reused. It is worth mentioning that the decontaminated water obtained in
the effluent treatment can be reused instead of being discharged to environment. The
following sections summarize different techniques and processes to treat wastes from
plating/electroplating industries.

5.3 Treatment and regeneration methods

5.3.1 Neutralization

The surface treatments like galvanization, chrome plating and nickel plating, etc.
require a surface free of scales and metal oxides. This can be carried out using
concentrated solutions of hydrochloric, sulphuric, nitric or phosphoric acid.
Through use, the concentration of dissolved metals in the pickling solutions
increases and the concentration of free acid also as the pickling efficiency decreases.
To ensure an adequate pickling rate, it is necessary to maintain significant concen-
trations of free acids in solution. Therefore, the spent pickling solutions, to be
substituted, are characterized by high concentrations of acids and metals like Fe,
Cr, Ni, Zn, Cu, etc. [4, 29, 49, 50]. These solutions should be treated in some way
before being discharged as waste, as neither metals nor acids are permitted in the
effluents. Industrially, the neutralization of the acid and consequently the precipita-
tion of the metal has been widely implemented either by small- or large-scale
industries, as results of its relative simplicity and low cost [51-53]. The neutralization
of the acid from spent pickling liquors can be carried out using caustic soda (NaOH),
soda ash, high calcium limestone, dolomitic limestone, high calcium quicklime, high
calcium hydrated lime (Ca(OH),), dolomitic quicklime, dolomitic hydrated lime,
highly hydrated dolomitic lime and ammonia (NH;0H).

The use of limes as neutralizing/precipitant agent normally requires a first step
involving its dissolution in water. The resulting slurry, (Ca(OH),), is then fed to the
process. The hydroxyl ion (OH") neutralizes the acid and precipitates metal hydro-
xides like Fe(OH)3, Zn(OH),, Cu(OH),, Cr(OH)s, Ni(OH),, etc. It is known that the ferric
iron precipitates at pH below 5 while Zn, Cr, Cu and Ni precipitate at pH higher than 7
[50, 52, 54-56]. The process of neutralization of acid with lime and limestone from
spent liquor containing iron is well documented by Hoak and Lewis [57-60]. The
studies revealed that limestones vary widely in their rate of reaction with pickle
liquor, and the rate depends upon particle size, chemical analysis and a specific
reactivity peculiar to a particular limestone [57]. The authors also noticed that the rate
of precipitation of iron was associated to the rate of oxidation of the ferrous hydrate.
This process was improved by maintaining the liquor temperature at 75°C and
providing an efficient aeration, whereby a substantial reduction in sludge volume
was attained, settling was complete in less than an hour, and the vacuum filtration
rate was increased markedly [58]. These findings are particularly interesting because
they can be achieved with less reactive limestones like dolomite, which contains
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magnesia in its composition. The possibility of using different precipitants is an
added value for the neutralization process. It is worth noting that this process is
implemented in both large and small plants and the use of low-cost reagents, some-
times local reagents, is desirable.

The use of lime over sodium hydroxide presents as advantageous a better sedi-
mentation and dewatering properties of the formed metal hydroxide also as a reduction
of the concentration of fluoride in solution, as result of low solubility of calcium
fluoride. The precipitation with NaOH is faster (3—-4 times) [53, 61] and, also, allows
reducing in ~35% of the volume of sludge [62]. Mughal etal. [56] evaluated the
precipitation of Cr with NaOH from an electroplating waste water. The results revealed
that the Cr precipitation was not pH dependent in the range of pH 9-10.5. The process
attained an efficiency of 95% leaving less than 0.1 mg/L of Cr in the filtrate.

Chen et al. [50] used lime and fly ash to precipitate Cu, Cr, Pb and Zn from nitrate
solution containing 100 ppm of each metal. The presence of fly ash increased the
particle size of the precipitate and significantly improved the process of sedimenta-
tion of sludge. The removal of metal from solutions was efficient, the concentrations
of chromium, copper, lead and zinc in effluents were reduced to 0.08, 0.14, 0.03 and
0.45 mg/L, respectively.

Forsell and Niklasson [63] developed a method for removing iron, chromium,
nickel and fluoride ions from pickling steel liquor. In a first step, the pH of the
solution is adjusted to 5 with slaked lime, which led to the precipitation of iron,
chromium and fluoride ions. After filtration, the pH of the liquor was increased to the
range 7-10 and nickel precipitates. This solid is not contaminated and can be
processed to give nickel oxide.

Dufour and co-workers [49] carried out studies on the sequential separation of Cr,
Fe, Mo and Ni from pickle liquor using KOH and KOH+NH,OH as precipitants. They
tested four stages of precipitation, namely at pH 3, 5, 7 and 9. Almost all the Mo
precipitated in the first stage at pH 3. But, it was not possible to achieve a good
separation of metals. In fact, the four precipitates were a mixture of all the metals.
The best results were obtained at pH 7 with the production of a solid containing,
mainly, Cr, Fe and Mo. The Ni remained in solution and was recovered in a second
step by precipitation.

As noted, one the main drawbacks in the use of the neutralization process is the co-
precipitation of metals [64] that leads to the production of a contaminated sludge. This
one must be sent to disposal, which cost contributes appreciably to the overall cost of
pickling the metal. Otherwise, it is well known the problems associated to disposal
namely scarce spaces for dumping sludge and the possibility of sludge being leachates.
It is a growing pressure to eliminate this type of residues and to recycle metals and
acids [22]. It is worth noting that the sulphate and fluorine anions, from supernatant
solution, precipitate as calcium sulphate and calcium difluoride, but the nitrate anions
remain in solution, which is also a problem for effluent discharge. In Table 5.4, some
advantages and disadvantages of the neutralization process are summarized.
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Table 5.4: Characteristics of the neutralization process.

Advantages Disadvantages

- Low operating costs - Slow kinetics of metal precipitation
- Simple technique and inexpensive equipment - Inefficient separation of metals

— Applied at both small and larger plants — Poor settling properties of sludge

— Expensive disposal of sludges: large volume of
a relatively low density sludge; limited space
for sludge disposal; landfill must be well-iso-
lated to avoid the leaching of soluble compo-
nent by rain water

— Losses of reagents: pickle acids and metals

5.3.2 Crystallization

The removal of iron and chromium from spent liquors can be performed using the
crystallization technique [65-67]. The solids obtained from the crystallization process
are a by-product, since the main objective of the overall process is to recover the acids.
Whatever, the production of any marketable product is always an economic benefit to
the process. For example, the by-product ferrous chloride can be used in dye, ink and
pigments or can be converted in ferric chloride [68] to be used as flocculants in waste
water treatment. The by-product ferrous sulphate is used as fertilizer.

The FeS0,-H,0, FeSO,-7H,0 can be obtained from both H,SO, and HCl liquors [21,
69]. In the latter, H,SO, must be added to the liquor leading to the following reaction:

FeC12 + H2$O4 — 2HCI + FeSO4 (52)

The formation and growing of crystal require a supersaturated solution, which can be
achieved by cooling the solution [70, 71] or evaporating the water [21].

Kehrmann [69] patents a method of producing ferrous sulphate heptahydrate from
an HCl pickling solution through the addition of sulphuric acid. Hydrochloric acid and
sulphate monohydrate are formed. The ferrous sulphate monohydrate is then dehumi-
dified and converted in a crystallization reactor (160-200°C) in the presence of excess
water into ferrous sulphate heptahydrate. Ozdemir et al. [70] proposed as a first step of
a crystallization process the addition of HCI to the spent liquors to lower the solubility
of the ferrous chloride. This solution is then cooled to -40°C in a first crystallizer. The
FeCl, crystals are separated and the liquor is cooled to —57°C leading to the formation of
more crystals. These operating conditions are not easy to apply and are costly.

Solids like FeF5.3H,0, K,FeFs.H,0 and CrF5.3H,0 are obtained from HCl1+HF and
HNO;+HF liquors [24, 25, 66, 71, 72]. Hermoso etal. [71] used the crystallization
method to remove iron and chromium from spent HNOs;/HF as fluorides (K,FeFs
and CrFs). The best operating conditions are 60—65°C, pH 4.1-4.2 and free fluoride
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from 14% to 15% of alkali stream as potassium fluoride. The nickel remaining in the
solution precipitates as pure (~100%) Ni(OH), in another stage with an yield of 72%.

In the Outokumpu process the sulphuric acid is added to the pickling liquor and
the mixture is fed to an evaporator (80°C; 5 kPa). Vapours of HF and HNO; are
condensed and recycled to the pickling bath. The resulting slurry is fed to the
crystallizer. The metal sulphates precipitate and the supernatant, H,SO, solution,
is recycled to the evaporator [53].

The PHAR (Pickling Hydrochloric Acid Regeneration) process has been devel-
oped for the regeneration of HCI from spent pickle liquors. In this process, the
sulphuric acid and HCl spent liquor are continuously fed to reactor, leading to the
formation of HCl and FeSO, (see reaction (2)). The aqueous solution proceeds to the
crystallizer, by decreasing the crystallization temperature from -3°C to -8°C
increases the iron removal efficiency from 72% to 85%. The FeSO,-7H,0 compound
is separated from the mother solution by vacuum filtration or centrifugation [21] and
the mother solution returns to the pickling tanks. The by-product of this process,
ferrous sulphate heptahydrate, is also a marketable commodity. The process does not
generate waste water or other residual wastes that would require additional treat-
ment or disposal [73].

Leonzio [19] has recently described a new process combining essentially the
evaporation and crystallization to produce hydrochloric acid and iron-zinc sulphate
heptahydrates from spent liquors. The process uses two heat pumps in replacement
of industrial boilers. The author claimed, based on a simulation, the reduction on
tonne of equivalent petrol, equal to 39%, and air pollutants, in particular carbon
dioxide equal to 59%, according to the European Union climate package. The pro-
mising results need to be confirmed at an industrial scale.

5.3.3 Evaporation

The volatile acids HF and HNOs; can be regenerated by evaporation from spent
pickling solution by the so-called “sulphuric acid distillation”. This methodology is
applied in processes like Fluorex (Prosep Technologies [22, 74, 75]) and OPAR
(Outokumpu Pickling Acid Recovery). In “sulphuric acid distillation”, the picking
solution is introduced in a reactor containing sulphuric acid (50-60%) at 80-90°C
under vacuum conditions [22]. The sulphuric acid and nitrate/fluoride metal com-
pounds react according to the following reactions:

2FeF3 + 3H2504 — 6HF— + Fez(SO4)3 (53)
2C1’F3 + 3H2504 — 6HF— + Cr2(804)3 (54)
Ni(NOs), + 3H,S0, — 2HNO;— + NiSO, (5.5)
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HF, HNO; and H,0 volatilize and proceed to the absorber. The acids are recovered
at the bottom of the absorber and are recycled to the pickling bath.

The OPAR process crystalizes the metal sulphates in the reactor. Subsequently,
they are dissolved in water and reprecipitated by neutralization with calcium hydro-
xide and spent slag. The resulting sludge is landfilled [76]. This fact associated with
problems related to the difficulty of crystallization of Ni and Cr and to the very
expensive equipment that is necessary for handling the highly corrosive solution,
makes that this process has not achieved widespread acceptance [77].

The Fluorex process removes the sulphate solution from the reactor and replaces
it with purified acid before the precipitation of the salts occurs. The sulphuric acid is
separated from metals by using the acid purification unit (APU™) system (IE/sorp-
tion). The acid is recycled to the reactor and the metals in solution precipitate as
hydroxides by using ammonia. The supernatant solution is treated with lime that
leads to the regeneration of ammonia and the production of gypsum of high purity.
According to Brown and Sheedy [75], this process combines the best features of both
the lime and caustic neutralization processes, i.e. low operating costs, while produ-
cing recyclable metal hydroxide filter cake and gypsum, which can be readily and
economically disposed off. This process revealed to be very efficient in what concerns
to the total recovery of fluoride (94%) and nitrate (>99%).

5.3.4 Pyrohydrolysis

Pyrohydrolysis of chloride refers to the thermal decomposition of a metal chloride
into metal oxides and hydrogen chloride gas at elevated temperatures.
Pyrohydrolysis of iron chloride, occurring at temperatures above 400°C, can be
expressed by the following equations:

4FeC12 + 4 Hzo + 02 ~ 8 HCI + 2 F8203 (56)

2FeCl3 + 3H,0 - 6 HCI + FeZO3 (57)

This process is implemented in approximately 400 industrial plants for the regenera-
tion of HCl from spent liquor [78-81]. Although the method has proven to be an
economic way of recovering HCl acid, it requires high investment that makes difficult
its implementation in the medium- and small-scale plants [21]. It is worth noting that
the equipment must be built in expensive corrosion resistant alloys, since the process
deals with highly aggressive chloride compounds. Also, a dust collecting and gas
cleaning system must be provided. In addition to high investment, the process has
also presented high operational cost due to the high energy consumption in the
pyrohydrolysers [1, 21, 82].

A simplified flowsheet for the pyrohydrolysis process of iron chloride using spray
roaster or fluidized bed technology is shown in Figure 5.1. It is worth mentioning that
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Figure 5.1: Generic flow diagram for pyrohydrolysis plants.

so far approximately 300 spray roasters and 100 fluidized beds have been built
worldwide with a capacity from 0.3 up to 30 m>/h of spent acid solution [78].

Figure 5.1 shows that the pyrohydrolysis process of iron chloride includes three
main steps, a pre-concentration of waste pickle liquor, the pyrohydrolysis reaction and
the absorption of HCl gas, which leads to the production of an aqueous hydrochloric
acid solution [80, 81]. The pre-concentration of the pickle liquor is accomplished by
promoting its contact with the hot exhaust gas from the pyrohydrolysis step in a
venturi scrubber where heat and mass transfer occur. The concentrated liquor is sent
back to the recycle tank while the venturi off-gas, rich in HCI and saturated in water
vapor, proceeds to an adiabatic absorber. Water or acid rinse water from the pickling
line (commonly 0.5% (w/w) HCI) is fed to absorber column; the regenerated HCl in
aqueous solution is collected at the bottom of the column [81]. The pre-concentrated
liquor from the recycle tank is fed to a spay roaster or a fluidized bed, where the iron
chloride pyrohydrolysis occurs [78, 81-84]. When the spray roaster is used, the pre-
concentrated liquor is sprayed into the top of the reactor in a countercurrent process
with the combustion gases. Temperatures inside the reactor vary between 700-900°C
(burner level) and 400-500°C (gas-off). FeO is collected at the bottom of the reactor
while the gases leave the reactor through the top. With regards to pyrohydrolysis in a
fluidized bed reactor, fuel and air are introduced directly into the bottom of the bed.
The gases of combustion gas flow upwards and fluidize the bed. It is worth noting that
the temperature is uniform throughout the reactor (700-900°C).The pre-concentrated
liquor is fed into the bed, being rapidly evaporated and leading to the formation of an
oxide layer that covers an existing oxide layer.
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Table 5.5 presents some characteristics of the pyrohydrolysis process of iron
chloride carried out in a spay roaster or in a fluidized bed [80].

Table 5.5: Pyrohydrolysis of iron chloride in spay roasters versus fluidized bed reactors.

Spay roaster reactor Fluidized bed reactor
- Less intensive in both energy and electricity — Lower volume of the reactor.
consumption.
— The gas stream leaves the reactor at 400-500°C. - The gas stream leaves reactor at reaction
temperature (700-900°C).
— Oxide produced: lightweight and porous; must be - Oxide produced: granular and heavy
produced when the oxide has market. product; must be produced when the

oxide is sent to disposal in landfills.

The pyrohydrolysis process was adapted to the HF/HNO; system, and is known as
PYROMARS [22, 79]. This process involves a pre-concentration of the spent acid using
an evaporator. The produced liquor is fed to the Ruthner-type spray roaster where the
following reactions occur:

2F6F3 + 3 H20 — F9203 + 6 HF (58)
2HNO3 — NOZ + NO + 02 + 6 H20 (59)
NO, — NO + 1/20, (5.10)

The FeO is collected at bottom of the reactor while the produced gases (water vapour,
HF, HNOs, NO, NO, and combustion gases) are sent to the absorber. The HF+HNO;
regenerated acids in aqueous solution leave the absorber and proceed to the storage
tank while the gases are fed to an oxidation column where NO is convert to NO,. The
NO, returns to the absorber where it reacts with water to produce HNOs. The Andritz
Metals claimed for this process recoveries of ~99% for HF acid and metals (Ni, Cr, Fe,
etc.), and up to 80% for HNOs.

5.3.5 Dialysis, electrodialysis and electrodialysis/electrolysis

The plating is a water-intensive process. In addition to pickling and plating baths,
water is also used in final rinse steps to eliminate traces of baths from the metal
surfaces. Nowadays, the reuse of water as well as the recovery of heavy metals and
mineral acids is economical and environmentally obligatory. This can be accom-
plished using membranes separation techniques, such as diffusion dialysis and
electrodialysis [30, 85, 86].
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The diffusion dialysis membrane technology has been used in the recovery of acid
such as HF, HNOs, HCl and H,SO, from spent plating, anodizing and acid pickling
baths and also from metal finishing solutions [87-93]. In the diffusion dialysis, an IE
membrane is placed between two solutions, i.e. between the solution to be treated and
water/solution with a lower concentration of acid. The driving force for dialysis is the
difference in chemical potential of the solute on either side of a membrane. As result,
the acid molecules diffuse through the membrane in the direction of lowest chemical
potential. Therefore, the components of the solution to be treated are distributed
between one solution containing most of the acid and the other containing most of
the dissolved metals (Fe, Ni, Zn, Cd, Cr). According to literature data, acid recovery is in
the range of 80-90%, while the metal rejection rates keep of 70-90% [87, 94].
Although the separation is not completely efficient, the resulting solutions have
enough quality to be recycled to the process, reducing the consumption of fresh
chemicals. The diffusion dialysis presents as limitations its relatively low processing
capability and efficiency. On the other hand, it is known as being environmental
friendly and also as one of the cheapest membrane techniques due to its low operating
and maintenance cost resulting from its operational simplicity [95].

Electrodialysis is a membrane separation process that uses an electric field as the
driving force. The electrodialysis cell consists in an alternating set of anionic and
cationic membranes placed between the cathode and the anode. The application of
an electric field leads to the migration of cations to the cathode and anions to the
anode, which is allowed or hindered by selective membranes. Nowadays, the most
important large-scale application of electrodialysis is still water desalination. However,
its applications in waste water/spent effluent treatment are gaining increasing impor-
tance, particularly in the galvanic industry and metal surface treatment processes
because of the two solutions resulting from an electrodialysis process can be reused.
The diluted solution may be used as rinse water and the concentrated solution may be
sent to pickling/plating baths or to metal recovery process like electrolysis. The
combination electrodialysis/electrolysis that allows recovering the metal (electrolysis)
and producing a decontaminated effluent (electrodialysis) is being a subject of several
studies. The recovery and concentration of metals such as zinc, nickel, copper, chro-
mium and cadmium and the recovery of acids such as HCI, HNOs, HF, etc. from waste
water and spent pickling solutions are examples of application of electrodialysis and
electrodialysis/electrolysis techniques [30, 86, 96-103].

Scarazzato [30] published an extensive review of the use of electrodialysis
techniques in the electroplating industries. It was noted that the waste water treat-
ment was the most cited application of electrodialysis in the plating industry,
especially for copper, nickel and zinc recovery and for chromium(VI) removal. The
authors refer that one main important issue to be improved for this application is the
energy waste when dilute solutions are used. For such case, the use of hybrid
techniques, such as electrodeionization, was the most evaluated alternative.
Benvenuti etal. used the electrodialysis process to treat plating bath and rinse
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water in a nickel plating industry [99, 100]. The studies carried out at bench scale
allowed establishing the optimal operating condition for the process. These para-
meters were applied at industrial scale to treat effluents containing 10-5,000 mg/L
Ni. The concentrated solution attains 22 g/L Ni and can be used as a reinforcement of
the plating bath. The dilute solution had enough quality to be used in the final rising
steps. The authors claimed 20% of chemical savings for the nickel bath and 90% of
reduction of the effluent volume sent to waste water treatment [100].

The application of electrodeionization process was assessed for Ni and pure
water recovery from the electroplating industry [102, 103]. The process was per-
formed in two stages, leading to a recovery of 99.8% of nickel present in the feed
(initial concentration 50 mg/L Ni). In addition, a closed-circuit circulation of the
concentrate stream was used to obtain a solution containing 11 g/L Ni. Water
with enough quality to be used as make-up was also produced [103]. The use of
electrolysis-electrodialysis-electrodeionization combination process revealed to be
efficient to recover nickel from an aqueous solution containing up to 2,000 mg/L Ni.
This process allowed recovering 100% of water and 99.8% of nickel, this one with
purity as high as 93.9% [34].

Tran etal. [101] treated a nickel plating waste water using crystallization in
fluidized pellet reactor and electrodialysis with bipolar membranes. The crystallization
step allowed recovering 74% and 94.4% of calcium and nickel, respectively, from
waste water containing 90-120 mg/L Ca, 40-60 mg/L Ni, 41.5-47.3 g/L Na, 75.9—
88.6 g/L sulphates and vestiges of strontium, iron and chromium. After this pretreat-
ment, it was possible to regenerate the acid (1.76 N) and the base (2.41 N) from the
respective salt by electrodialysis. The authors point as advantageous the possibility of
reducing water pollution and producing acid/base solution that can be reused.

Dydo etal. [11] studied the possibility of recovering and concentrating nickel
from actual electroplating waste water. The results showed that is possible to attain
20.81 g/L of Ni in solutions after electrodialysis corresponding to a metal recovery of
85% and a concentration factor of two. This solution can be treated by the electrolysis
method to recover nickel.

The application of electrodialysis on the treatment of aqueous solutions of
copper has been the subject of several studies [97, 104—107]. Scarazzato et al. [97]
concluded that electrodialysis (ED) is suitable for the treatment of copper baths. In
one stage, it was possible to extract 99.7% of copper from the solution. Peng et al.
[106] studied copper and water recovery from copper-electroplating waste water
using electrolysis and electrodialysis processes. The results showed that it is possible
to recover 99.5% of copper (99.7% of purity) and 100% of water, when the feed
solution contained 100-1,000 mg/L of Cu. Cifuentes et al. [108—110] published sev-
eral papers involving the recovery of copper and water from copper electrowinning
solutions by electrodialysis. The authors concluded that ED is a very effective tech-
nique to remove of Cu and Fe from the aqueous solution, which allows the reuse of
water of these electrolytes.
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The widespread use of chromium in the last decades associated with the fact
that chromium is a highly toxic pollutant which has forced its removal/recovery
from spent effluents and waste waters. The use of electrodialysis to concentrate
chromium in aqueous solution is well documented [8, 43, 111-113]. Chang et al.
[45] studied the recovery of chromium from waste water using micellar-enhanced
ultrafiltration and electrodialysis. The result pointed to a recovery of 85.3% of Cr,
when the feed phase contained 359 mg/L Cr(VI), 72.9 mg/L Cu(Il) and 52.7 mg/L
Ni(II). Tor et al. [114] studied the simultaneous recovery of trivalent and hexava-
lent chromium ions through charged IE membranes by using three detachable
cells. The recovery increased with increasing current density and decreased in the
presence of co-existent ions (K* and Cu®* for Cr(III); CI” and SO, for Cr(VI)) in the
feed phase. Chaudhary et al. [115] treated a feed phase containing 100 ppm of Cr
and 100 ppm of Cu by an electrolysis—dialysis process. The results showed that it
is possible to achieve 92% regeneration of chromium and 90% recovery of copper.
Chen et al. [116] tested two-stage electrodialysis system to concentrate and purify
chromate from a low pH electroplating waste water. The first stage operates at pH
2.2, which allows concentrating the monovalent chromium (HCrO,") four times.
The second stage operates at pH 8.5 where the divalent ion Cr,0,>” predominates.
This species is retained while monovalent cations present in solution pass
through the membrane. Khan [117] tested successfully a three-compartment elec-
trochemical membrane reactor based on the electrolysis and electrodialysis prin-
ciples to treat aqueous solutions containing Cr/Cu/Ni. They justify the use of this
membrane configuration as it allows managing three different tasks simulta-
neously: (1) removal and recovery of metal ions, (2) separation and recovery of
chromic acid and (3) purification of static rinse water.

The electrodialysis presents low selectivity relatively to the ions with similar
valences. Several authors tried to overcome this problem using complexing/ligand
agents. Cherif et al. [118] used ethylenediamine tetraacetic acid (EDTA) to improve the
separation between Zn and Ag. They noticed that the transport rate of uncomplexed
Ag" ions was about three times higher than that of complexed zinc ions. EDTA was
also applied in the separation of Ca?*/Cd?" [119], Co®*/Ni*" [120]. Frioui et al. [121]
tested the use of various chemical ligands such as citrate, glycine, phosphate and
EDTA on the separation of Ag/Zn and Cu/Cd. The best results (99%) were achieved,
for both systems, with EDTA. Babilas and Dydo [122] tested the use of the lactic, malic
and citric acid as chelating agents in the separation of Zn/Fe from an electroplating
waste water. The use of citric acid leads to the best results, i.e. 92.36% for the
retention of iron and 86.6% for the recovery of zinc.

The main drawbacks of electrodialysis are the low selectivity in solutions con-
taining different metal ions with similar valences and membrane fouling, which leads
to high energy consumption [34, 123]. The fouling can be minimized with pretreat-
ment of feeds or by reversing periodically the direction of ion flow. The main
advantages of the electrodialysis system are the separation without phase changes,
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no addition of chemicals, high permeability selectivity, low electrical resistance,
good mechanical stability and high chemical stability [123, 124]. These advantages
justify the high interest in the use of this technique.

5.3.6 lon exchange

5.3.6.1 Spent pickling solutions (SPS)

As stated before, spray roasting is implemented worldwide in many industrial plants
mainly for the treatment of stainless steel SPS. Nevertheless, the investment and
operational costs associated with spray roasting in small hot-dip galvanizing plants
are too high, besides other issues related to the composition of the solution men-
tioned before (see Section 5.3.4). Thus, the use of IE is gaining considerable note-
worthiness under certain concentration ranges or together with other processes [125].
The advantages of IE for regenerating SPS are the high effectiveness, low operation
cost, little equipment/space and application in industry [3, 126]. Actually, the use of
IE is common in industry, particularly to recover free HCl. However, IE also produces
a high volume of diluted solutions with large consumption of fresh water.

Marafién etal. [127] studied the IE treatment for removing iron from HCI-
exhausted baths in an attempt to make the re-utilization of acid viable for industry
while reducing the amount of waste generated. These authors noticed that cationic
and chelating resins allowed removing Fe(II) present in the solution as a cation,
while anionic resins were able to remove Fe(III) chlorocomplexes. Higher capacities
were achieved when using anionic resins, especially with Lewatit MP 500 (up to 6 mg
Fe/mL). Further work was carried out by the same authors [128] with the aim of
removing Fe(IlI) and Zn(II) from SPS, using the anionic resins Lewatit MP 500
(macroporous) and Lewatit M 504 (gel). These two strongly basic anion exchange
resins showed a similar behaviour in terms of the removal and recovery of zinc, which
were very efficient when the concentration of Zn(Il) in the pickling acid did not
exceed 1 g/L. The best results were attained with a two-step operation, since it was
possible to perform the sequential removal of Zn(II) and Fe(IlI) in two columns in
series, while Fe(II) passed through the resin practically without retention. The max-
imum concentration recommended for iron exchange was 5 g/L. The elution of Fe(III)
from the resin with water was very fast and complete, but the same did not occur with
zinc chlorocomplex, thus needing a large volume of water. Even though this problem
could be solved with the use of NH,OH instead water as the regenerant, this process
produces a large volume of effluents.

The application of anionic resins to separate Zn(II) and Fe(II) from HCl-exhausted
baths, by zinc retention and Fe(I) rejection, has also been examined elsewhere [129].
Csicsovszki etal. [129] proposed a combined treatment with anion exchange and
membrane electrowinning techniques to recover HCl from SPS. Acid and iron are
recovered by membrane electrolysis with nickel electrode as a cathode, after zinc be
separated with a quaternary ammine and eluted with 0.1 M HCI.
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Alternatively, IE with anionic resins can be applied for retaining acid in a column
(retardation process), the metals being eluted from the resin first as a waste or by-
product [3]. The method was commercialized and applied as RECOFLO Acid Purification
System and KOMParet Retardation System [3, 130]. Miesigc [130] also proposed the
removal of Zn(II) and Fe(II) from spent HCI solution using the acid retardation process.
The best results were obtained for the strongly basic gel-form Lewatit VP OC 1071, the
separation of HClI and Fe(II) being effective. Even though such techniques have their
own drawbacks, (poor selectivity, dilution of recovered solutions, etc.), the uses of resin
beds are attractive and applicable in metal finishing industry.

In addition, it should be mentioned that the recovery of HNOs/HF from pickling
liquors by IE has been widely used in steel processing plants by using APU technol-
ogy (APU™) [3].

5.3.6.2 Electroplating solutions
IE has also been reported as a possible technology for the removal of heavy metals
from electroplating baths and rinse waters. Thus, the removal and recovery of nickel,
chromium, zinc, copper, etc. from such solutions has been studied [131-133]. Priya
etal. [131] investigated the recovery and reuse of Ni(II) from rinse water of electro-
plating industries by using IE. These authors examined the adsorption of Ni(II) ion from
a simulated rinse water on Amberlite IR-120 cation-exchange. The treated water could
be recycled for rinsing solution, since the concentration of Ni(II) was depleted to values
less than 1 mg/L. Furthermore, the adsorbed Ni(II) ion was efficiently desorbed with the
use of HCI solution, which allows its reuse for making up the plating bath.
Papadopoulos et al. [134] studied the application of IE for the removal of nickel in
a waste water stream (with pH 5.5-6.3), which was originated from a rinse bath of a
metal surface treatment industry. The IE process using clinoptilolite showed to be
quite effective for the removal of this metal. In addition, the combination of IE with
the precipitation process was found more efficient than the individual IE, leading to a
higher removal of nickel. Juang etal. [135] investigated the removal of Ni from
synthetic electroplating waste water using a strongly acidic cation-exchange resin
(i.e. Purolite NRW-100) in fixed beds. The breakthrough curves were satisfactorily
predicted by applying the Thomas model, when the pH of the inlet solution pH was
below 3.0. Dizge et al. [126] concluded that Ni(II) can be effectively removed from
synthetic solutions and industrial effluents, using a Lewatit cation-exchange resin
(Lewatit MonoPlus SP 112), which is strongly acidic. The maximum uptake of nickel
was observed at pH 6.0, the efficiency of removal being low level at pH <3.0.
Revathi et al. [133] investigated the removal of copper, nickel and zinc ions from
synthetic electroplating rinse water using the cationic exchange resin Ceralite IR 120.
It was concluded that the effluent could be reused in the rinsing tanks after treatment
by IE. Most of the copper sorbed in the resin was successfully eluted from the column
by 1.5 M H,SO,. Copper present in the regenerated liquor was recovered as metal foil
by electrowinning process [133]. Recently, Revathi et al. [136] examined the removal
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of Cu(ll) ions from synthetic electroplating rinse water by using the same resin,
Ceralite IR 120, but impregnated with polyethyleneimine. The modified IE resin was
found to be a better sorbent for the removal of Cu(II) ions from the target solutions.

IE has also been applied for treating solutions in chromium plating. The study on
the removal of Cr(VI) from chrome plating industry waste water by IE is published
elsewhere [132]. The authors of this work reported that Cr(VI) can be efficiently removed
by using Tulsion A-27 (MP) resins by IE column process. The regeneration of a Cr(III)
electroplating bath by IE chelating resins based on iminodiacetic acid (IDA) functional
groups was patented by Reynolds [137]. Gode and Pehlivan [138] analysed the beha-
viour of two chelating exchange resins, containing IDA groups (Lewatit TP 207 and
Chelex-100), to remove Cr(III) from synthetic aqueous solutions. Both resins exhibited
a large collective adsorption with Cr(IlI) ion, TP 207 showing stronger binding and a
strong chelating ability. The sorption of Cr(III) ions on the resins is very dependent on
the pH of the solution, the equilibrium being very favourable at pH 4-5. At pH below 2,
the hydrogen ions are likely to compete with the metal ions for binding sites on the
surface of the resins, reducing the Cr(III) uptake.

Fernandez-Olmo et al. and Ortiz etal. [139, 140] investigated the regeneration of
spent Cr(III) passivation baths used in the plating industry by IE. It is noteworthy that
the passivation of zinc-plated surfaces is performed to protect them against corrosion,
besides decorative purposes. The Cr(III) conversion coatings have been widely used in
the plating industry to substitute Cr(VI), but the life of the new baths is generally
reduced owing to the contamination of iron and zinc species. Hence, the selective
removal of iron ions from actual passivation baths with different iron concentrations by
means of IE was examined [139]. It was shown that the use of the chelating resin
Purolite S-957 allows extending the operational life of Cr(IIl) passivation solutions.

5.3.7 Classical and membrane SX

5.3.7.1 Solvent extraction

5.3.7.1.1 Spent pickling solutions

The recovery of acids from spent pickling solutions by SX is reported in the literature by
various authors [1, 3, 29, 37, 141]. Agrawal and co-authors [141] noticed that Alamine
336 (trioctyl/decyl amine) was a good extractant for sulphuric acid generated during
the process of pickling of steel in an Indian tube industry. In fact, the loading capacity
of 35% Alamine 336 (0.72 M) in kerosene/10% isodecanol was found to be 82 g/L of
H,SO,. Nevertheless, acid could not be stripped completely from the loaded organic
phase with water. In what concerns the iron(II) in the raffinate, it was oxidized to Fe(III)
and then was extracted by a solvent mixture with DEHPA [di(2-ethylhexyl) phosphoric
acid] and methyl isobutyl ketone. Benedetto and Morais [142] used 70% TBP (tri-n-butyl
phosphate) in isoparaffin to recover nitric and hydrofluoric acids from industrial
wastes. Although the extraction was very high, the issues related to the co-extraction
of metallic ions and management of salts were not discussed.

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

160 — 5 Electroplating wastes

Agrawal and Sahu [143] investigated the extraction of sulphuric acid from a
waste pickle liquor using Cyanex 923 (mixture of trialkylphosphine oxides). The
feed contained 91.9 g/L of H,SO,, 78-80 g/L of iron sulphate and traces of other
impurities. The use of 1.85 M Cyanex 923 with an aqueous/organic ratio of 1/4
allowed extracting 74% of acid, which was stripped with hot water. The iron
content in the raffinate was oxidized to Fe(IlI), FeO with high purity being
produced.

Recently, Machado etal. [37] proposed the recovery of hydrochloric acid
from galvanizing pickling baths by SX and distillation. Cyanex 923 was successfully
used to extract hydrochloric acid from a pre-treated hot-dip galvanizing plant
effluent. The stream processed contained ~50 g/L HCl, 160 g/L Fe(Il), ~6 g/L
Zn(Il) and other minor elements. This extractant was selected due to the
excellent results of the acid recovery from the loaded phase by distillation, which
enabled obtaining HCl solutions with very high concentrations (i.e. 256 g/L). The
distillate can be afterwards recycled to the pickling bath of the galvanizing indus-
trial plant.

SX with undiluted Cyanex 923 has also been applied for recovering Fe(III), HNO3
and HF from steel rinse waters [144]. The co-extraction of the target solutes from a
solution containing ~1 g/L of Fe(Ill), ~2 g/L of HNO; and ~0.05 M of HF was in the
range of 80-91% by using this solvating extractant. The selective stripping of iron(III)
and acids was performed with water as an acid-stripping agent, the recovery of HNO;
and HF and the iron concentration being within acceptable limits for the reuse of
these acidic streams.

The Kawasaki Steel Process was developed in the 1980s for dealing with steel
pickling waste liquors by combining SX technique with a ferrite formation techni-
que [145]. In this process, DEHPA (30% in paraffins) is the extractant of Fe(III),
which is stripped by NH,HF, as (NH,);FeF¢. The extraction of HNO; and HF is
performed with TBP (70% in paraffins), the stripping being carried out with
water. The recoveries of iron and HNO; attained 95% and the recovery of HF yielded
70% at industrial scale.

Agrawal and Sahu [146] proposed the extraction of iron from actual sulphate
waste pickle liquor using Cyanex 923 diluted with kerosene. The composition of the
feed processed was 60.9 g/L Fe(IlI), 53 g/L of acid and minor contaminants. Iron was
successfully recovered with 40% Cyanex 923, by using oxalic acid as the strippant.
Thus, Cyanex 923 is an alternative to the classical acidic extractant DEHPA for the
selective extraction of Fe(III).

Various extractants have been examined for the recovery of zinc from hot-dip
galvanizing effluents. The vast majority of workers have utilized TBP, which
has been selected as one of the suitable extractants for the separation of zinc
from iron in chloride medium. Mansur etal. [40] investigated the use of TBP,
Cyanex 272 [bis(2,4,4-trimethylpentyl) phosphinic acid], Cyanex 301 [bis(2,4,4-tri-
methylpentyl) dithiophosphinic acid] and Cyanex 302 [bis(2,4,4-trimethylpentyl)
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monothiophosphinic acid] as extractants in HCl medium. The results obtained
showed that TBP and Cyanex 301 are selective extractants for zinc over Fe(Il) at
very acidic conditions. It is worth mentioning that Fe(III) must be reduced to Fe(II)
in a previous step otherwise the Zn/Fe separation factor decreases considerably.
The main drawback of TBP is the volume of reagent required for the quantitative
extraction of zinc. Additionally, TBP co-extracts HCI [147] and the water transfer to
the organic phase might not be ignored. In what concerns the use of the dithiopho-
sphinic acid, Cyanex 301, problems related to its chemical stability are reported
elsewhere [40, 148].

Cook and co-authors [149] tested TBP and a range of secondary and tertiary
amines (Hostarex A226, A324, and A327) for the selective recovery of Zn(II)
from galvanizing effluent of high zinc concentrations. They identified TBP as
the most favourable industrially available extractant for this purpose. The
main attractive aspects of using this solvating extractant for recovering zinc
from acidic chloride medium are as follows: (1) good separation of phases;
(2) high selectivity over Fe(II); (3) easy stripping with water. The extraction
reaction of zinc(II) in high concentration of HCI (>2.7 M) with TBP is expressed
as [150]

2H,, + ZnCly3, + 2TBPoyg < HyZnCly - 2TBPoyg (5.11)
As acidity of the aqueous phase decreases, the following reactions can occur [149]:

ng + ZnClz,; + 3TBPoyg +» HZnCl3 - 3TBPoyg (5.12)
ZnCly oq + 2TBPog <+ ZnCly - 2TBPrg (5.13)

The extracted chlorometallate can be stripped into water, the reaction being
described as

HnaZnCly, - 2TBPorg + HyOaq «» ZnClyaq + nH, + (m - 2)Cly + 2TBPog (5.14)

Recently, Wieszczycka proposed the recovery of zinc from spent pickling solu-
tion by using a pyridineketoxime extractant, namely the oxime of 1-(3-pyridyl)
undecan-1-one [151]. In fact, this oxime showed to be an effective extractant of
Zn(II) ions from the hydrochloric acid solutions and very selective in the pre-
sence of Fe(II) and Fe(IIl), which is very promising as an alternative for sub-
stituting the classical extractant TBP. Nevertheless, further studies are necessary
to test the system at pilot plant with actual spent pickling solution. Table 5.6
lists the various extractants used in the recovery of acids, zinc and iron from
spent pickling liquor.
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Table 5.6: Acids and recovery of zinc and iron from pickling liquor by classical solvent extraction.

Extraction Extractant Remarks Reference
HCl Cyanex 923 After pretreatment of waste; with distillation of [37]
extractant
HF, HNOs TBP Kawasaki Steel Process [145]
H,S0, Alamine 336 Poor stripping with water [141]
Iron DEHPA Kawasaki Steel Process [145]
Cyanex 923 Stripping with oxalic acid [146]
Zinc TBP Good stripping with water and selective over  [40, 81, 149, 152,
Fe(ll); water transfer to the organic phase 153]
dibutyl butyl- Good stripping with water; water transfer to the [154]
phosphonate organic phase
DEHPA In a second step (after TBP) to transfer Zn from [155]
chloride medium to sulphate
Cyanex 921 Poor stripping with water, oxidation of Fe(ll) [153, 156]
Cyanex 272, 301 Selective over Fe(ll), Cyanex 301 stronger than [40, 81]
Cyanex 272 but lack of chemical stability
Cyanex 272 salt In an integrated process [157]
Cyanex 302 Poor extraction; third phase formation [40]
Hostarex A226 Selective over Fe(ll) [149]
Hostarex A324, Efficiency decreases with Zn concentration; [149]
A327 needs modifier
Alamine 336 Poor stripping with water [156]
Aliquat 336 Poor selectivity over Fe(ll); emulsion formation [152]
3PC10* Selective over Fe [151]

Note: 1-(3-pyridyl)undecan-1-one oxime.

5.3.7.1.2 Electroplating solutions

The application of the SX process is considered as an attractive option for the removal
and recovery of metals from spent electroplating baths and wasted rinsing bath
solutions. During many plating operations, a substantial amount of bath solution
adheres to the plated pieces. Consequently, valuable materials are lost as “drag-out”
into the subsequent cascade rinse tanks. Since SX allows obtaining an aqueous
solution with a high content in the target metal, it is a potential technique to be
applied for recovering materials that can be recycled to the plating tank.
Nevertheless, the studies on this topic are not very abundant.

Electroless nickel plating is one of the most important plating techniques, a large
amount of its spent bath being generated with high concentrations of nickel and
other components, as well as rinse waters. Several extractants have been employed
by different investigators to extract nickel from this type of solutions (see Table 5.7).
In fact, organophosphorus acids and chelating oximes are the reagents most used on
the classical SX extraction of nickel [158]. The use of the well-known DEHPA needs a
strict control of pH, the adequate values being within pH 3.0 and 5.0. The alkyl

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.3 Treatment and regeneration methods = 163

Table 5.7: Recovery of metals from electroplating wastes by classical solvent extraction.

Extraction Extractant Remarks Reference

Zinc Aliquat 336 Separation from mix waste water [167]

DEHPA Selective extraction over Cr(lll) [169]

Copper LIX 984N-C Efficient recovery from CESRBS® [168]

Separation from mix waste water [167]

Iron DEHPA Applied to mix solution with Cr [166, 167]

Nickel Cyanex 301 Accumulation of Cu(ll) in the organic phase [170]

DEHPA Efficient recovery from NESRBS? [46]

LIX 84l High extraction (>90% in 1 stage). [160, 161]

LIX860-IC Ammonium sulphate feed [159]

LIX 984N-C Emulsion formation [46, 167]

Chromium(lll) DEHPA Ammoniated DEHPA is necessary [169]

Cyanex 272 Separation from mix waste water [167]

Chromium(Vl) TBP Efficient recovery from electroplating effluent with [44]
Zn

Cyanex 923 Co-extraction of Zn(ll) [164]

Alamine 336  Co-extraction of Fe(lll) and Zn(ll) [165]

TBAB3 TBAB in dichloromethane [171]

Notes: 'CESRBS: copper electroplating second rinse bath solution; 2NESRBS: nickel electroplating
second rinse bath solution; >Tetra-n-butylammonium bromide.

phosphonic acidic extractants compared to alkyl phosphoric acids extract nickel at
higher pH values with faster extraction and stripping kinetics. The alkylphosphinic
acid Cyanex 272 exhibits a good performance of extraction under the pH range of 6.0—
7.5, which requires high amount of alkali to maintain this operating condition. The
alkylphosphinic acids, Cyanex 301 and Cyanex 302, extract nickel at very acidic
medium, but are not stable and decompose [158]. Hydroxyoximes extractants exhibit
slower kinetics of nickel extraction, but they have the ability of extraction under
acidic medium in a broad range of pH values (i.e. 2.5-6.5) [158]. Sana etal. [159]
investigated the extraction of nickel in ammonium sulphate solution with LIX860-1C
(5-dodecylsalicylaldoxime) in kerosene using a vibro-mixer type extractor, but the
acidic medium of the spent baths was not examined.

Tanaka et al. [160] studied the continuous extraction of nickel, in a mixer-settler,
with 20% LIX 84-I in Shellsol D70 and 2% PC88A as an accelerator. A high nickel
extraction efficiency (99.9%) was achieved using a countercurrent three-stage extrac-
tion process, while the most concentrated nickel sulphate solution (0.49 M) was
obtained in the sulphuric stripping solution (two stages of stripping). The effects of
the operating conditions on the extraction efficiency of this process were quantita-
tively examined on a subsequent study [161]. Kul and Cetinkaya [46] studied the use
of DEHPA, Cyanex 272, LIX 84-1 and LIX 984 N-C as the extractants of nickel. They
found that DEHPA was the most convenient extractant to recover nickel from nickel
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electroplating second rinse bath solution. An electrolyte with 48 g/L of Ni, which can
be recycled to the nickel electroplating bath, was generated by 0.5 M DEHPA in
kerosene at the O/A ratio of 1/5 and pH 5.0 with two-stage countercurrent extraction.
The stripping step was performed by using nickel electroplating first rinse
bath solution (16 g/L of Ni) with 150 g/L of H,SO,. These authors noticed that LIX
984N-C can also be used for this purpose, but it is not recommended because
stabilized emulsion may be formed [46].

SX is also an alternative method for the extraction and recovery of chromium
from the solutions generated in the chrome-electroplating industries. Anion exchan-
gers like high molecular weight amines have been used for the extraction of Cr(VI)
from chloride and sulphate solutions of plating effluents [162]. Nevertheless, the
solvating extractants, TBP, Cyanex 921 or Cyanex 923, the aldoxime LIX 84, besides
the basic extractants, Alamine 336 or Aliquat 336, are important in chromium extrac-
tion because of their coordination ability and the stability of the complexes formed
[163]. In what concerns Cr(III), the cation exchangers like DEHPA and carboxylic
acids have been used to remove it from liquors [162]. Sahu et al. [44] noticed that
Cr(IV) can be extracted quantitatively from chloride solution at pH 1.0 with TBP. The
use of this extractant allowed recovering 93% of Cr(VI) and 76% of Zn(II) from a real
electroplating effluent (50 ppm Cr, 1.0 g/L Zn), the selective stripping being accom-
plished with 0.1 M NaOH and 10% H,SO,, respectively [44]. Agrawal et al. [164] stated
that Cyanex 923 is a potential extractant for recovering Cr(VI) from industrial efflu-
ents under highly acidic conditions (i.e. pH 0.5). This reagent, with a concentration as
low as 2.5%, was found effective for the extraction of Cr (VI) with concentration
varying from 54 to 1,100 ppm. The presence of several other metal ions such as
Cr (1I1), Fe (II), Cu (II), Ni (II), Zn (II), Ca (II), Mg (II), which generally accompany
Cr(VI) in the effluents of electroplating industries, was also examined. Zn (II) was co-
extracted with Cr(VI), but the other ions were found to be non-interfering. Zn(II) was
scrubbed with 0.25 M HCl solution, before stripping of Cr with 1 M NaOH.

Alamine 336 diluted with refined palm oil showed to be very efficient in removing
Cr(VI) over a pH range of 1-4, the extraction being up to 95% in a single contact of
phases [165]. The presence of contaminants like iron and zinc had a negative effect on
the extraction of Cr(VI). The stability of the solvent system needs to be further
investigated.

The removal of iron(IIl) from Cr-electroplating solution was checked by El-Nadi
and El-Hefny [166] using DEHPA as the extractant. The organic phase was stripped
with 4 M H,SO, solution and the iron was precipitated using NaOH. A purity of
chromium of 97.5% was obtained in the raffinate. Kul and Oskay [167] also used
DEHPA for the separation and recovery of iron from real mix electroplating waste
water containing Cu, Ni, Fe, Cr and Zn at pH 1.6. The extraction step of iron was
carried out at pH 1.0 with 10% DEHPA, after separating zinc with 10% Aliquat 336 and
copper with 5% LIX 984N-C. Regarding to nickel and chromium, they were extracted
by 15% LIX 984N-C, at pH 5.25, and 10% Cyanex 272, at pH 6.0, respectively. The
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selection of LIX 984N-C for the recovery of copper was based on a previous work
published elsewhere [168]. In fact, Kul and Cetinkaya [168] developed a complete
hydrometallurgical process at the laboratory scale for recovering copper from the
copper electroplating second rinse bath solution containing ~2.5 g/L Cu by SX using
30% LIX 984N-C in kerosene. An electrolyte with ~97 g/L Cu, which could be recycled
to the copper electroplating bath, was generated after stripping be performed with
copper electroplating first rinse bath solution (7.8 g/L Cu) with 550 g/L H,SO,.

Even though there is no relevant application of SX for recovering acid from
electroplating solutions, many studies on the processing of waste streams/solutions
containing acid are published in the literature. Agrawal and Sahu [1] reviewed all the
possible hydrometallurgical options for the recovery of acid from spent acidic solu-
tions from steel and electroplating industries. Major stress has been given to SX
methods.

5.3.7.1.3 Etching solutions
As stated before, copper etching is considerably an important process in electronics
industry, particularly in the fabrication of PCB. The most attractive method for the
removal and recovery of copper from the ammoniacal etchants is the SX process and
is presently in practice in industry. The use of hydroxyoximes (mainly LIX 84-I) and
B-diketones (mainly LIX 54) for extracting copper(II) from ammoniacal solutions has
been studied [172-180]. The equilibrium of copper extraction from ammoniacal
media by B-diketones and oxime extractants may be described by the following
equation [178]:

Cu(NH3)j 5 + 2HRorg <> CuRporg + 2NHzaq + 2NH, (5.15)
For instance, Kyuchoukov et al. [175] showed that LIX 54 (1.26 M) is able to extract
copper from an aqueous feed containing 134 g/L Cu(II), 8 M NH; and ~4.8 M CI”; the
loaded organic solution can be completely stripped with 1.58 M H,SO,. Actually, the
B-diketone LIX 54 has demonstrated some advantages for copper recovery from ammo-
niacal medium, when compared with the hydroxyoxime LIX 84-I [174, 175, 181]. It is
worth mentioning that LIX 54 provides low ammonia loading, ease of stripping and fast
transfer Kinetics. Nevertheless, various studies on the use of LIX 84-I for the recovery of
Cu(II) from ammoniacal medium have revealed interesting results. Gameiro et al. [179]
examined the extraction of Cu(II) from a solution containing 1.0 g/L Cu, 0.2 M (NH,)SO,,
and 0.3 M NH; (pH 9.5) with LIX 84-I (0.09 M), in a pulsed sieve-plate column. The
results of the pilot plant experiments demonstrated the feasibility of operating the
extraction process in this type of column, with efficiencies of copper removal in the
range of 90.5-99.5%. The same authors also investigated the extraction of Cu(II) by LIX
84-1, besides LIX 54, by applying liquid membrane techniques, as it will be referred
later. Recently, Wieszczycka et al. [14] reported the extraction of copper(Il) ions from
ammonia/ammonium chloride solutions with hydrophobic pyridineketoximes. They
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compared the extraction properties of the studied pyridylketoximes with those
obtained with commercial reagents (hydroxyoximes and B-diketones). The oxime of
1-(2-pyridyl)tridecan-1-one was found to be a better extractant for the extraction of
Cu(II) from ammonia/ammonium chloride solutions but not from solutions with a high
free ammonia content (above pH 9).

5.3.7.2 Membrane-based solvent extraction (MBSX)

MBSX has received deserved attention in recent years due to the low inventory of
extractant, low energy consumption, process selectivity and the possibility of simul-
taneous extraction and stripping of the target compounds [2, 182]. Particularly, liquid
membrane configurations in hollow fibre modules present the benefit of high surface
area per unit volume. Non-dispersive solvent extraction (NDSX) using hollow fibres
as membrane contactors is shown as an alternative to the classical extraction in
mixer-settlers and columns. The aqueous and organic streams flow through the
lumen and shell side of the fibres and come into contact at the pore mouth. One of
the two phases wets the microporous fibre (membrane) and a slight overpressure
should be applied to the other phase to stabilize the interface and to avoid the mixing
of phases. The solute is thus transported from the feed to the organic phase, through
the membrane, without phase dispersion. This technique overcomes the problems
that often arise in operating traditional extraction equipment, such as the short-
comings related to loading, flooding and entrainment of organic phase in the aqu-
eous effluent. The best-known commercialized hollow fibre module is the Liqui-Cel®
Extra-Flow contactor with microporous polypropylene fibres offered for several con-
tact areas by 3M Liqui-Cel™ Membrane Contactors. Figure 5.2 shows a schema of a
Liqui-Cel hollow fibre module with the flowing of phases. Since the fibres are

Aqueous Aqueous

stream
Hollow fibre stream
membrane

5 Distribution Collection tube .
=~ Cartridge tube Baffle Housing
\ i . . :
i\ ) = ‘
LU : =
=8~ |7 / |
Organic Organic

stream ) - stream

A

Figure 5.2: Schema of a Liqui-Cel® Extra-Flow membrane contactor with flow of the organic phase
through the shell side of the hollow fibres.
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hydrophobic, they are impregnated with the organic phase that commonly flows
through the shell side of the fibres whereas the aqueous feed phase flows through the
lumen side of the fibres. The simultaneous extraction and stripping steps are accom-
plished by using two hollow fibre modules.

The smart technique with strip/organic dispersion methodology like pseudo-
emulsion hollow fibre strip dispersion (PEHFSD), also referred as emulsion pertrac-
tion technology, is an attractive alternative among the different liquid membrane
configurations. PEHFSD couples the advantages of carrying out the extraction and
stripping steps in a single contactor and overcomes the problems of membrane
stability that are addressed to emulsion liquid membranes (ELM) [182]. In PEHFSD
technique, the aqueous stripping solution is dispersed in the organic membrane
solution containing the extractant reagent, a pseudo-emulsion being formed. This
phase flows through the shell side of the fibres while the aqueous feed phase, which
contains the target species to be extracted, flows through the inner side of the
microporous fibres of the hollow fibre module.

In what concerns the recovery of zinc from spent pickling baths, several studies
have focused the viability of applying NDSX and PEHFSD [2, 38, 183-187]. Actually,
these techniques proved to be efficient alternatives to perform the separation of zinc
from iron in HCI media employing TBP as the extractant and water as the stripping
agent [2, 38, 185, 188]. The kinetics of zinc recovery was found to be promoted by
PEHFSD in comparison with NDSX configuration and increasing the TBP concentra-
tion in the range of 20-50%; the transport of iron was enhanced by PEHFSD, high
TBP concentration and increasing stripping volume [2]. The species involved in zinc
transfer through the organic liquid membrane were confirmed to be HZnCl5-3TBP and
ZnCL-2TBP [2]. In the sequence of this work, Carrillo-Abad and co-authors [39]
examined the electrowinning of the stripping solutions coming from the treatment
of spent pickling baths by PEHFSD. The results showed that the pretreatment step
based on MBSX technology is beneficial for the zinc electrodeposition process.

In recent years, several efforts have been put on the regeneration of spent
chromium-based passivation baths by applying the PEHFSD liquid membrane tech-
nique [189-192]. It is worth emphasizing that in zinc electroplating, after zinc deposi-
tion, a chemical passivation layer is usually applied for inhibiting the corrosion [140,
188]. The new conversion coatings based on Cr(III) are more sensible to the presence
of zinc and iron impurities, which reduces significantly the lifetime of the baths with
respect to the previously employed Cr(V) [188]. Urtiaga et al. [189] and Diban et al.
[190] examined the performance of the liquid membrane process at bench scale using
Cyanex 272 as the carrier and H,SO, as the strippant. The feed phases investigated
were provided by a plating industry with contents of Cr(III) and Zn(II) attaining ~10
and 12-13 g/L, respectively. The iron concentration was in the range of 20-100 mg/L
(65% Fe(III)). The phosphinic acid Cyanex 272 was selected as the carrier, since the
extraction of chromium, at the working pH (~2.1) of the passivation bath, is not
significant [189]. The results showed that zinc and iron were practically removed
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from the passivation bath, its reuse being thus possible; the zinc concentration in the
stripping solution attained a very high value and iron transferred to the stripping
solution was negligible; metallic zinc could be obtained by electrodeposition. Diban
etal. [191] and Garcia etal. [192] further intensified the study on PEHFSD for the
selective separation of zinc and iron impurities from used Cr(III) passivation baths.
The results obtained at industrial scale, with a membrane area of 40 m?, demon-
strated the easiness of the scale-up of the technique [192]. The mass transfer flux of Zn
was 4.5 g/(m? h), while the flux of Fe was 0.025 g/(m? h) [192].

In respect to Cr(VI) present in waste water, several works on the applying of
PEHFSD were published, being reviewed by Padilla et al. [193]. Nevertheless, more
studies are necessary dealing with actual electroplating effluents.

The use of ELM for the removal and recovery of Ni(Il) from electroplating solu-
tions was reported by Ruey-Shin and Jiann-Der [194] and Eyupoglu and Kumbasar
[195]. Table 5.8 summarizes the most relevant works carried out on liquid membrane
techniques with potential to be applied on the processing of electroplating wastes.

Table 5.8: Summary of applications of liquid membrane techniques on electroplating and spent
pickling effluents.

Extraction/Recovery Technique Extractant Strippant Reference

Recovery of zinc from spent pickling NDSX TBP Water [155, 183, 184]

effluents PEHFSD [38, 39, 185]
NDSX, [2]
PEHFSD

Extraction of Zn and Fe from Cr(lll) PEHFSD Cyanex 272 H,S0, [189-192]

passivation baths

Extraction of Cr(VI) from simulated PEHFSD Cyanex 923  Hydrazine [196]

industrial waste sulphate

Extraction of Cd(ll) from acidic and PEHFSD Cyanex 923  Water [197]

neutral media

Extraction of Ni(ll) from spent Cr—-Ni  ELM LIX 63, 2BDA HCI [195]

electroplating bath

Recovery of nickel ions from a elec-  ELM DEHPA H,S0, [194]

troplating rinse solution

Several studies on MBSX dealing with etching solutions have been reported in the
literature. Yang and Kocherginsky [13, 198, 199] published relevant studies concern-
ing the use of the B-diketone LIX 54 in developing a hollow fibre supported liquid
membrane (HFSLM) system to recover copper from ammoniacal solutions. In this
arrangement, Cu(II) was transferred from the aqueous feed phase (lumen side) to the
stripping phase (shell side) through the fibre membrane impregnated with LIX 54.
Sengupta et al. [200] investigated the efficacy of LIX 84-I for recovering Cu(II) from
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ammoniacal medium by using ELM, the kinetics of extraction being found very fast.
These authors also examined the same ELM system for dealing with Cu-Zn ammo-
niacal mixtures [201]. Gameiro et al. [202, 203] investigated the use of LIX 54 as the
extractant of Cu(II) from ammoniacal solutions with the liquid membrane techniques
ELM and NDSX. The same authors further examined the performance of the extrac-
tants, LIX 54 against LIX 84-1, in both liquid membrane configurations, i.e. ELM and
NDSX [204]. NDSX allowed recovering practically all the copper from the feed solu-
tion by using LIX 54 or LIX 84-1 as the carrier, but LIX 54 proved to be more
advantageous than LIX 84-I in terms of transfer kinetics. The recovery of the target
metal was found to be slightly lower, when the ELM system was used, which was due
to the occurrence of non-idealities such as the leakage of the internal stripping phase
to the external feed phase and water transport. It is noteworthy that LIX 84-I
exhibited a very high extraction rate, but the accumulation of Cu(II) in the membrane
was higher than in the case of LIX 54.

Table 5.9 lists the applications of liquid membrane techniques (HFSLM, NDSX
and ELM) on the processing of Cu-ammoniacal effluents.

Table 5.9: Summary of applications of liquid membrane techniques on Cu-ammoniacal effluents.

Extraction/Recovery Technique Extractant Strippant Reference
Recovery of copper from ammoniacal  HFSLM LIX 54 H,S0, [13, 198, 199]
medium NDSX LIX 54 [203-205]
ELM LIX 54 [202, 204]
NDSX, ELM LIX 84-| [204]
ELM LIX 84-| [200]
Extraction of zinc and copper-zinc mix- ELM LIX 84-I H,SO0, [201]

tures from ammoniacal media

5.4 Conclusions

Electroplating and other metal finishing operations generate wastes that are consid-
ered as hazardous materials, due to presence of acids and metals. The classical
neutralization method of the acid content and precipitation of the metals from such
waste streams produce a very large volume of sludge, which is an issue of environ-
mental concern, besides the problem of its disposal. Therefore, the removal of acids
and metals, the reclamation of the water and their reuse in the process has been the
focus of the treatment methods under research.

Electrodialysis is being evaluated as a cleaner production strategy that can be
applied to waste water treatment in electroplating industry. Electrodialysis should
also be pointed out as one of the BAT for treating spent pickling solutions generated
in steel industry. However, the spray roasting and IE/retardation process are widely
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applied. Currently, acid retardation is the most used process for the purification of
mixed stainless steel pickle liquor. IE has also been examined as a potential techni-
que for the removal of heavy metals from electroplating baths and rinse waters.

SX is the BAT for regenerating spent ammoniacal etching solutions and for
treating rinse water produced in the manufacture of PCBs. This is the only application
of SX currently in use in surface treatment industry. Nevertheless, this technique is
well investigated and developed, being very attractive to be applied on the proces-
sing of several streams, like the spent pickling solutions.

In the context of surface treatment industry, liquid membranes separation pro-
cesses using hollow fibres as contactors, such as NDSX and PEHFSD technique, have
also been extensively studied. Very favourable results have been obtained regarding
the recovery of copper from ammoniacal etchant, the regeneration of spent chro-
mium-based passivation baths (zinc electroplating) and the treatment of spent pick-
ling solutions from hot-dip galvanizing processes.

The environmental and economic benefits of the various treatment methods
under inspection depend on the costs of baths regeneration and waste water treat-
ment, cost of the new equipment/implementation of the new technique or cost
associated with the changes/renewal on the existing technology, besides the legisla-
tion aspects.
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Katarzyna Staszak
6 Chemical and petrochemical industry

Abstract: The potential sources of various metals in chemical and petrochemical
processes are discussed. Special emphasis is put on the catalysts used in the industry.
Their main applications, compositions, especially metal contents are presented both
for fresh and spent ones. The focus is on the main types of metals used in catalysts:
the platinum-group metals, the rare-earth elements, and the variety of transition
metals. The analysis suggested that chemical and petrochemical sectors can be
considered as the secondary source of metals. Because the utilization of spent
refinery catalysts for metal recovery is potentially viable, different methods were
applied. The conventional approaches used in metal reclamation as hydrometallurgy
and pyrometallurgy, as well as new methods include bioleaching, were described.
Some industrial solutions for metal recovery from spent solution were also presented.

Keywords: spent catalyst, metal content, metal recovery

6.1 Introduction

The main sources of metals in chemical and petrochemical industry are spent
catalysts. The application of catalysts is widespread in the chemical industry in
areas ranging from pharmaceuticals and specialty chemicals to polymers and
petroleum processing. Over 60% of all chemicals are produced using catalysts in
90 % of all industries chemical processes [1, 2]. Eighty percent of catalysts are in the
solid form, less common are homogeneous and biocatalysts — about 17% and 3 %,
respectively [3]. Application of catalysts in large-scale chemical and petrochemical
processes has started at the beginning of the twentieth century. Nowadays the
researchers still look for the new catalysts with better activity, selectivity and
durability. Consequently, compositions of catalysts are improved and changed.
The common utilization of catalytic processes in industry reflects the economic
and environmental benefits achieved through catalysis. On the other hand indus-
tries generate thousands of tons per year of spent catalysts containing up to 35%
valuable, but usually hazardous, metals such as Ni, Co, Mo, Cr, Cu, Zn, Fe, Ti, V, W,
Pd, Ru, Rh [4]. The United State Environmental Protection Agency (EPA) classified
these materials as “hazardous waste as one posing a substantial or potential hazard
to human health and the environment” [5]. The spent catalyst may also be, due to
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Staszak, K. Chemical and petrochemical industry. Physical Sciences Reviews [Online] 2018, 3 (4).
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their high metal concentrations, considered as a secondary ore. To deal with the
spent catalyst problem several methods are proposed: regeneration (to extend their
operation life) and reuse, preparation of useful materials using spent catalysts as
raw materials, recovery and recycling of valuable metals and disposal in landfills
[6, 7]. These procedures are consistent with the waste management hierarchy and
are important from the ecological and economical point of view. Their selection
depends of the technical possibility and of course cost effectiveness. Recovery of
metals from spent catalysts depends on several factors, such as the chemical
composition, the price of metals, the environmental directories and the operational
costs [6, 8]. Several methods are proposed, generally based on pyrometallurgy and
hydrometallurgy (with chemical and microbial leaching) methods. The regenera-
tion of spent catalysts can only be applied for a few times, and on a limited number
of catalytic systems. Disposal in landfills is the least preferred due to both decreas-
ing availability of landfill space, as well as the concern for pollutions arising from
the possible leaching of heavy metals [9].

In this chapter, the potential sources of spent catalysts in chemical and petro-
chemical processes were presented. Special emphasis was put on the chemical
composition of the catalysts, especially metal contents. The possibility of recovery
of metals from spent catalysts by different methods was also described.

6.2 Basic information about catalysis and catalysts

Catalysis is one of the fundamental pillars of the chemical industry. It is also a basic
feature of life processes and environmental chemistry. These technologies help to
minimize the consumption of raw materials in the chemical, petroleum and other
industries, to process renewable raw materials, such as biomass, into valuable
chemicals and to reduce or eliminate the application and generation of hazardous
substances. Moreover, new catalytic technologies help to reduce gas pollution (e.g.
H,S in gas and oil mining and by CH, in coal mining, NO, from flue gases of power
plants) and protect the ozone layer [10, 11]. Catalysts have been used for large-scale
productions of chemicals since the beginning of the twentieth century. The oldest
examples are Pt for SO, oxidation, Fe for NH; synthesis, and Zn—-Cr oxide for
methanol synthesis. The history of catalysis and its contribution to chemical indus-
tries has already been widely described in the literature [2, 12-17].

The International Union of Pure and Applied Chemistry (IUPAC) has defined a
catalyst as “a substance that increases the rate of a reaction without modifying the
overall standard Gibbs energy change in the reaction” [18]. The chemical process
of increasing the reaction rate is called catalysis. Because the catalyst is restored
after each catalytic reaction, it is both a reactant and a product of the reaction
which doesn’t influence on the thermodynamical equilibrium composition of the
reaction.

The most important characteristics of catalysts are as follows [2]:
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— Activity — catalyst allows occurring of reaction. With a more active catalyst, the
productivity is higher and/or production rate per volume of reactor becomes
larger. Thus, the reactor volume can be made smaller and the milder reaction
conditions can be used.

- Selectivity (chemical, stereo or region) — with using catalyst the selection of one
(or more) desirable reactions among many reactions that would possibly occur
is enabled. The catalyst allows choosing a reaction which produces a thermo-
dynamically unfavorable but valuable product. Another function of catalyst is
stereoselectivity that produces one of the two stereoisomers which have ther-
modynamically the same stability. Higher selectivity of reactions allows low-
ering the costs of separation, purification and waste treatments and the lower
the amount of reagents necessary.

— Durability (catalyst life) — the performance of catalyst changes (usually it gradu-
ally deteriorates) during their use, and after a certain period, it has to be
substituted by a fresh catalyst or reactivated by an appropriate method.
Commercial catalyst usually has a lifespan from several months to 10 years.

These three functions are main properties of a catalyst which determine its choice in
the appropriate process. Moreover, other very important properties include the ease
of regeneration of spent catalysts (in order to increase the lifetime and to reduce the
problems related to spent catalyst disposal), the toxicity (the easy and safety in
handling, and the disposal of spent catalysts) and the price in all life cycle [19].
Catalysts can be classified in several ways. It is possible to classify the catalysts
on the basis of the type of catalysis process which occur, the kind of main compo-
nents or key-properties responsible for their catalytic behavior. The catalysis, as well
as catalyst, can be classified according to the phases involved in the process. When
the reactants, the products and the catalyst are in the same phase, usually the liquid
one, it is homogeneous catalysis. The catalysts, mainly acids, bases, salts or organo-
metallic compounds, are dissolved in a solvent (it can be also the reactant or
product). In heterogeneous catalysis the catalyst, the reactants and the products
are in different phases. Usually, the catalyst is a solid, mainly inorganic solids, such
as metal oxides, sulfides or chlorides, or organic solids, such as modified polymers,
and the reactants and products are in the liquid or vapor phase. This type of catalyst
can be used in the following forms [19]:
— as a powder, in slurry reactors, in the presence of a liquid phase;
- in the form of pellets, in the presence of a liquid phase in trickle-bed reactors;
— as pellets in the presence of gaseous reactants in fixed-bed reactor and
— in small-sized particles in fluid- or transport-bed reactors.

The catalyst’s material is characterized by the relative amount of several compo-

nents, its shape, size, pore size distribution and surface area. Wherein, the catalytic
performance of heterogeneous catalyst is affected by the type of main components
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(see below) and its loading of supported catalysts, type of catalyst (supported,
powder, skeletal); type of support (active carbon, alumina, silica) [20]. Important
parameters for the active metal are the surface area, the dispersion (typically only 10—
60% of the metal atoms are exposed), the size of the crystallites (typically in the range
20-200 A), the location in the pores of the support and oxidation state (reduced or
unreduced). Important support parameters are the particle size (for slurry catalysts
typically 1-100mm), the surface area (typically in the range of 100-1500m?/g), the
pore structure (pore volume, pore size distribution) and acid—base properties [21].
The heterogeneous catalysis is the most widely used in industry (about 80%).
The main reason of this is the easier separation of catalysts from reactants and
products after the separation, regeneration and recovery of catalysts is also easier,
in comparison to the homogeneous catalysis. Moreover, there is no problem with the
possibility of contamination of the products by the catalyst, like in homogeneous
catalysis.
Classification of catalysts according to the kind of main component with exam-
ples is given [2]:
- metal with or without support — Pd, Pt, Pd-Re, Pd/carbon, Raney Ni
— metal oxides of transition metals — Mo, Co, V, Cr, Fe oxides
— metal coordination compounds (molecular) — Rh, Ru, Pd complexes
— metal sulfides — Mo, Co sulfides
— metal halides, sulfates, etc. — Cu, Pd chlorides
— typical elements — zeolites, Al,03
- biocatalysts with or without support — enzyme, bioorganisms
— organic molecule - organic molecule without metals
— organic polymers — ion-exchange resins.

Four main classes of the catalysts, based on the key-properties responsible for their

catalytic behavior can be presented as [19]:

- Redox catalysts — for oxidation, hydrogenation, dehydrogenation and halogena-
tion reactions. These catalysts include the transition elements (in the form of
salts, complexes, sulfides, chlorides, oxides or metals) as the main component.
Exceptions are: Ag, Cu, ZnO, SbOy, and SbCly.

— Acid-base catalysts — for alkylation, dehydration, hydration, oligomerization,
cracking, H-transfer and isomerization reactions. The key feature of all the
catalysts for these reactions is their acidity or basicity.

— Polyfunctional catalysts — for reforming, oligomerization and aromatization of
paraffins. They are a mixture of redox and acid—base catalysts.

—  Catalysts for the transformation of CO — It is the peculiar reactivity of CO that makes
it possible to separate the catalysts for its transformation into a separate class.

As it was mentioned above commercial catalyst has limited durability, usually from
several months to 10 years, depending on the process and type of catalyst. In the case

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

6.3 Chemical and petrochemical catalysts =—— 185

of cracking catalysts, catalyst mortality may be in the order of seconds, while in
ammonia synthesis the iron catalyst may last for 5-10 years [22]. The loss of catalytic
activity is a big problem in industrial catalytic processes. It is assumed that costs of
catalyst replacement are billions of dollars per year. The main reasons of this are
several factors as deactivation by poisonous matters (poisons). These compounds may
come from feedstock, products of reactions or from apparatus. They gradually cover
active sites of catalyst. Moreover, the deposits of coke or carbonaceous matters on
active sites of catalysts can occur. They are formed by the condensation/polymeriza-
tion of reactants, intermediates, and/or products. Sintering of active components and
support materials during the process, as well as mechanical destruction of catalyst due
to compression, abrasion, etc. and chemical deterioration and vaporization (or dis-
solution) of active components and supports are also possible. The problem of catalysts
durability has already been widely described in the literature [2, 23-29].

6.3 Chemical and petrochemical catalysts

Chemical and petrochemical processes are connected each other. In the petrochem-
ical industry, the basic organic chemicals are produced as methanol, olefins (ethy-
lene, propylene, butadiene), aromatics (benzene, toluene, xylenes). These chemicals
are precursors to a variety of chemical products and are generally referred to as
primary petrochemicals. Both chemical and petrochemical industries are a large-
scale in the word. This sector produces thousands of products from polymers to
pharmaceuticals and specialty chemicals. How great the scale of this industry is, say,
the number of refineries — over 700 oil refineries all over the world today [30, 31]. Most
of these refineries are located in Asia-Pacific and North America regions. About 50%
of world crude distillation capacity (81.9 million b/d) is processed in these refineries.
Refineries in Western Europe (105 refineries, about 18% of world crude distillation
capacity) have the largest average refining capacity in the world (139,000 b/d) [32,
33]. Catalytic processes represent about 83% of the world crude distillation capacity,
distributed as 45% hydrotreating (HDT), 17% fluid catalytic cracking (FCC), 14%
naphtha reforming (N-REF), 5% hydrocracking (HCK) and 2% isomerization (ISOM)
[33]. These proportions have remained practically steady during time. In chemical
synthesis, catalysts are used both in organic and nonorganic chemical industries,
from simple oxidation reactions, e.g. SO, or NO oxidations, synthesis of basic che-
micals as nitric or sulfuric acid, ammonia or methanol, to fine compounds.

The variety of catalysts and their widespread use in industry makes spent catalysts
a valuable source of metals. Due to the considerable differences in their composition,
depending on the process, it is not possible to clearly indicate the methods of their
recovery. Therefore, in order to make it easier to find potential sources of metals in the
following sections, catalysts are divided into main components. If it was possible, the
total compositions and their specific application in the process are given. In view of the
fact that catalysts are largely protected by patentability, it is not always possible to
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accurately analyze the content of individual metals. In addition, the composition varies
depending on the degree of durability of the catalyst. These factors can determine the
different compositions in the tables presented below.

6.3.1 The platinum-group metals (PGMs)

The six PGMs consist of the late second- and third-row transition series elements —
platinum (Pt), palladium (Pd), ruthenium (Ru), rhodium (Rh), iridium (Ir) and osmium
(Os). The platinum metals and their complexes have many useful catalytic properties
include resistance to chemical attack, excellent high-temperature characteristics, stable
electrical properties, high stability in various oxidation states, functional-group toler-
ance and their ability to catalyze reactions under milder conditions with higher selec-
tivity as compared to other metals [34]. The first industrial application of PGMs in
chemical industry was platinum used in process of oxidation of ethanol to acetic acid
or acetaldehyde, the oxidation of sulfur dioxide to sulfuric acid (the contact process)
and catalytic combustion. Typical catalysts employed in the chemical processing
industry incorporate PGMs which are deposited on catalyst supports such as soluble
or insoluble alumina, silica/alumina or zeolites. The compositions of the catalysts with
PGMs, for various processes are listed in Table 6.3. Using PGM complexes as a catalyst
the large variety of reactions is proposed including hydrogenations, hydrosilylations,
oxidations, dehydrogenations, hydrogenolysis, carbon-carbon and carbon-heteroatom
coupling, carbonylations, and hydroxylations [35]. From PGMs the most commonly
used in chemical industry is platinum, the least — osmium (see Figure 6.1). Such a
distribution of metal consumption in processes is dictated by many factors. It’s not just
about their properties, but also their availability and the price.

Os
1%

Figure 6.1: Distribution of PGMs applications in the chemical industry (mass percent) [34].

The chemical industry together with the electronics and automotive applications is
the main recipient of PGMs, with distribution presented in Figure 6.2. PGMs with a
wide variety of uses as a component of catalysts indicate the development of methods
for their recover is necessary.
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Figure 6.2: PGM demand by application, in kg [34].

Platinum black, the active Pt catalyst, is applied in syn-addition, forming cis-
alkene reactions. Platinum (IV) in the form of dioxide PtO,, also known as Adams’
catalyst is used for the hydrogenation of various functional groups and dehydro-
genation in organic synthesis [36]. Moreover platinum catalysts play important role
in the hydrogenation of nitro compounds to amines and ketones to alcohols,
reductions of alkenes, oxidative dehydrogenation of alcohols. Platinum is also
used in the petroleum industry as a catalyst in catalytic reforming of straight-run
naphthas into higher octane gasoline [37]. The most frequently used bimetallic
catalysts today in this process are Pt-Re and Pt-Sn [13]. Furthermore platinum is
proposed for photocatalytic organic synthesis. Excellent example of such process is
the photocatalytic N-alkylation of ammonia (in alcohol) to amines or formation of
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secondary amines from primary amines in aqueous solutions using Pt-TiO, as
photocatalyst [38].

Palladium complexes are commonly used in carbon—carbon bond-forming reac-
tions, including carbonylations, carbon-carbon and carbon-heteroatom reactions
(primarily C-C, C-0, C-N and C-F), and allylic alkylations. Suitable examples are
PdCl, — carbonylation catalyst in commercially Wacker-Hoechst process for the con-
version of ethylene to acetaldehyde and the production of acetone from propene and
glycol derivatives; PdCl,(MeCN), — various cross-coupling reactions (Heck, Negishi,
Grignard) and hydrocarboxylation catalyst [39-41]; palladium (II) acetate salt — cata-
lyst precursor in a wide variety of different transformations [42]. Palladium deposited
on calcium carbonate is applied for the hydrogenation of alkynes to alkenes (i.e.
without further reduction into alkanes). Interesting solution of connection advantages
of homogeneous and heterogonous catalysis is Pd EnCat™ Encapsulated Palladium
Catalysts [43]. Pd EnCat™ is found in wide range applications from C—C bond forming
processes, including Suzuki, Heck, Carbonylation, Sonogashira and Stille coupling, to
reductions of carbonyls, alkenes, nitro groups and epoxides [44-46]. Palladium cata-
lysts are, in details, described in the book of prof. Tsuji [47] and in works [48, 49].

Rhodium, like platinum, can be used for the hydrogenation of most functional
groups, mainly carbonyl groups and carbocyclic aromatic and heteroaromatic
system. Rhodium is one of the first metals used in homogeneous catalysis. This
element and its complexes are proposed in several important processes including
the Monsanto process developed in early 1970s for production of acetic acid from
methyl iodide (carbonylation reaction), the hydroformylation process, which is
one of the most important reaction in industry catalyzed by homogeneous catalysts
[35, 50], and homogeneous hydrogenation with Wilkinson’s catalyst [51]. Rhodium
(I11) chloride hydrate salt (RhCls-xH,0), like the osmium and ruthenium analogues,
is a mixture of oxochloro and chlorohydroxo complexes in multiple (III/IV) oxida-
tion states. It is used as a catalyst precursor in transformation reactions as the
hydrosilylation of ketones and the carbonylation and isomerization of olefins [34].
The bis(1,5-cyclooctadiene)rhodium (I) and chloro(norbornadiene)-rhodium (I)
salts are applied in chemical industries as catalyst precursors for the enantiose-
lective hydrogenation of olefins and isomerization (H migration) of allylamines to
enamines [52], the hydroboration catalyst to produce secondary alcohols from
olefins [53], the hydrosilylation of ketones and in transfer hydrogenation and
decarbonylation. Detailed description of rhodium with the most common oxida-
tion states, namely Rh(I) and Rh(II), utilization, as catalysts and pre-catalysts for
synthetic applications is presented, in details, in book Modern Rhodium-Catalyzed
Organic Reactions edited by Prof. P. Andrew Evans [54]. Several types of applica-
tion of rhodium for following asymmetric rhodium-catalyzed organic reactions are
clearly written: hydrogenation, hydroboration, conjugate addition, olefin isomer-
ization and hydroacylation, hydroformylation, hydrosilylation and silylformyla-
tion, cycloisomerization and cyclotrimerization, alderene, allylic substitution,
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carbocyclizations, cyclopropanation and carbon-hydrogen insertion, oxidative
amination, ylide rearrangements, 1,3-dipolar cycloadditions.

Ruthenium and its complexes are utilized as catalysts in the hydrogenation of
aromatic rings without the hydrogenolysis of any amino an hydroxyl group present
on the ring, hydrogenation of ketones, aldehydes (especially in an aqueous solu-
tion) and carboxylic acids and olefin metathesis reactions [34]. Ruthenium (III)
chloride hydrate (RuCl;-nH,0) is used in a variety of different manners for catalysis.
Its solution in butanol is utilized in metathesis polymerization of norbornene to
form Norsorex, an elastomer [55]. It finds application in alkyne functionalization
(e.g. the formation of vinyl carbamates with secondary amines, acetylene and
carbon dioxide) [56], oxidation of alcohols to aldehydes and ketones by amine-n-
oxides [57], and in olefin cleavage to form diacids. Moreover ruthenium (III) chlor-
ide hydrate is a precursor for other ruthenium complexes utilized in catalysis,
including dichlorotris(triphenylphosphine)ruthenium (II) (RuCl,(PPhs);) which is
used as a catalyst for the oxidation of alcohols to aldehydes and ketones [57, 58], the
reduction of diallyl a-oxalyl carboxylates with formic acid to form a-hydroxycar-
boxylic acids [34], the hydrogenation of nitro groups, imines and ketones [59], and
as an isomerization catalyst.

Irydium and its complexes are utilized in industrial catalysis mainly in Cative
process for the carbonylation of methanol to acetic acid. This process was devel-
oped in 1996 by BP Chemicals, and iridium catalyst package, named Cativa™ is
based on iridium (III) acetate solution [60]. Cative process is alternative for the
conventional rhodium-based Monsanto technology with several benefits as an
inherently stable catalyst system, the production of byproduct propionic acid is
reduced which leads to reduced purification costs. Moreover in the Cativa process
the purer product is obtained because the level of acetaldehyde is lower than in the
rhodium process. Hydrogenation of any unsaturated species present is catalyzed by
the iridium species, resulting in almost complete elimination of unsaturated con-
densation products and iodide derivatives. The chlorocarbonylbis(triphenylpho-
sphine)-iridium (I) is proposed in the decarbonylation of formate esters to form
alcohols and CO [61]. Iridium (I) salts, as bis(1,5-cyclooctadiene)iridium (I) tetra-
fluoroborate or chloro-1,5-cyclooctadiene Iridium (I) are the catalysts in enantiose-
lective hydrogenations reactions. The very important iridium catalysts of
homogeneous hydrogenation is iridium (I) hexafluorophosphate (1,5-cycloocta-
diene)-(pyridine)-(tricyclohexylphosphine) complex, known as Crabtree’s catalyst
(from the name of its inventor prof. Robert H. Crabtree) [62]. This compound
indicates high level of reactivity, particularly for highly substituted alkenes,
which contrasted with the then known rhodium and ruthenium catalysts. More
details about iridium complexes in organic synthesis can be found in books [63, 64].
Chiral iridium catalysts, used in the asymmetric, stereoselective hydrogenation of
largely unfunctionalized olefins are described, in details, in the Church and
Andersson review [65].
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Osmium and its complexes are catalysts, mainly in dihydroxylation transfor-
mation reaction [34]. The development of this process, especially with its enantio-
selective variant, was part of the focus of the 2001 Nobel Prize being awarded to K.
Barry Sharpless. Osmium is a good catalyst for hydrogenations such as the conver-
sion of unsaturated aldehydes to unsaturated alcohols or halonitrobenzenes to halo
anilines. The oxochloro and chlorohydroxy complexes of osmium in various (III/1V)
oxidation states (OsCl5-xH,0) are proposed as dihydroxylation and aminohydrox-
ylation catalysts or as asymmetric catalysts in presence of chiral ligands [66].
Triflatopentaammineosmium (III) triflate is used in organic synthesis to promote
dipolar cycloadditions with pyrroles [67].

The results presented in Table 6.3, as well as the short information presented
in 6.3.1, indicate that PGMs are widely used in many applications in chemical and
petrochemical processes. Therefore, PGMs are also called Vitamin of modern
industry and First and foremost high-technology metal [68]. Moreover, the data
presented in Table 6.3 indicate that the PGMs content in the catalysts is about
1% or higher, which means that PGMs content is about several kilograms per ton of
catalyst. Thus, these spent catalysts can be treated as secondary ore of PGMs.

6.3.2 Rare-earth elements (REEs)

REEs are cerium (Ce), dysprosium (Dy), erbium (Er), europium (Eu), gadolinium
(Gd), holmium (Ho), lanthanum (La), lutetium (Lu), neodymium (Nd), praseody-
mium (Pr), promethium (Pm), samarium (Sm), scandium (Sc), terbium (Tb), thu-
lium (Tm), ytterbium (Yb) and yttrium (Y). They are widely used in fluorescent
lamps, permanent magnets, batteries, catalysts and by the metallurgical and
nuclear energy industries [69]. Moreover, REEs are used in the production of
some explosives, special steels and alloys, and as getters. Wherein nearly 25% of
all obtained REEs is used as catalysts (Figure 6.3) [70], mainly as cerium (IV) or

ceramics;

other; 4.30%

5.30%...

luminophors;
6.80%

Figure 6.3: REEs demand by application [70].
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lanthanum (III) oxides. The compositions of the fresh and spent catalysts with REEs
and their applications are listed in Table 6.4.

Cerium in the form of cerium (IV) oxide is proposed in several chemical
processes as: dehydrogentation of ethylbenzene into styrene [71], oxidative dehy-
drogenation of paraffins [72], dehydrogenation of n-butane [73], hydrogenation of
toluene with the formation of crotonic aldehyde [74] and its hydrogenation to
alcohols [75]. With lanthanum (III) oxide, cerium (IV) oxide play important role
in the petroleum chemical industry in the FCC process, used to improve the yield
and quality of gasoline produced from higher weight crude oil in refineries.
Typically, FCC catalyst consists of a rare earth-exchanged USY-zeolite held in an
amorphous silica-alumina matrix and several additives [76]. The composition of
the spent FCC catalyst, usually known as the “equilibrium catalyst” (Ecat), is
different in comparison to the fresh catalyst. It is possible to find in spent Ecat
catalyst few new elements as nickel and vanadium, which do not exist in the fresh
FCC catalyst [77]. It depends on both the composition of the original catalyst and
the oil feed processed.

Lanthanum, as lanthanum (III) oxide has applications in environmental and
catalysis fields. It is important component in catalyst for oxidative coupling of
methane [78] and methanol [79]. In the mixture with CuO, La,0s is proposed in the
catalytic gaseous-phase oxidation of NH; [80]. Presence of La,O5 can enhance both
catalyst performance and coking resistance [81] of catalysts due to improving the
dispersion of the active phase [82].

Lanthanides such as europium and ytterbium are highly selective catalysts for
Diels—Alder reaction in common organic solvents [83]. Lanthanides also catalyze
selective acetalization of saturated aldehydes in the presence of ketones and con-
jugated aldehydes, aziridine synthesis in protic solvent or electrophilic substitution
with aromatics, allylation, pericyclization, radical reaction [84]. In chemical reaction
the mixture of lanthanides is also proposed as selective catalyst. For example five
lanthanide oxides (La,0s;, Sm,05;, Ce0,, PrsO;; and Th,0,) are used in oxidation
process of butane to methacrolein [85]. The lanthanide oxides CeO,, La,O5, and
Prs04, are proposed for catalytic ozonation because of their chemical and biological
inertness, strong oxidizing power, recyclability and extended stability against che-
mical corrosion [86]. Lanthanide complexes in multifunctional asymmetric catalysis
are, in details, described in work [87].

6.3.3 Other metals

In catalysis processes, besides PGMs and REEs, the variety of transition metals and
their complexes are used, such as vanadium, chromium, manganese, iron, cobalt,
nickel, copper and mentioned above PGMs. The d orbitals of these metals are incom-
pletely filled with electrons. Thus, they can easily give and take electrons, which make
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them good potential catalysts. Moreover, transitions metals are characterized by
variability of oxidation state and coordination number or bonding ability [88].

Catalyst in the form of monometallic are used in homogenous (Al, Ti, Ni, Zr) or
heterogeneous oligomerization (Ni). Moreover, nickel finds application in selective
hydrogenation [89] (known as Raney nickel), as well as Cu or Fe (production of NH;
and paraffins). Mo and W is proposed for metathesis of olefins, while Fe or Co for
Fischer-Tropsch reaction (sometimes association with Ru) [13, 19]. In the hydropro-
cessing operations, widely used in refineries to purify a large number of different
petroleum cuts, the sulfur metal-type catalysts that associate metals from groups VI
(Mo, W) with metals from group VIII (Co, Ni) are used. To improve the catalytic
properties addition of various adjuvant elements, such as F, B, and Si are proposed.
The catalysts based on the sulfide Ni-Mo or Ni-W are proposed also for hydrogenat-
ing olefins. Besides metallic form, metal oxides of transitions metal are applied in
industrial for oxidation (Co, Mo, V, Mo-V), hydrogenation (Cr, Fe, Cu—Cr, Cu—-Zn-Al)
and dehydrogenation (Zn, Fe—Cr-K, Cr—K-Al). The mixture of above metals is pre-
sented in hydrodesulphurization (HDS) catalysts. Spent HDS catalysts generally
consist of 10-30% molybdenum, 1-12% vanadium, 0.5-6% nickel, 1-6% cobalt,
8-12% sulfur, 10-12% carbon and the balance is alumina. These compositions are
different in comparison to the fresh catalysts because during operation, trace
amounts of vanadium and nickel impurities in the crude oil gradually deposit onto
the catalysts. In such conditions the formation of metal sulfides (molybdenum,
cobalt, nickel and vanadium) are favorable. Catalysts can also be contaminated by
carbonaceous deposits [90]. Moreover, catalysts based on metals are proposed for
photocatalytic organic synthesis. ZnO and Fe-doped ZnO are applied to the atom
transfer radical polymerization (ATRP) process for the production of poly(methyl
methacrylate) (PMMA) [91].

The types and concentration of metals in the industrial catalysts are presented in
Table 6.5. These compositions contain only the main metals. It should be noted that
usually in such catalysts there is a whole range of elements. An interesting summary
of detailed content ranges of some metals in spent FCC catalyst is shown in the work
[92] and for spent refinery processing catalyst from naphtha treated unit in work [93].
The results from these works presented in Table 6.1, respectively, indicate that
catalysts are a valuable source of various metals.

The inorganic elements composition in catalyst depends not only on the type of
catalyst but also on its form — fresh, spent (and the time in line) or rejuvenated (and
the method of this rejuvenated). Therefore, it is not possible to provide an unequi-
vocal catalyst composition and the results from the Table 6.3—-Table 6.5 should be
considered as estimates. To confirm this statement, the Table 6.6 shows a comparison
of compositions for the same hydrodesulphurization catalyst, in different stages of its
“life” [7]. It is seen that the spent catalyst is fouled with carbon (20 wt%) and
vanadium (6.5 wt%) deposition. Moreover, surface area and pore volume are 62%
and 86% lower, respectively, in comparison to the fresh catalyst. The rejuvenated
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Table 6.1: Metals content in spent FCC catalysts, unit: wt% [92].

Minimum Maximum Minimum Maximum
Ag <0.0001 0.0059 Pb <0.0001 0.0140
As <0.0001 0.0185 S 0.0025 0.6700
Be 0.0003 0.0004 Sb <0.0001 0.1600
Bi <0.0001 0.1700 Se <0.0001 <0.0100
B <0.0001 0.7410 Sn <0.0001 <0.0100
Cr 0.0005 0.0678  Sr <0.0001 0.0505
Cu 0.0003 0.0066 Ti 0.0171 1.2500
Fe 0.2300 0.5000 \" 0.0310 0.7000
Ni 0.0210 1.4000 Zn <0.0001 0.0315
P <0.0001 2.2000

Table 6.2: Metals content in spent refinery processing catalyst from naphtha treated unit [93].

Element Unit conc. Element Unit conc. Element Unit conc. Element Unit conc.

Ag ppm 10 Cu Ppm 88 Ni ppm 598 Th ppm 13
Al % 39.4 Fe % 0.48 P % <0.1 Ti % <0.1
As ppm 41 Hf Ppm 130 Pb ppm <20 U ppm <10
Ba ppm 17 K % <0.1 Rb ppm 3.8 V ppm <10
Be ppm 0.8 La Ppm 31 S % 0.50 W ppm 18
Bi ppm <5 Li Ppm <1 Sc ppm 2'Y ppm <1
Ca % 0.02 Mg % <0.1 Se ppm 22 Yb ppm <1
Cd ppm <2 Mn % <0.1 Si % 0.15 Zn ppm 110
Ce ppm 9 Mo ppm 80,000 Sn ppm 4.1 Zr ppm 41
Co ppm 24,000 Na % <0.2 Sr ppm 1

Cr ppm 160 Nb ppm 399 Te ppm <5

catalyst, independent of the method used for it, contains no coke, and its V content is
80% lower than that of the spent catalyst. The surface area increased from 98 (spent)
to 240 and 221 m%/g, for rejuvenated catalyst, for method I and II, respectively.
Measurements showed that over 92% of the HDS activity of fresh catalyst was
recovered by rejuvenation, with 28% for spent catalyst. The main difference between
two methods of rejuvenated of catalyst is the leaching process — present only in
method I.

6.4 Techniques of metal recovery from spent catalysts

Spent catalysts can be managed through the following approaches: (1) regeneration
and reuse (2) thermal, chemical or microbial recovery and recycling of valuable
metals, and (3) landfilling. Wherein number one is the best proposal, the last one —
the ultimate when there is no other possibility. The regeneration has its limitations.
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Table 6.6: Characteristic of spent, fresh and rejuvenated HDS catalysts, unit: wt% [7].

V  Co,as Ni Mo, as Fe Na Others

CoO MoOs
Fresh - 4.20 - 12.00 0.10 0.20 -
Spent 6.50 3.20 2.80 11.20 0.19 0.50 C (20.00); S (6.30)
Rejuvenated | 1.30 3.05 - 10.10 0.06 0.35 -
Rejuvenated Il 1.60 4.01 - 11.80 0.05 0.27 -

It is available not for all type of catalysts and is only available one to several times
for one catalyst. Therefore, it is important to develop methods of metal recovery
from spent catalysts. Two approaches are used in metal reclamation: hydrometal-
lurgy (metals are leached) and pyrometallurgy (using a heat treatment).

6.4.1 Pyrometallurgical recovery methods

There are two main approaches for metal recovery in pyrometallurgical processes. In
the most used, the spent catalysts are melted with the addition of flux components
and metal collectors (or related additives) at high temperatures to form a metal-
containing alloy. Then metals are recovered through refining techniques. The cata-
lysts may also be vaporized for recovery of metals or reduced in situ as a reforming
means for their recycling [124].

Pyrometallurgical techniques are a crucial method to recover PGMs from spent
catalyst [25]. These methods can be divided into three groups: smelting, chlorination
and sintering processes. First step in smelting process is mixing spent catalyst with
flux, collector and reducing agent. The prepared feed is smelted in a high-temperature
plasma furnace, electric arc furnace or inductive furnace at a high temperature (usually
above 1000°C) [124]. Usually the pretreatment steps are necessary before smelting such
as dismantling/incineration of nonmetallic components, calcinations or reductions.
The problem of the catalyst carriers, such as alumina is solved by their melting in the
presence of suitable fluxes to obtain a low-viscosity liquid slag. After separation of
metal phase enriched in PGMs from slag, the PGM-containing alloy is purified.

In gas-phase volatilization, metals from spent catalysts are volatilized by selec-
tive chlorination (chlorinated with chlorine or chlorides) and condensed in a cooler
zone. This process occurs in high temperature between 250°C and 1200°C [124, 125].
PGM chlorides that are obtained in the process are separated by appropriate washing,
adsorption on an activated carbon, or by distillation using their difference in vapor
pressures between the metal chlorides. In this process high purity metals are
obtained. Selective chlorination could be used not only for PGMs but also for other
metals. This method is proposed for Co, Mo, Ti and W recover from spent hydro-
desulfurization catalysts. Depending on the experimental conditions, it is possible to
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recover up to 98% of the Ni and Co, as chlorides from the chlorination residue and
about 98% of the Mo, Ti and W and 80% of vanadium compounds in the condensates
[4]. In chlorination process high purity metals are obtained. Disadvantages of such
solution are corrosion of furnace and associated facilities and the utilization of
hazardous gases as Cl, which causes health and environmental risks. Therefore this
process doesn’t find many industrial applications.

In the sintering process PGMs are recovered in the presence of plasma by in situ
reduction of its oxidized PGMs components [126]. The processing conditions are
following: temperature above 1200°C, N, as the central plasma gas allows decom-
posing of organic tar on the surface of spent catalyst and convert it to syngas which
reduced oxide of PGM to its metallic form. This method has been successfully applied
for spent platinum-based aluminum oxide catalyst for petrochemical industry.

Pyrometallurgy is appropriate only for relatively high metal concentration;
otherwise large amounts of energy will be required to melt associated compounds.
Moreover, this process generates the emission of SO, gas which is a severe environ-
mental pollutant. Therefore, the researchers in their works resign from pyrometal-
lurgy and focus on hydrometallurgical methods. However, pyrometallurgy is the
most common industrial solution. Sometimes the pyrometallurgical and hydrome-
tallurgical methods are used together, when spent catalysts are roasted before
chemical leaching. This process is called thermal pretreatment, and it is used to
improve the leaching efficiency for metal recovery [25].

6.4.2 Hydrometallurgical recovery methods

In hydrometallurgical processing, metals are leached directly or after pretreatment
using suitable solutions, sometimes in the presence of oxygen, iodine, bromine,
chlorine, hydrogen peroxide, etc. Generally, the following approaches are proposed
as follows: (1) Acid leaching with H,SO,, HNOs, HCI or (COOH),, often after roasting;
(2) caustic leaching with NaOH, sometimes after roasting; (3) salt roasting with
Na,COs, NaCl or NaOH followed by leaching with water or Na,COs; (4) chelation
using ethylene diamine tetra acetic acid (EDTA) or another similar agent to complex
the metal ions [77].

The leaching of a metal is mainly governed by the formation of a complex under
the potential and pH of the solution in the presence of ionic species. Thus, the choice
of appropriate leaching agent depends on the possihility to form metal-complexes.
For example, Pt forms stable chloro-complexes in chloride solution at high acid
concentration, thus Pt could be leached at a higher potential using an oxidizing
agent. Pd and Rh form chloro-complexes at lower potential. They are leached, but the
Rh leaching rate is relatively low [25]. The compilation of chemical leaching pro-
cesses, described in the literature, is presented in Table 6.7. As there are a lot of
results on this topic in literature, only exemplary data is outlined in the table to
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demonstrate the efficiency of metals recovery from spent catalysts. Recovery hydro-
metallurgical techniques of PGMs from spent catalysts are described in detail in
reviews [25, 68], for Mo, V, Ni and Co in [127].

The recovery of metal from spent catalyst by chelation process occurs at rela-
tively lower temperatures, and the chelating agents can be reused in the extraction
process itself [135]. The whole process contains two steps: chelation and dechelation
of metal complex. Various chelating agents are proposed in the literature. Their
compilation is presented in Table 6.8. Chelating agents could be treated as effective
extractants in solid/liquid extraction process [136]. They are characterized by high
efficiency of metal extraction, high thermodynamic stability and good solubility of
the metal complexes formed and low adsorption of the chelating agents on soils.

An interesting alternative to the chemical leaching is the microbial leaching,
known as bioleaching [77]. The microorganisms used in this process have ability to

Table 6.8: Chelation process with different spent catalysts.

Catalyst Chelating agent Metal recovery Comments Ref.
Hydro- Ethylene dia- Co (80.4%), Mo - Significant metal extraction efficiency [135]
desulfuriza- mine tetraacetic (84.9%) with (72.7% Co and 76.5% Mo) was observed
tion acid (EDTA) 91% purity with recovered EDTA even after the fourth
cycle of operation.
Hydro- EDTA, conc. 10% Mo (97%), V — The EDTA recovery was about 95%. [135]
processing (94%), Ni (95%),
Al (14%)

Reforming  [S,S]-ethylene-  Ni (84%) — Biodegradable chelating agents were [137]

diamine disucci- used.

nic acid (EDDS) —The optimal conditions: particle size 100

pm, temperature 90°C, reaction time 6
h, MR 3.6, solid/liquid ratio 1:20 (g/mL),
stirring speed 500 rpm, and pH 7.
— Dechelation of Ni-EDDS complex was
performed at pH 5 where more than 96%
EDDS was recovered.
NiO/AlL,Os;  EDTA Ni (95%) — The optimal conditions: 0.8 M EDTA, [138]
catalyst solid/liquid ratio 1:50 (g/ml), particle
size 100 pm, pH 10, 10 h of chelation
time, 700 rpm and 100°C.
— Up to 95% of the EDTA was recovered
without losing significant activity.

Steam EDTA Ni (95%) - In dechelation of Ni-EDTA complex [139]
reformer mineral acids H,SO, and HNO5 were

catalyst used (precipitation of EDTA about 97%).

from an - Efficiency of chelation decreased with
ammonia every successive recovery of EDTA (in

plant the case of dechelation using H,S0,).
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mobilize and leach metals from solid materials, based on following principles: (1) the
transformation of organic or inorganic acids (protons); (2) oxidation and reduction
reactions and (3) the excretion of complexing agents. This process has got high
efficiency of metal recovery (63-99 %), similar to the chemical leaching. Wherein,
this application is supported by the following advantages: low cost, low-energy
consumption, mild operation conditions, without strict requirements of raw material
composition. In bioleaching process the three groups of microorganisms are com-
monly used: autotrophic bacteria, heterotrophic bacteria and fungi. The reason for
using of autotrophic bacteria is no necessity of an organic carbon source for their
growth. Unfortunately, they are sensitive to high pH. In this operation conditions it is
better to use heterotrophic bacteria and fungi. Some examples of bioleaching process
using in recovery of metals from spent catalyst are presented in Table 6.9.

As is presented in Table 6.9 bioleaching is proposed in the scientific literature to
recovery metals from spent catalysts but up to now they did not have any industrial
application [147].

The results presented in Table 6.7-Table 6.9 indicate high hydrometallurgical
potential in recovery of metals from spent catalysts.

6.4.3 Industrial processes

Because the problem of spent catalysts is high, and the need for metal recovery
becomes very important issue, there has been an increase in the number of compa-
nies which collect, recycle, regenerate or recover spent catalysts in the world.
Moxba-Metrex (www.moxba.com) is a Dutch company, specialized in the respon-
sible and environmentally friendly processing of spent catalyst and metal-containing
residues, since 1974. They have created a complete recycling chain, turning spent
catalyst and metal-containing residues back into first class products and base materi-
als. In the first step the spent catalysts are separated, sieved and breaked. Then such
material, depending on its type, is thermally treated in a fluidized bed kiln or batch
furnace. The combustible part of the waste, containing hydrocarbons and sulfur
compounds, is treated in the fluid bed process. Gasses are primarily cleaned in a
cyclone and dust-collecting filter. The sulfur oxide compounds of the flue gas are
treated with magnesium hydroxide in a series of scrubbing towers and converted to
magnesium sulfate, which is refined to a quality suitable for use as an agricultural
fertilizer product. The materials which contain metals are treated by pyrolysis or
calcination with temperatures starting from 100°C up to 1200°C in the rotary batch.
The generated heat is converted into electricity or used in the process. In the last step,
the intermediate metal products are directed to the hydrometallurgical leaching pro-
cess or pyrometallurgical electric arc melting process. The leaching process provides
pure metal oxides and concentrates where the melting process produces special or
custom made metal alloys. The schema of this process is presented in Figure 6.4.
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Figure 6.4: Moxba-Metrex technical processes, the materials are reproduced with the permission of
Moxba-Metrex B.V [148].

Nickelhiitte Aue GmbH (www.nickelhuette-aue.de) (Germany) recycles spent catalysts
from petrochemical industries, chemical industries as well as from edible oil hydro-
genation, cosmetic, fertilizer and pharmaceutical industries. The company is focused
mainly on waste materials containing nickel, cobalt, copper, molybdenum, vanadium
and tungsten. In smelting works they produce nonferrous metal concentrates and by
following metallurgical processes, these concentrates are refined into nonferrous
metals and Ni-, Cu-, Co-, V-chemicals. Moreover, in 2001, Nickelhiitte Aue GmbH
started to treat precious metals containing waste, for example spent catalysts [149].

Belgian company Sadaci N.V. (www.sadaci.be) is specialized in recycles spent
catalysts containing molybdenum, i.e. hydroprocessing catalysts from oil-refineries,
through thermal and hydrometallurgical treatments. The plant is located in Belgium
where HDS are recycled with the recovery of molybdenum only, sold as technical-
grade oxide and ferro-molybdenum (FeMo 65 %) alloy [147, 150].

Treibacher Industrie AG (www.treibacher.com), an international company with
over 100 years of experience in chemistry and metallurgy located in Austria, recycles
catalysts from the chemical, petrochemical, pharmaceuticals and foodstuffs indus-
tries. They are focused on materials that contain vanadium and/or molybdenum and/
or nickel. Similar to the earlier described companies the pyrometallurgical process is
applied [151].

The French company ERAMET (www.eramet.com) proposed the solution named
Valdi for battery, catalyst and metal oxide recycling through pyrometallurgical
processes with a strong commitment: “zero landfill and 100% recovery”. From
2017, Valdi will have annual processing capacity of 20,000 tons of batteries, 10,000
tons of spent oil catalysts and 8,000 tons of metal oxides, making it Europe’s #1
recycling site in its field [152]. As it is presented in Figure 6.5 two pyrometallurgical
operations are used in this process: roasting in a specific furnace to remove the sulfur
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Figure 6.5: Valdi process, the materials are reproduced with the permission of the company Valdi
[152]. Copyright Valdi.

from spent catalyst and melting in a submerged electrode furnace to separate metal
from mineral elements. The SO, from the roasting process is removed by calcinations
operation.

Canadian company Globe Metal (globemetal.com) recycles spent nickel, molyb-
denum, tungsten, copper, platinum and cobalt catalysts, as well as Raney nickel
catalyst scrap from chemical, petrochemical, food and oil industry. They use ISO-
certified, advanced thermal chemical reactor (ATCR) technology [153].

In USA there are several companies specialized in spent catalyst recycling. ACI
Industries, LTD (www.aci-industries.com) using pyro- and hydrometallurgy pro-
cesses recovery metals such as precious metals, nickel, copper, zinc, cobalt, iron,
molybdenum, vanadium and others [154]. Metal & Catalyst Resources (www.meta-
landcatalyst.com) has more than 40 years of experience in the business of catalyst
and spent catalyst recycling and reclamation. The website presents the information
that several metals contained in spent catalysts could be reclaimed by this company:
nickel, cobalt, molybdenum, vanadium, copper, zinc, platinum, palladium, rho-
dium, rhenium, ruthenium, gold, or silver, as well as less common chromium,
selenium, tellurium, yttrium, europium, niobium, samarium, neodymium, gallium,
neodymium, gallium, gadolinium and others [155].

Very interesting solution in recovery of metals from spent catalyst is Tetronics
(tetronics.com) plasma recovery for precious metal, especially PGMs. The main
advantages of Tetronics patented plasma technology are connection of the highest
recovery/operational flexibility with the lowest environmental impacts and cost base.
In a single processing step the metals are separated from the less valuable catalyst
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material, which is vitrified into an approved, inert, reusable building product called
Plasmarok®. In the same technology any hazardous organic material, such as dioxins
etc. are destroyed [156].

The spent catalyst recycling is a large business and it is impossible to list all
companies. These examples demonstrate that technical solutions already exist in the
industry and are successfully used. These projects are based mainly on pyrometal-
lurgical processes.

6.5 Conclusion

The analysis suggests that the secondary source of metals in the chemical and
petrochemical sector is high, which can be attributed to the catalysts application.
Among the metals present in the catalysts it can be mentioned the PGMs, the REEs
and the variety of transition metals as vanadium, cobalt, nickel, copper and
molybdenum.

Despite the fact that in the industry there are solutions for recovery of metals
from spent catalyst, based mainly on pyrometallurgical processes, the researchers
are still looking for new ones to improve the metal recovery efficiency based on
hydrometallurgical and bioleaching.
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Karolina Wieszczycka
7 Wastes generated by mineral extraction
industries

Abstract: Mineral extraction industries at each mining step generate large volume of
waste, and most of them represent potentially sources of crucial metals. This chapter
describes extraction and main mining processes, principal classifications of the
generated wastes, as well as the chemical properties of the waste material, their
disposal and further treatment to recover metals. Most of the presented technological
solutions are or have been tested in real processes or using real waste materials.

Keywords: metal recovery, mineral commodities, mineral extraction

7.1 Introduction

For the last years, global economic growth has resulted in a rapid increase in demand
for a range of mineral commodities, as witnessed by the fact that up to 2014 world
mineral extraction increased by a factor of 1.7 [1-3]. Technological evolution improv-
ing mining techniques influences on different types of mining waste and their
management. Each mining step is able to generate large quantities of unmarketable
or uneconomic materials, but their volumes, compositions and perspective of future
utilization depend on the type of mining processing procedure and the type of the
deposit. Numerous mining techniques have been developed to address the problem
of extracting ores and materials, and the selection of the techniques depends on the
variety of morphologies of natural deposits and the large variety of useful mineral
substances.

Wastes are generated at all levels of the recovery process, mostly employed to meet
demand. For a given mineral, it will have different physicochemical properties accord-
ing to composition of ore, type of deposit and the conditions in which wastes have
been generated. Waste is a permanently unused extractive product that is usually
stored in the immediate vicinity of mining. The amount of mining waste that can be
deposited in a mining center varies considerably and depends mainly on the mining
processes and local regulations, e.g. U.S laws and regulatory agencies provide a
framework and baseline for increased sustainability focus for mining activities.
Within European Community, the EU directive on the management of waste from
extractive industries (2006/21/EC) provides for measures, procedures and guidance of
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waste management. It also provides a framework defined areas of intervention and
associated measurable parameters and indicators. In Asia, the problem with mineral
waste is much visible, e. g. China ranks the first place among gold production countries
in the world. Meanwhile, an increase of hazardous industrial wastes like cyanide
tailings generated by gold industry is becoming a serious problem. In China, probably
each year, more than 20 million tons of cyanide tailings are produced [4-6].

7.2 Mineral commodities

Mining is a main source of mineral commodities, which are necessary for increasing
and maintaining technological manufacturing. Some mineral deposits are formed,
improved or preserved by geologic processes, and natural leaching process concen-
trates these minerals as ore of different grade. For example, in the last years, Brazil has
been estimated to be the world’s leading producer of niobium (90 % of world produc-
tion), main producer of iron ore and one of the top five producers of mined bauxite and
tin [7] (Figure 7.1). Canada is the leading producer of mined potash, the third-ranked
producer of mined bauxite and nickel and one of the top five producers of gem-quality
diamond, palladium and platinum. Australia is the world’s leading producer of bauxite
(29 %); however, it has also large resources of cobalt, copper, diamond, gold, iron ore,
lead, lithium, manganese, tantalum and uranium. China even though has large
resources of many minerals, but it is the world’s leading producer of aluminum
(Bayer process, 48% of the total world production). Russia accounted for 28 % of
total natural diamond production in the world, while Kazakhstan in 2014 was respon-
sible for 41% of uranium production [8]. The United State uses more mineral commod-
ities than it produces. Some industrial minerals are concentrated in certain parts of the
country. Phosphate mining is confined to Florida, North Carolina, Idaho, Utah and
Wyoming. Sulfur is mined in the offshore Gulf of Mexico and Texas. Another source is
sulfur recovered from power plants, smelters and petroleum refineries. The Carolinas
and Georgia are the only sources of high-grade kaolin, alumina and bauxite. The United
States has also a rare-earth element mine located in southeast California (e. g. deposit at
Mountain Pass). Smaller nations may benefit from localized deposits of individual
minerals. For example, Chile is the leading producer of mined copper and the sec-
ond-ranked producer of refined copper in the world. Peru was one of the top five
producers of mined copper, gold, lead, tin and zinc in the world and was among the
top five producers of tin metal. Mexico was among the top five producers of mined lead
in the world. Europe currently retains a modest position in world mining activity in
terms of scale of production and mineral reserves [9], however, together with Central
Eurasia accounting for 57 % of the world’s production of uranium, 54 % of lignite coal
and 42 % of potash.

Other mineral production is also without clear leadership. Titanium sponge
production and refined nickel metal accounted for 39 % of world production, slightly
less refined palladium (31%), chromite (26 %), ammonia (26 %), zinc metal (23 %),
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copper from secondary sources (22%), aluminum (35 %), lead (22%) and refined
platinum (20 %). Most ores are mixtures of extractable minerals and useless or worth
less rocky material known as gangue. Metallic minerals are often found in certain
associations within which they may occur as mixtures of a wide range of particle sizes
or as single-phase solid solutions or compounds. In order to produce metals, the ore
minerals must be broken down by the action of various process, either alone or in
combination, which can make the mining most economic.

7.3 Mining and enrichment

Mining is the first stage of the exploitation of a mineral resource. It can be
defined as the extraction of material from the ground in order to recover the ore.
The waste generated in this stage is mostly useless for the industry. The main
order of the stage is to provide a more concentrated material for the procedures
of extractive metallurgy. In the case of high-grade ores such as iron and bauxite,
with mineral contents higher than 359%, the ore is exported without processing
stage [11]. Unfortunately, in many cases, it is necessary not only to separate
valuable mineral from gangue, but also to separate valuable minerals from each
other. For example, porphyry copper ores are an important source of molybhde-
num and the minerals of these metals must be separated for separate smelting.
Therefore, the processing of lower grade ores required additional chemical (or
biological), physical (e. g. separation by gravity) and a combination of processes.
Comparing with chemical methods, the physical methods used in mineral pro-
cessing consume relatively small amounts of energy. However, this not a general
rule, and the important factor is deciding whether the treatment of the deposit is
profitable, especially if ore grades decline [11-14]. Mineral processing makes
lower smelter energy costs and lower slag production, but the treatment of
low-grade ores is uneconomical and technologically difficult, because of the
need to produce high-grade metals. Not only poor content ore threatens the
economy of the mining, but also a complexity of the rocky material. Mineral
ores commonly occur as mixtures of a wide range of particle sizes or as single-
phase solid solutions or compounds [15]. The metal content varies for various
ores, but should be enough to make metal extraction economic. Also the selec-
tions of additional processes such as beneficiation methods depend on the
mineralogy and chemical composition of the deposit.

7.3.1 Physical enrichment

Broadly speaking, separation processes can be divided into two main categories:
sizing separation and concentration separation. In some cases, sizing separation is
carried out with a view to obtaining a product which must meet a size specification.
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More importantly, however, sizing separation is applied to control the size of material
to be fed to other equipment. Such control is necessary because equipment has an
optimum size of material that it can handle in an efficient manner. The two basic
operations in a sizing separation process are classification and screening. The chief
objective of concentration separation is to obtain valuable minerals in more concen-
trated forms. The processes employed for accomplishing this objective rely on both
physical and surface chemical properties of the minerals. The main concentration
separation processes are gravity concentration, magnetic separation, electrostatic
separation and flotation.

Physical separation is the mainstay of industrial mineral processing. It is a
separation of the valuable mineral by exploiting differences in its physical char-
acteristics. Some mineral properties that may be exploited are size, shape, density,
magnetic susceptibility, electrical conductivity, or surface properties. For example,
the separation of minerals based on the difference in the specific gravity of the
valuable mineral to gangue and the fluid medium is gravity separation. Another
method based on natural or induced differences in magnetic susceptibility or
conductivity of the minerals is magnetic and electrostatic separation but the most
frequently utilized method is froth flotation which is based on the surface chemistry
properties of a mineral (Figure 7.2). The natural or modified surface property of a
mineral determines its ability to attach to an air bubble and float to the surface.
Physical separation methods are generally cost-effective, with regard to both capi-
tal and operating costs; therefore, the ever-varying grade and mineralogy are two
major challenges faced by physical separation of major ores.

Screening and classification
(shape and size; d > 0.04 mm)

Gravity separation
(specific gravity; d > 0.1 mm)

Electrostatic separation

. (electrostatic charge; 0.1<d<5 mm)
Separation

process . .
Magnetic separation

(magnetic properties; 0.1<d<1 mm)

Flotation
(surface properties; 0.001<d<1 mm)

Sorting
(colour, radioactivity; d<1 m)

Figure 7.2: Main types of separation processes.
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7.3.1.1 Flotation

Flotation is a selective process and can be used to achieve specific separations from
complex ores. Initially developed to treat the sulfides of copper, lead and zinc, the
field has been expanded to include platinum, nickel and gold-hosting sulfides and
oxidized minerals, such as malachite [16]. There are numerous factors affecting
flotation, from which the most important are particle size (separation of minerals
sized from 5 pm to 3.3 mm [17]), pulp density, air bubble size, agitation intensity,
conditioning time, particle surface charge, pH of slurry and type and amount of
reagent. Chemistry-based solutions play a pivotal role in flotation process. They
provide optimal metallurgical performance, especially in the scope of variability in
operational factors, comminution and mineralogy [18]. Flotation has also nowadays
found wide applications, particularly, in industrial wastewater treatment containing
mainly metal ions [19-21]. Especially, the development of froth flotation allowed the
exploitation of vast low-grade deposits which were previously uneconomical to treat.
The reagents used in flotation are usually divided into two categories: surfactants,
also known as collectors, and regulating or modifying agents. Surfactants are that
class of reagents which, thanks to their amphiphilic structure, create a hydrophobic
film on the mineral surface and thereby bring about the attachment of mineral
particles with the air bubbles produced in the froth. The surfactants of particular
importance in flotation may be classified as (i) monopolar and (ii) multipolar, but
each group is subdivided into (i) thio-compounds, which act mainly as collectors for
metallic sulfides; (ii) nonthio, ionizable compounds, which may act as both collectors
and frothers; and (iii) nonionic compounds, some of which act mainly as frothers,
while others act as depressants, flocculating agents and even as activators [22]. The
main collector groups are categorized as is shown in Figure 7.3.

The frother should not in itself be a strong collector and should work in the
presence of the other reagents necessary for flotation. An example of flotation with
innovative collector is the beneficiation of cassiterite fines from a tailing slime in the
Datun concentration plant using froth flotation process with benzohydroxamic acid
as collector, lead nitrate as activator and pine oil as frother [24]. The classification of
the reagents employed by the mineral industry as frothers is presented in Figure 7.4.

In recent years, several studies have been carried out on the use of biosurfactants
as flotation reagents [25-27]. Flotation with Thiobacillus ferrooxidans may provide a
novel approach to mineral processing in which the biological functions involved in cell
adhesion play a key role in the separation of minerals [28-31]. Also the effect of
Leptospirillum ferrooxidans on the floatability of chalcopyrite, sphalerite and pyrrhotite
was studied. It was found that in the case of chalcopyrite, the flotation rate signifi-
cantly increased in the presence of L. ferrooxidans [32]. Another paper indicated that
the higher rate of leaching with bacteria is due to the bacteria increasing the pH at the
surface of the pyrite [33]. The selective flotation of sphalerite from a sphalerite—galena
mineral mixture has been achieved using cells and extracellular secretions of Bacillus
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Collectors
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megaterium [34]. After flotation, the obtained concentrates required to be dried for final
processing. Dewatering methods are sedimentation, filtration and thermal drying.

7.3.1.2 Gravity separation

Gravity separation is based on differences in density between the minerals. This
technique uses the differential movement of mineral particles in water due to their
different hydraulic properties. It is widely used in processes of coal beneficiation and
in the preconcentration of metalliferous ores [15, 35, 36]. The introduction of the
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flotation process has caused the gravity concentration methods to lose much of their
importance. However, nonsulfide ores such as cassiterite, chromite and wolframite
and certain nonmetallics do not respond well to economic flotation, and so gravity
methods are still used for their treatment. Prediction of the applicability of gravity
concentration to the separation of mineral mixture can be done by the concentration
criterion, which is the ratio of differences between specific gravity of the heavy
mineral and fluid medium to the specific gravity of the light mineral and fluid
medium. Gravity separation is relatively easy when value of the ratio is larger than
2.5; however, a ratio lower than 1.25 makes the process not feasible. Most of metal
concentration usually consists of gravity separation, flotation or the combination of
both processes, and the choice among those methods depends on the mineralogical
characterization of the ore. In the case of gravity separation, the use of only this
technique was very rare; however, innovations over the last 25 years make the
gravitational preconcentration of low-grade ores possible [37].

7.3.1.3 Magnetic separation

The most economic and environmental friendly method to recover minerals is mag-
netic separation. This is a separation and capture of fine magnetic particles by the
magnetic force acting on the particles in a gradient magnetic field [38]. The principle
of the process is the selective adsorption of the magnetite material onto a mineral
surface, which makes it amenable to recover by the magnetic separation techniques
[39, 40]. An example of this is cassiterite (tin-based mineral), which is often asso-
ciated with traces of magnetite or wolframite that can be removed by magnetic
separators [41]. The separability of low-grade hematite from Tangshan was also
investigated via fluidized bed magnetizing roasting [42]. In this process, a low-
grade hematite is converted to strongly magnetic magnetite or maghemite, which
can then be recovered by low-intensity magnetic separation.

7.3.1.4 Electrostatic separation

Electrostatic separation is the method where property electrical conductivity is used
to separate out desirable mineral from mixture. Electrostatic forces are generated by
the action of an electric field on a charged particle. After contact with a conductor,
both conducting and nonconducting particles become polarized, but only conduct-
ing particles achieve an equipotential surface [43]. Electrostatic separation can be
applied for only a small number of minerals, e. g. rutile and ilmenite deposits. The
major application of electrostatic separation is in the processing of beach sands, coal
and alluvial deposits containing titanium minerals.

Although each of the methods is efficient individually, the recovery of metals
such as gold, tin, titanium, zirconium and certain rare-earth element minerals from
low-grade ore is investigated by combination of froth flotation process and magnetic
separation [44] or gravity, magnetic and electrical processes [45]. For example, the
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separation of xenotime uses a combination of gravity separation, electrostatic
separation and strong magnetic separation. However, flotation is always used for
fine grain xenotime [46].

7.3.2 Waste produced at physical enrichment stage

The exploitation of a mineral resource and it beneficiation (if required) produces
various types of waste, which composition depends on the used mining process.
Mostly, there are materials that must be removed to gain access to the mineral
resource. Waste rock is a permanently unused extractive product that is usually
stored for an indefinite period in a landfill that is usually located in the immediate
vicinity of mining. The amount of mining waste that can be deposited in a mining
center varies considerably and depends mainly on the selectivity of the mining
method. As a rule, opencast pits and quarries generate much more mining waste
than an underground mine. Most of the waste rocks are inert and therefore cannot
pose a significant threat to the environment, even if they are stored in large quan-
tities. However, waste generated in nonferrous metal extraction industries may
contain large quantities of heavy metals. Useless wastes from the extractive indus-
tries have therefore to be properly managed and additionally stabilized to prevent
leaching of hazardous metals. Table 7.1 shows the content of main component of the
exemplary mine waste rocks.

Waste from physical processing of mineral resources is one of the largest waste
streams. The above-described enrichment processes considerably increase the value
of the ore to allow economic smelting. However, the provision of clean concentrates,
with little or no contamination with associated metals, is not always economically
feasible, and this leads to loss as tailing. On the other hand, obtaining a very high-
grade concentrate from low-grade minerals is also combined with large amount of
waste.

Tailings are generated by the mineral processing of the ore (gravity, magnetic or
electrostatic separation, flotation). The structure and composition of waste vary
greatly from one process to another, e. g. as a result of milling and flotation they
are generally finely grained rocks in suspension in water [52]. Enrichment processes
are not fully efficient in performing the separation between minerals and worthless
material. The mineral concentrate produced still contains a significant percentage of
gangue as well as desirable metals remaining in the waste. The mineral processing
efficiency depends highly on the technology chosen and the specificity of the ore
deposits. However, it should not be forgotten that metal recovery often needs to be
adjusted to the desired metal grade and economy of production [16]. The stored
tailings still contain valuable metals and can become material of economic value.
Solid tailings may also contain fines and slimes which may affect the stability of the
landed waste and thus constitute a potential environmental problem. The long-term
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Table 7.1: Example composition of waste rocks.

Mine, country Component (wt. %) Ref.
Aitik Cu Mine, Boliden Mineral AB, SiO, (60-65), Al,05 (15), CaO (3-5), MgO (2-3), Na,0 [47]
Sweden (1-2), K,0 (5-6), Fe (5-7), S (0.7-2), Cu (< 0.2), Zn

(< 0.1), TiO, (< 0.7), MnO (< 0.4), BaO (< 0.6)
Antamina Copper-Zn-Mo Mine,  Marble S (1.17), Fe, (3.48), Ca (18.4) and in ppm Cu [48]
Peru (680), Pb (840), Zn (479), Sb (3.84), As (44), Mo

(43.8); Hornfels S (0.24), Fe, (0.29), Ca (35.3) and in
ppm Cu (162), Pb (160), Zn (401), Sb (5.95), As (20),

Mo (5.5).
Libiola Fe—Cu Sulfide Mine, SiO, (37.1), Fe,05 (36), Al,05 (9.1), Ca0 (0.9), MgO [49]
Eastern Liguria, Italy (14.4), TiO, (1.9), S (0.8), Na,0 (0.3), P,05 (0.2), Cu

(<0.2), Co (<0.01), Zn (<0.03), MnO (<0.1), Cr (<0.1), V
(<0.03), Cd (<0.002), Ni (<0.1)
La Mine Doyon, Quebec, Canada Al (3.3), Ca(1.2), Fe (3.2), K (< 1) Mg (3.1) Mn (0.05), Na [50]
(2.7), Si (34.2), S (36), Ti (5.4), Cr (0.1), Co (< 0.01), Zn
(< 0.01), Pb (< 0.002), Cu (< 0.001)

Complexo Minero-Industrial de Al,05 (29.5), K50 (8.3) SiO,, (47.9), Fe,05 (5.5), CaO [51]
Pogos de Caldas (CIPC), Minas (0.03), MgO (0.1), TiO,, (0.6), Zr0, (0.3), P;05 (0.2),
Gerais, Brazil Na,O0 (< 0.1), Ba (>0.1), As (<0.1), Mo (<0.1), Pb (<0.03),

V (<0.1), Cr (<0.01), Zn(<0.01), Sr (<0.1), Y (<0.01).

management of tailings is also a concern because expensive long-term maintenance
is not desirable. For example, wastes generated in Black Swan Nickel Mine and Silver
Swan tailings (deposited in the Silver Swan Tailings Dam Storage Facility) are
produced in 58,000 t/a and Cygnet tailings (deposited in the Cygnet Tailings Dam
Storage Facility) are produced approximately in 325,000 t/a [53, 54]. The annual
tailing deposits at “Zelazny Most” (“Iron Bridge”) (Europe’s largest tailings pond,
Figure 7.5) are estimated at 20 to 26 million tons and in 2012, the total volume of waste
was 522 million m>. Due to content of Cu and Zn (0.55% and 0.25 %, respectively)
“Zelazny Most” may be considered as a source of further processing.

The residues from the metal recovery process are tailings consisting mostly of
silicate minerals but also contain sulfide minerals, since a metal recovery of 100 % is
not possible. The Silver Swan tailings compose 40 % of pyrite and 60 % of gersdorf-
fite, which suggests that the waste material may contain economically viable con-
centration of cobalt. Molybdenum mining is also a source of valuable tailings. The
main commercial source of molybdenum is molybdenite, together with other metals,
e. g. Pb, Ni, W, Cu and Re, which is present as low-grade ores. Generally, molybde-
num concentrates are obtained by selective flotation but the generated tailings still
contain Mo, Pb and Cu [55, 56]. Iron ore tailings have been of great importance as
secondary resource, especially as cement replacement, filling goaf and using as
magnetization fertilizer [5, 57, 58]. Moreover, utilizing iron ore tailings to produce
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Figure 7.5: Flotation tailings stored in the tank “Iron Bridge” (Copyright Pawet Litwin).

the building materials is a more effective solution for their resource recovery and
management. The major chemical composition of the example tailings is presented in
Table 7.2.

Cyanide tailings usually have high content of hazardous materials, which could
cause environmental pollution. Iron content of cyanide tailings is high, and the
processing of cyanide tailings as a secondary resource rather than waste has become
a more attractive route for sustainable production on account of the depletion of iron
ores and rapid rise of metal prices [64—67].

The next stage of metal production involved the smelting of ore concentrate. This
is a melting operation in which the constituents, in the molten condition, partition
into two or more phases, which may be slag, matte, speiss or metal [68]. In the
smelting process, the valuable components of a resource material enrich one molten
phase, whereas the gangue and other impurities are discarded in another, called the
slag phase. The different types of smelting are reduction smelting, matte smelting
and flash smelting. The principal objective of reduction smelting is to separate
nonferrous base metals into a highly concentrated liquid phase and iron in the
form of a discard slag containing low concentrations of nonferrous metals. Matte
smelting is a heating of a concentrate to a desired temperature and oxidizing con-
tained Fe to generate a molten matte and slag (mostly obtained matte is a molten
mixture of sulfides). Flash smelting is oxygen-autogenous process, in which the
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Table 7.2: Composition of tailings generated in mining process.

Mine, country Components (wt.%) Ref.

Boliden Mineral AB, Sweden Fe (19.8), Si (15.7), Mn (6.4), Al (4.5), Mg (4.1), Ca [59]
(2.2), K(0.7), Na (0.3), P (< 0.1), Ti (0.2), elements in
ppm: S (178,000), Zn (5,290), As (2,960), Pb (1850),
Cu (640), Zr (94.8), Co (57.8),Cr (36.2), Sr (43 the,7,V
(40.7) and Y, Sc, Ni, Mo, La, Hg, Be below 15 ppm.

Molybdenum Ore Plant, Henan, Pb (24.8), Mo (2.24), S (23.6), Fe (12.6), Si (12.9), Ca [36]
China (3.45), Cu (0.77), Na (0.23).

Anshan Iron Ore Processing Plant, SiO, (47.4), Fe,05 (24.2), Al,05 (7.4), CaO (8.9), MgO [6]
Liaoning, China (0.1), Na,0 (0.3), K,0 (0.7) or Si0, (73.3), Fe,05 (11.6),

A1203 (4.1), Cao (3.1), MgO (4.2), Na20 (0.4), K20
(0.95), TiO; (0.2), SO, (0.3), P,05 (0.2), MnO (0.3)

Handan-Xintai Metallurgy Bureau, SiO, (82.3), Fe,05 (14.7), Al,05 (0.8), CaO (0.6), MnO [5]
Handon, China (0.03) TiO, (0.02)
Musselwhite Gold Mine Ontario, SiO, (50.8), Al,05(8.9), Fe,05 (29), MnO (0.4), MgO [60]
Canada (3.4), Ca0 (3.2), K,0 (0.8),Na,0 (0.02), P,0s (0.2),

Cr,05(0.02), TiO, (0.5)
Copper Concentrator Plant, Mn (12.3), Pb (5.7), Fe (3.4), Cu (1.7), Ni (1.3), Ca (1.3), [61]
Katanga, Congo Cd (0.01), Co(0.6)
Hcnan Zhongyua Gold Smelter, Au (5.6), Ag (50), Fe (27.7), SiO, (23.9), Al,05(6.35), [62]
Sanmenxia, China B,05(3.96), SO (5.37), CO, (23.5), CaO (2.6), Na,0

(1.8), K,0 (1.4), Mg0 (0.9), PbO (0.5), TiO, (0.5), ZnO

(0.5)
Tailings from flotation operations, Ni (0.27), Zn (0.57), Cu (0.14), Fe (52.9), S (28.7), Mg [63]

Sudbury basin in Ontario, Canada (0.8), Al (1.5), Si(4.8), Ca (1.1)

oxidized sulfide enables to reach reaction temperature and melt the feed material.
This type of smelting enables to raise the matte grade up to white metal and finally
reach blister copper instead of matte.

Metal slags generated from metallurgical processes are a group of promising
recyclable sources of metal. The main example is copper slag which is produced
during matte smelting and converting steps of copper production (2.2 t of slag is
generated with 1 t of copper). Slags containing copper are either treated as waste or
sold as value products, e. g. copper slag with a low content of CaO exhibits pozzolanic
properties, but with much higher content it exhibits cementation properties and can
be used as a replacement for Portland cement. Copper slag usually contains a certain
quantity of valuable metals, such as copper, nickel, cobalt and iron [69]. Another
example is slag generated during smelting of laterite concentrate to ferronickel [70].
The feed material for ferronickel production is moist saprolite, a type of laterite,
which contains 1.5-3 % Ni, while the refined ferronickel, being suitable for making
stainless steel and other ferrous alloys, contains 20—-40 % Ni and 80—-60 % Fe.
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As it has been known, ore deposits usually contain several types of metallic
minerals and valuable nonmetallic minerals are also associated (e. g. fluorites and
barytes). However, they may not be present in sufficient amounts for their extrac-
tion to be economic. When these minor minerals are found in the concentrate, they
are considered as impurities by metallurgists and are rejected in the slag. The
same situation is when polymetallic ore mine is considered, when several ele-
ments are present at economic levels. In this case, the metal production requires
separation of each concentrate, while other metals are treated as impurities [52].
In many old copper, iron and tin mines after pyrometallurgial procedure the ore or
concentrate was also burned or smelted nearby to produce high-pure product
simultaneously producing slag heaps which can be currently valuable source of
metals. Most of the copper produced in the world is coming from sulfide ores that
require oxidation at high temperatures. However, high-temperature metallurgical
processes produce large quantities of slags, and this constitutes one of the main
by-products of the metal production. The copper concentration in the discarded
slag ranges from 0.2 and 15 % and depends upon many factors such as the type of
ores processed, the type of furnaces and the cooling methods (Table 7.3). Also
other valuable metals, such as nickel and cobalt, are present in slag partially due
to entrapment of matte in sulfides. Some of them are dissolved in slag as oxides
chemically bound with silica in fayalite or magnetite as lattice substituent [71].
However, with the increasing of oxygen enrichment during matte smelting, the
proportion of metal oxides entrapped in smelter slag continuously increased.
Especially cobalt, which resembles iron in terms of chemical properties, exists
in slag predominantly in the oxide form [72]. In smelting and converting stages,
the concentration of silica in the slag close to saturation is conducive. Avoidance
of excessive oxidizing conditions is an additional conducive point. This inhibits
the formation of magnetite, which makes the slag viscous, but when copper slag is
crystalline, the major phases are usually fayalite along with other silicates. The
conversion process removes Fe, S and other impurities from copper matte, thereby
yielding Cu of high purity (99 %) and the slags containing significant amounts of
the metal (2-15%). The slag formed as a by-product of the copper matte smelting
in a water-jacket furnace is essentially a mixed oxide phase and contains also
copper and iron sulfides drawn mechanically but not dissolved. In some plants,
flash smelting furnace slag (1.6-2 % Cu) and converter slag (5-7 % Cu) are cleaned
in an electric arc furnace, where coke is used as a reductant and copper content of
waste slag decreases to 0.5-0.8% [73-76]. A similar procedure was used for
copper smelting slag lying in the Kiire region in the northern part of Turkey [77].
This ancient slag was subjected to carbothermic reduction to produce a Fe—Co-Cu
alloy [78] or was reduced with coke/graphite in a DC arc furnace to yield a liquid
alloy that was rich in iron, containing about 3.8 % Cu, 3.3 % Co and 2.15% S [79].
Table 7.3 presents the major chemical composition of slags generated in mining
process.
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Table 7.3: Composition of slags generated in copper mining process.

Type of slag Mine, country Components (wt.%) Ref.
(technology)
Copper smelter slag Lubumbashi plant, Si0, (31), Fe0 (29), ZnO (10), [80]
Congo (water-jacket Al,05 (7), Ca0 (10), MgO (5), Co
furnace) (2), Cu (1.4),S (0.6), PbO (0.5)
Smelter slag Khetri copper plant, Cu (1.8), Ni (0.2), Co (0.2), Fe [81]
Rajasthan, India (46.5), Ca(2.1), Mg (0.97), Si
(33.6), Al (1.6)
Converter slag Ghatsila copper plant, Cu (4.0), Ni (2.0), Co (0.5), Fe [82]
Bihar, India (38.3), Ca(4.1), Mg (2.7), Si
(34.3), AL (0.1)
Copper smelting Slag Kiire, Kastamonu Fe (51.5), Si0, (21.3), S (1.7), Cu [83]
Turkey (0.98), Co (0.5), Zn (0.2), Ni
(0.004)
Copper—cobalt smelting Yanggu Xiangguang Fe (41.5), Si0, (24.7), Ca0 (5.3), [84]
slag Copper Co., Shandong, Al,05(2.9), Cu (1.4), Co (0.7), S
China (0.7), Mg (0.6)
Converter slag Ergani Mining Co., Cu (2.6), Ni (0.05), Co (0.4), Fe [85]
Turkey (52), Zn (0.4), S (4.9)
Smelter slag INCO’s flash smelting ~ Cu (0.6), Ni (0.6), Co (0.2), Fe [70]
furnace in Sudbury, (38.6), Ca(1.1), Mg (1.7), Si (17.4),
Ontario, Canada Al (2.5), Mn (0.03), Ti (0.15), S
0.9)
Smelter slag Mount Isa Copper Cu (3.7), Co (0.3), Zn (0.44), Fe [86]
Smelter, Australia (50), Si0, (22.5), Al,05 (1.14), S
(1.6), As (0.05), Pb (0.2) Ag (2
ppm)
Reverberatory slag Refimet Division, Chile Cu (1.2),Fe (32.2) * [87]
Reverberatory slag Sarcheshmeh, Kerman- Cu (0.66), Fe(38.3), S (1.3), Zn [88]
Iran (2.4), Ti (0.77), Mg (0.16), CaO
(8.4), Si0, (39), AlL05 (6.1)
Smelter slag El-Maady Co., Cairo, Cu (20.7), Zn (1.3), Fe (11.4)* [89]

Egypt

*Other components have been not reported.

7.3.3 Chemical enrichment of low-grade ores

Low-grade ores having uneconomical grades mostly remain in the “waste” category,
then are stored or used for blending with profitable ore, or are chemically leached by
using selected lixiviants. The leaching involves the use of aqueous chemistry also
assisted by oxidizing agents. Unlike physical separations, this technique is capable of
yielding solutions of relatively pure metal ions, which usually can be further recov-
ered using other procedures e. g. precipitation, solvent extraction, electrowinning
and adsorption. Chemical treatment of ore or mineral waste is a heterogeneous
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reaction that takes place at the interface between a solid and liquid phase. The
leaching of the mineral generates immense quantities of unless waste. That is
because the amount of recoverable metal is generally just a small fraction of their
total mass. The leaching process can be divided into two distinct types: In situ
leaching (removal of the valuable components of a mineral deposit without physical
extraction), dump leaching (leach solution flows by gravity through the dump pile),
heap leaching (leaching of low-grade ore that has been crushed and deposited on a
specially designed pad), pressure leaching (combination of elevated operating tem-
perature and oxygen overpressure), leaching in vats and the most aggressive leach-
ing agitation leaching. The optimum result in leaching is not only combined with
leaching process conditions but also with pretreatment stage, mostly mineral con-
centration and thermal pretreatments. Mineral concentration is carried out by using
any one or combinations of physical beneficiation processes such as magnetic and
electrostatic separations and flotation, while the thermal pretreatment also includes
a sulfatizing, chloridazing, alkali or reducing roasting [90].

In situ leaching has many environmental advantages over conventional mining
because it generates less waste material and causes less surface disturbance [91]. The
major environmental concern is postmining water quality. For example, in situ
uranium leaching process selectively removes uranium and leaves most of the
dangerous radioactive by-products in the ground [16]. The leaching may also
take place in backfilled stopes or caved areas (in place leaching); however, this
method is used where the permeability of the material has been enhanced through
low-intensity blasting, hydraulic fracturing and chemically induced dissolution of
gangue material [92]. So far, both in situ leaching and in-place leaching have only
been commercially used for copper and uranium, but in case of the uranium mining
the in situ leaching states 20 % of the total global uranium production [93]. Although
lixiviants are available to leach various copper oxide and copper sulfide minerals,
attempts at in situ leaching of copper in pristine formations have been very difficult
because the leaching solution has not been able to adequately contact the ore
minerals in the rock. The most successful in situ copper leaching has been in ore
bodies that had been previously mined or broken by detonation [94-96]. In this
method, an aqueous leach liquid is pumped into the area along with oxygen. In those
instances wherein a substantial amount of pyrite is contained in the ore which is to be
leached, the oxygen reacts with the pyrite to form sulfuric acid and ferric sulfate.
Usually underground deposits of copper contain insufficient amounts of pyrite to
generate sufficient sulfuric acid and ferric sulfate necessary to leach the copper from
the deposits; therefore, this technique requires the increase the permeability of
underground formations and mine waste dump formations. The increase in perme-
ability can be achieved by using rubblize rock during conventional mining or by
using hydraulic fracturing techniques [97].

The development of heap leaching and dump leaching technologies for low-
grade ore has extended the world’s ore resource base considerably. The processes
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were developed by the copper industry and have been extended to uranium and gold.
Mining and milling operations, in general, leave behind numerous waste rock
dumps, and these may bear significant amounts of metal value. One method of
recovering such values is dump leaching, and this concept has been very useful in
the recovery of copper from the huge dumps made of mined waste. In leaching dumps
of copper sulfide using water and air copper passes into solution as copper sulfate.
Leaching of low-grade or other waste material from open pit mines is already an
important process. Especially, copper minerals such as chalcopyrite, chalcocite and,
to a lesser extent, covellite and bomite are leached in dump. A site suitable for dump
leaching must have surfaces impermeable to leach liquor and topography that makes
it convenient to collect pregnant liquor at low points. In heap leaching, mined low-
grade ores are broken and piled into relatively small heaps on impervious ground or
on a concrete or asphalted surface with drainage channels and pipes to carry away
the pregnant solution to a collection pond. A major advantage of heap leaching is the
elimination of crushing process.

Pressure leaching is a well-established hydrometallurgical processing alterna-
tive for gold [98], copper [99], nickel, cobalt [100] and platinum group elements [101].
Pressure leaching, high-pressure leaching and pressure oxidation are conducted in
an autoclave at carefully controlled temperatures and pressures. This type of leach-
ing requires handling and grinding of all run-of-mine ores and disposal of tailings in
impoundments. Pressure leaching involves a large capital investment and higher
operating costs, but yield high recovery rates from difficult, complex or refractory
ores. Mineral ore can be also chemically treated in open tanks under atmospheric
pressure conditions to extract metal salts from the ore at an accelerated rate. This
technique, called as tank leaching, requires handling and grinding of all run-of-mine
ores and disposal of tailings. Tank leaching technique has been widely used in
mining for the recovery of gold and silver (Merrill-Crowe Process [102]).

7.3.3.1 Leaching of low-grade Ni-Co ores

Production of nickel from saprolite or laterite through pyrometallurgial methods is
highly energy intensive, e. g. the production of ferronickel from laterite requires high
temperatures due to the high melting temperature of both the ferronickel and the slag
[103]. Therefore, for this type of ores, the wet methods are recommended. Laterite
hydrometallurgy is based mainly on leaching of limonite or smectite ores [104]. High-
pressure acid leaching (HPAL) is usually used to treat limonite with the advantage of
high Ni recovery. At these temperatures, the iron precipitates from solution as
hematite, leaving a solution containing nickel and cobalt. Next, the cooled slurry is
then preneutralized and sent to a countercurrent decantation circuit, where the
solids and liquids are separated (removal of impurities such as Al, Cr, Cu, Fe, Mg,
Mn and Zn). The impure leach solution is further neutralized to remove more con-
taminants. Atmospheric tank leaching as one of hydrometallurgical process for
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laterite is used to treat saprolite, even though the Ni recovery is lower than that of
HPAL. Until now, there are only two commercial plants in mineral industry operating
full-scale heap leaching of nickel laterite ores, the Murrin Murrin [105] and Caldag
operations (Caldag Nickel laterites) [106]. The Murrin Murrin operation in Western
Australia includes a satellite heap leaching circuit producing 2,000 t/a nickel from
scats). Piaui Project is under development in Brazil by Brazilian Nickel based in the
UK [107, 108]. In this process, the ore containing 1.0 % Ni and 0.05 % Co is amenable
to sulfuric acid heap leaching which produces a pregnant leach solution containing
nickel, cobalt (extraction above 80 %) and other metal species. The leach solution is
then treated in a simple precipitation circuit where limestone is added to remove iron
and other impurities. The remaining solution is then passed through an ion-exchange
process which separates and concentrates the nickel and cobalt solutions which are
then precipitated as high-purity nickel and cobalt hydroxide. Starved acid leach
technology (SALT) [109] is another process developed to recover nickel and cobalt
from low-grade mineral materials. SALT was developed and patented by Search
Minerals of Canada to recover nickel and cobalt from Caron Plant tailings from the
Votorantim plant at Niquelandia in Brazil and from below cutoff grade saprolite
samples from PT ANTAM’s Pomalaa deposit in Indonesia. It consists of atmospheric
tank leaching using a relatively small amount of sulfuric acid to selectively extract
nickel and cobalt. In the case of the saprolite ore containing 1.33 % Ni, 0.02% Co,
8.1% Fe and 17.2 % Mg, the conducted tests indicated optimum conditions enabling
the extraction of Ni in 57.9 %, Co in 65 %, Fe in 10 % and Mg in 46.5 % using sulfuric
acid with a rate of 350kg/t of dry ore. The overall extraction of Ni and Co as
hydroxides was predicted to be greater than 99 %. Atmospheric leach process for
the recovery of nickel and cobalt from limonite, saprolite and mixed ores has also
been used in the Promeca/Norilsk Process (developer: Promeca Consulting and
Norilsk Nickel in Finland) [110]. It is a two-stage countercurrent leach process using
sulfur dioxide and concentrated sulfuric acid. The first step involves a reducing
atmospheric tank leach with sulfur dioxide and sulfuric acid solution returning
from the second stage. The sulfur dioxide reduces trivalent iron, manganese and
cobalt coming from the second stage to bivalent soluble sulfates. After solid-liquid
separation, the solids are treated in a kiln or pug mill-type second-stage reactor with
hot concentrated sulfuric acid to complete the leaching.

In the Taganito HPAL Plant Project, the wet-screened laterite ores are preheated
up to 200°C and then leached in autoclave using 98 wt.% H,SO, [111]. After HPAL
stage, the leach slurry is neutralized by using limestone slurry, and then sent to
decantation circuit for residue washing. The washed leach liquor is again neutralized
with limestone slurry, and this stage enables impurity removal (iron, aluminum and
chromium). Zinc, as a major impurity, is precipitated ZnS (sulfidization with H,S).
The Zn-free pregnant liquor is sent to the sulfidization circuit for the complete
precipitation of nickel and cobalt (final recovery over 99 % of nickel and cobalt).
The project has also considered the waste liquor utilization. The liquor is again
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neutralized and recycled back to the plant to be used in the production of limestone
slurry.

The Neomet Process has also been developed by Neomet Technologies to recover
Ni and Co from limonite and saprolite ores [112, 113]. It is an atmospheric hydrochloric
acid leaching process coupled with a pressure system to regenerate the HCl. Nickel
and cobalt extractions are high (>90 %) and no secondary neutralization is required
to eliminate residual iron. Nickel and cobalt are recovered as basic chlorides, which
can be further processed to metals or calcined to form oxides. Iron and magnesium
oxides are possible by-products.

Limonite-type laterite is also treated in the Caron Process which is more effective
by involving reduction roasting of the ore followed by ammonia leaching [114]. In this
process, the dried ore is fed to reduction roasting stage, where it is gradually heated
to 700-900°C under a reducing atmosphere. After reduction, the resulting material is
cooled at 120 °C-150 °C under inert atmosphere to prevent re-oxidation of the nickel
and other desired metals. After cooling, the roasted ore is sent for ammoniacal
leaching, where metallic nickel is oxidized and dissolved. In this technology, 80-85 %
Ni and 20-30 % Co can be extracted. The remained leaching residues contain less than
0.5% Ni and 0.1% Co. The conditions and results of selected leaching stages of Ni-Co
ores are presented in Table 7.4.

7.3.3.2 Leaching of low-grade copper containing ores

Up to the present time, smelting technology remains the only commercially viable
copper recovery route from low-grade copper ores; however, since smelting remains
relatively expensive, alternative, more economical and less environmentally harmful
chalcopyrite treatment processes are still being sought. Hydrometallurgical proces-
sing of low-grade copper ores (constituting of combination of crushing, leaching,
solvent extraction and electrowinning) contributes about 20 % of annual copper
production. Especially, secondary copper sulfides are the most profitable copper
ores and numerous lixiviants processes for the leaching of copper from chalcopyrite
concentrates have been proposed and patented [119]. Using acidic sulfate-based
chemical systems, the main processes enabling copper extraction from chalcopyrite
have been developed and patented. The main example is the process developed for
treatment of Hudson Bay Mining and Smelting copper concentrates for possible
replacement of the existing smelting operation at Flin Flon (Manitoba, Canada).
This process involves oxidative leaching of chalcopyrite in autoclaves at 150 °C (the
reaction may also be conducted at 90 °C) with an oxygen overpressure above about
400 to 750 kPa, H,SO,, at concentrate of 120-150 g/L and using coal in an amount of
25 kg per ton of concentrate as an effective antiagglomerant [120]. It was shown that
the extraction of copper in the presence of the antiagglomerant was 98 %, with
calcium lignosulfonate 71% and without the antiagglomerant 49 %. Moreover, the
unleached sulfide is removed to the leach after the floating. The consortium of Anglo
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Table 7.4: Leaching conditions and results of selected leaching stages of Ni-Co ores.

Plant, country Ore grade Leaching conditions Ref.
and type of
leaching
Caldag pilot ~ Ore grade Atmospheric heap leaching process (HL) with H,S0, (528 [106, 115]
plant, Turkey 1.13 % Ni kg/t) at ambient temperature and duration 548d Results:
0.07% Co extraction Ni (79 %), Co (83 %), Fe (30 %), Mg (79 %), Al
HPAL or HAL (37 %). High-pressure acid leaching with H,S0, (528 kg/t)
at 250°C and duration 1 h. Results: extraction Ni (94 %), Co
(94 %), Fe (1.7 %), Mg (84 %), Al (51 %) and 82 % Mn
Taganito Ore grade: Wet-screened laterite ores are preheated up to 200°C and [111]
HPAL Plant 1.26 % Ni leached in autoclave using 98 wt.% H,S0,, T=240-250°C.
Project, 0.089% Co  Pregnant leach solution containing about 6 g/L Ni, 0.5 g/L
Philippines HPAL Co and 30-50 g/L H,S0,.
Murrin Murrin  Ore grade: Leaching with H,SO, condition: concentration 50-65 g/L [105]
Plant Project, 1.01% Ni Results: Ni and Co extraction in 92-95 % after 70-90 min
Australia 0.074% Co  leaching (HL required 150-200 days).
HPAL and HL
Neomet Ore grade Leaching with HCl (600 kg/t) at 100-110°C under atmo- [113]
Process, 1.72 % Ni spheric conditions. Results: Ni and Co extraction in 99 and
Canada 0.03% Co 91% after 30 min of leaching other ingredients in 96 % Fe,
HPAL 50 % Al, 82 % Mg and in 7% Ca. Fe and Al are removed
during HCl regeneration
Yongtong Ore grade: Leaching with HNO3 condition: HNO5 concentration:130 g/L; [116]
Plant, Henan, 0.8% Ni nitric acid/ore ratio: 0.38 g/g; particle size: 150 pm (100 %);
China, 0.07 % Co pulp density: 32.5 wt.%; leaching temperature: 190 °C;
NAPL leaching duration: 60 min. Results of extraction:
Ni = 84.5%, Co =83.9%, Fe=1%
Coral Bay Ore grade: Ore slurry (1.26 % Ni, 0.09 % Co, 2.21% Mg and 8.15 % Si) [117]
Nickel HPAL  1.26 % Ni is preheated up to 200 °C. Using 99.8 % H,S0, the leach-
Plant 0.09% Co ing reaction is carried out on 245 °C and 4 MPa. Results of
Palawan, HPAL extraction: Ni = 55-58 %, Co = 4-5%
Philippines
Coron Ore grade: Reduced ore (reduction roasting at ~750 °C) is cooled and [118]

Processadop- 1.6 % Ni
ted by QNI Pty 0.15% Co
Ltd (QNI),

Yabulu,

Australia

then leached in ammonia/ammonium carbonate liquor at
atmospheric pressure. Product liquor contains 10-12 g/L
Ni and 0.6 g/L Co or after mixed nickel-cobalt hydroxide
processing 23 g/L Ni and 1.1g/L Co. Results of extraction:
Ni = 80-82 %, Co =50-60 %

American Corporation and the University of British Columbia has developed a med-
ium pressure oxidation process, in which the molten sulfur was dispersed in the
presence of a surfactant [121]. The Mt Gordon Copper Process treats chalcocite/pyrite
ore or concentrate through two autoclaves operating at around 90°C [122]. The ore is
leached with pressure oxygen in acidic raffinate from solvent extraction. After solid/
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liquid separation and washing of leach residue, the pregnant leach solution is
directed to solvent extraction. Peroxide as an oxidant for the sulfuric acid has also
been tested as an effective route for copper and zinc recovery from Nigerian complex
sulfide ore [123].

Recovery of value metals through bioleaching process is a very common techni-
que and is gaining importance in the field of waste treatment [124]. In bioleaching
process, minerals are biooxidized through the action of microbially generated inor-
ganic acids such as nitric and nitrous acids, sulfuric and sulfurous acids and carbonic
acid. Both chemolithotrophic and heterotrophic microorganisms play an active role
in the solubilization of metal ions [125]; however, Acidithiobacillus (At.) ferrooxidans
is the dominant bacterium responsible for metal sulfide solubilization and works
mainly via enzymic oxidation of the ferrous irons. Especially microbial leaching of
copper ores is becoming increasingly important in copper extraction and it is esti-
mated that annually 5-10 % worlds copper output is recovered though bioleaching
processes. In the case of polymetallic concentrates, hybrid processes comprised of
chemical leaching and bioleaching seems to be adequate but limitations due to low
extractions and low kinetics with mesophiles have limited its implementation on
commercial scale.

GEOCOAT Process (GeoBiotics, Colorado) was initially developed for biooxida-
tion of refractory sulfide gold concentrates and to the bioleaching of copper, nickel,
cobalt, zinc and polymetallic base metal concentrates. Mesophilic bacteria are typi-
cally used, except for the processing of chalcopyrite concentrates, where the higher
temperatures associated with the use of thermophile microorganisms have proven
highly beneficial in increasing the rate and extent of copper [126].

The purpose of Alliance Copper (a joint venture company formed between BHP
Billiton and Codelco) was to exploit the BloCOP™ technology, which was commercial
demonstrated at the Chuquicamata Mine in Chile, with a design production rate of
20,000 t copper per annum [127]. The process utilizes thermophilic microorganisms
operating at temperatures up to 80°C to leach copper sulfide mineral concentrates.
Leaching of chalcopyrite concentrate is complete within 10 days. The copper is
subsequently recovered by conventional solvent extraction and electrowinning,
producing a high-value copper metal product. Example of microorganism participa-
tion in the leaching is also Brisa process (Biolixiviacion Rapida Indirecta con
Separacion de Acciones: Fast Indirect Bioleaching with Actions Separation), which
was developed for the copper recovery from chalcopyrite concentrates [128]. Two
copper concentrates (with a copper content of 9 and 10 wt.%) with chalcopyrite as the
dominant copper mineral have been leached with ferric sulfate at 12 g/L of ferric iron
and pH 1.25 in agitated reactors using silver as a catalyst. Liquors generated in the
chemical leaching were biooxidized for ferrous iron oxidation and ferric regeneration
with a mixed culture of ferrooxidant bacteria. The participation of thermophilic
microorganisms has also been proposed by Mintek and its partners, Industrias
Pefioles S.A. de C.V. of Mexico and BacTech. The successfully demonstrated plant
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was commissioned and operated in Monterrey (Mexico). It was a bioleaching (at
45°C) of a Cu-Zn concentrate containing high levels of Ag [129, 130]. The Ag was
recovered from the bioleach residue using hot lime treatment followed by cyanida-
tion. Recoveries of >93 % Cu and 96 % Zn was obtained at a concentrate feed rate of
2.7 t/day, provided the concentrate was milled to 100 %.

Example of the bioheap leach treatment of run-of-mine low-grade copper sulfide is
the Escondida Sulfide Leach Project (Figure 7.6), which treats the material extracted as
waste under the current mining operations [131]. Metallurgical testwork carried out to
date has included a 300,000 t test dump and have confirmed very high extrability of
copper. Finally, according to the production plan, the low-grade ore feed will be dumped
onto an engineered pad located to the northeast of the Escondida pit and to the south-
east of the future Escondida Norte pit, next placed onto the leach pad.

Figure 7.6: Escondida copper mine located in Northern Chile (the material is reproduced with the
permission of BHP (Source: BHP)).

The use of hybrid sulfate—nitrate systems to copper recovery from low-grade ores has
also been studied, but only nitrogen-species-catalyzed (NSC) sulfuric acid pressure
leach has ever been built and operated successfully on an industrial scale [132]. The
application of NSC oxidative pressure leaching was tested on a low-grade nickel-
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copper sulfide concentrate composed of pyrrhotite, pentlandite and chalcopiryte and
resulted in the Cu and Ni dissolution while elemental sulfur and iron oxide remained
in the residue. Another application of the NSC oxidative pressure leaching was tested
on chalcopyrite concentrate and an arsenic-bearing copper concentrate on a labora-
tory scale. Researchers at Kennecott Copper in Utah built a pilot plant for treating
copper concentrate with a nitric—sulfuric acid mixture and concluded that the pro-
cess was feasible but not economical because of the incomplete regeneration of
HNOs. Another example is the Kennecott Copper pilot plant in Utah which involved
a mild oxidative pressure leach in sulfuric acid to which a small amount of HNO; was
added [133]. The addition of chloride to sulfate has also been considered to improve
the copper dissolution in leaching solution. In the chloride-sulfate system, the
leaching rate of chalcopyrite is significantly faster as compared to the leaching in
pure sulfate media and that effect has been attributed to changes in the morphology
of the elemental sulfur produced, as well as changes the speciation of both copper
and iron through the formation of Cu- and Fe-complex chloride ions in concentra-
tions reflecting the overall solution composition [134].

Example of the chloride-sulfate leaching process is the Cuprochlor, in which
secondary sulfide copper ores, mainly of the chalcocite type, are leached. In this
process, dissolved calcium chloride is added in addition to water and sulfuric acid.
The CaCl, immediately reacts with the acid to produce calcium sulfate acting to
agglomerate, while chloride ions permit high cuprous ion concentration in the
solution [135]. The PLATSOL™ process is applied to process mixed base and precious
metal sulfide concentrates containing copper, nickel, cobalt, platinum, palladium,
gold and silver [136]. The processing of a bulk concentrate enables to produce copper
cathode, a precious metal precipitate (Au, Pt, Pd, Rh, others), as well as nickel and
cobalt cathode. The PLATSOL™ process treats concentrate under total oxidation
conditions at 225°C and at overpressure of 100 psi/g of oxygen and with the addition
of NaCl in concentration of 5g/L. The conditions and results of selected leaching
stages of copper ores are presented in Table 7.5.

Treatment of copper ore and copper sulfide ores at low temperatures in chloride
leaching systems is a promising method of dissolving. The majority of those pro-
cesses targeted the processing of copper concentrates and were operated at atmo-
spheric pressure and at temperatures approaching the boiling point of ferric chloride
solutions. In chloride leaching system, acidic oxidizing solutions containing chloride
salts are employed as lixiviants. Chloride is proposed to act as the active agent in the
dissolution process, while ferric and cupric chloride act as oxidant for chalcopyrite.
The strong interest in chloride systems is combined with much higher solubilities of
iron and other metals than in sulfate system, enhanced redox properties and the
faster leaching kinetics of sulfide ores. Very important is also the precipitation of
sulfur in an elemental form and reduction of role of pyrite [139].

Sumitomo Metal Mining Co., Ltd has developed a new technology to recover
copper from its ores. Concentrate leaching technology, in conjunction with a
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Table 7.5: Leaching conditions and results of copper ores treatment.

Process

Concentrate

Leaching conditions Ref.

Brisa Process

Galvanox™

Sepon Copper
Process

AAC/UBC
Copper
Process

BioCOP™

Bactech/
Mintek

NSC leaching
(partial
chalcopyrite
oxidation
leach)

Chalcopiryte Cu
content: 8.9-9.9 wt.%

Chalcopyrite with
addition of pyrite

Chalcocite Cu content: 3.8
wt.%

Chalcopyrite Cu
content: 3.1 wt.%

Predominantly chalcopyrite
and bornite

Polimetalic Cu concentrate
containing (wt.%): Cu

(21.7 %), Fe (23.2), Zn (7.53),
Pb (5.77), Si0, (2.46)

Chalcopiryte 25 % Cu, 31%
Fe, 36 % S (total).

Leaching with ferric sulfate at 12 g/L of [128]
ferric iron, at pH of 1.25 and at 70 °C with

Ag as catalyst (0.5-2 mg Ag/g concen-

trate). Copper extractions >95 % after

10h. Ag elimination by leaching a leach

residue with 200 g/L NaCl-0.5 M H,SO,

medium at 90 °C and 10 wt.% of pulp

density.

Ferric sulfate leaching at T=80°C, Pgy = [137]
53-75um and at solution potential of

470 mV or higher. Process is enhanced

when silver-treated pyrite is used in the

ratio chalcopyrite: pyrite 2:1.

Atmospheric acid ferric sulfate leaching [138]
of copper (T = 80°C, Pgo = 100 uym) fol-

lowed by residue washing and pyrite/

elemental sulfur flotation. Copper recov-

ery in 90 %

Medium temperature leaching process at [121]
150 °C in an acid-sulfate system. The

concentrate is reground to fine size (P80

5-20 pm) and leached under moderate

pressure.

High-temperature sulfate bioleach uses [127]
thermophilic bacteria (75 °C). The oxida-

tive bioleaching (O, air) consumes

limestone during leaching and requires

indirect cooling of the bioreactors. Other

conditions: Pressure 1 atm, Pgo = 37 pm.

Bioleaching with 5 g/L Fe at 45°C, pH of [130]
1.4 and 1 atm. Nutrients concentrations:

1g/L (NH,),S0,, 0.5g/L MgS0, - 7H,0,

0.1g/L KCland 0.5 g/L K,HPO, results a

final Cu recovery in >93 % Cu (as cath-

ode) and Zn in 96 % (as precipitate).

Sulfate—nitric leach of chalcopyrite con- [132]
centrate: Initial H,S0, 50 g/L, pressure

620 kPa/g, T=125°C, 2g/L N and Pg, =

10 pm. Copper dissolution after 20 min of

the leaching: 99.5 % Cu and 99.6 % Fe;

residue 0.5% Cu and 0.4 % Fe.

printed on 2/14/2023 7:07 AMvia .

(continued)

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

244 — 7 Wastes generated by mineral extraction industries

Table 7.5: (continued)

Process Concentrate Leaching conditions Ref.

PLATSOL™ Concentrate from NorthMet Leaching involves a one-step autoclave [136, 138]
Ore Cu (15.5 %), Ni (3.7%),  oxidation to dissolve base and precious
Co0 (0.2%), Fe (28.7%), S>  metals. Autoclave conditions: moder-
(26 %), Au (2.8 %), Pt ately high temperature (225°C), 30-60
(2.5%), Pd (11%) g/L of H,S0, and 10 g/L NaCl. Recovery:
Cu (94 %), Ni (77 %), Co (46 %), Au (77 %),
Pt (76 %), Pd (76 %).

conventional milling and flotation concentrator, allows primary and secondary
copper sulfide minerals to be transformed to copper cathodes through the
efficient pressure leaching and elextrowinning process. The leaching process
with chlorine as lixiviant enables dissolving more than 90% of copper from
chalcopyrite concentrate [140]. The Cuprex™ process leaches chalcopyrite con-
centrate at atmospheric pressure with FeCl; as the leaching agent. The plant at
the Tecnicas Reunidas Research Center in Torrejon (Spain) employed a single-
stage leaching operation comprising five reactors arranged in series. The pilot
operations were carried out using a chalcopyrite concentrate with efficiencies of
greater than 97 %, which were obtained with a residence time of 9-10 h at
95-100°C. The leaching stage resulted in an overall copper recovery in the
process of greater than 96 %. After leaching, the pregnant liquor containing
copper, iron and minor amounts of impurities mainly Zn, Pb and Ag was sent
to the extraction stage of the SX circuit. After the three-stage selective extrac-
tion, the aqueous solution of copper chloride was then sent to the electrolysis
section, which is fed to the cathode compartment of an electrowinning cell to
produce granular copper [141].

Intec Copper Process involves a chloride/bromide solution leach at 85°C and
atmospheric pressure. This hydrometallurgical process was developed for the extrac-
tion of pure copper and precious metal from sulfide concentrates [142]. Patented
technology is able to extract copper, gold, silver and other metals from a range of
mineral feedstocks, including chalcopyrite, chalcocite, covellite, bornite, enargite as
well as a range of other minerals. Following purification, the copper can then be
directly electrowon from the chloride/bromide electrolyte without the formation of
corrosive chlorine [143]. Additionally, Ag is precipitated with mercury, and then
produced as a chloride for further processing. Au is recovered onto carbon for further
processing. Innovation of this process is reagent Halex™ being source of oxidizing
agent (BrCl,") formed at anode.

The HydroCopper Process is a new advanced technology to produce copper
from copper concentrate. In this process, cuprous oxide is precipitated with sodium
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hydroxide from the purified pregnant leach solution. Sodium hydroxide is regen-
erated in a chlor-alkali cell. The other products of the electrolyzer are also recircu-
lated, for example chlorine gas to concentrate leaching and hydrogen gas for the
reduction of cuprous oxide to metallic copper. Pilot plant testing has been under-
taken, and a demonstration plant is being built at Pori, Finland, to produce 1 t/day
copper [144].

The CESL Process employ a chloride-enhanced oxidative pressure leach process
in which high amounts of sulfur remain in the elemental form in leach residue [145].
The leaching process enables conversion of the copper to copper sulfate, the iron to
hematite and sulfur to elemental sulfur. The process is continuing to develop pre-
cious metal recovery from the leach residue and tested in the pilot plant in
Vancouver, Canada. Table 7.6 presents the examples of the chloride leaching copper
ores which have been tested at least in a pilot scale.

Table 7.6: Chloride leaching conditions and results of copper ores treatment.

Process Concentrate Leaching conditions Ref.

Cuprex™ Copper concentrate: Cu Leaching with FeCls in single-stage reactor at [141]
(27.5%), Fe 26 %), St  T=95°C and duration 9-10 h. Composition
(28.5 %), Si0, (12 %) of pregnant leach solution: 25 g/L Cu(ll), 120
g/LFeand 6 M Cl.

Intec Copper Low-grade copper ore  Oxidizing chloride leaching with 0.47 M Cu(ll), [142]
Process containing 10 % Cu with 4.9 M NaCl and 0.27 M NaBr at T= 85 °C
As, Sb, Bi, ug and at oxidative redox-potential 950-1,000

mV (Ag/AgCl). Halex™ is oxidizing agent
(BrCl,”) formed at anode, Pg, of concentrate

40 pm.
HydroCopper™  Copper concentrate: Cu Oxidizing chloride leaching with 0.3 M CuCl, [144]
(25.7 %),Fe (28.1%), Zn in 4.8 M NaCl at pH 2-2.4 (2nd stage) (HCl); T
(2.1%), S 32.3%), Pb = 85-100°C, Pgo, = 100 pm leaching at three
(0.7 %) countercurrent stages with retention time
15-25 h. Results: 98 % leaching of Cu.
Leaching of Au at redox potential 650 m/V
(Ag/AgCl). Copper was precipitate as cupric
hydroxychloride at pH 4.
CESL Copper concentrate: Cu The concentrate slurry is fed to the auto- [145]
(31.6 %), Fe(28 %), S clave, where it is combined with oxygen and
(26.6 %) recycled process liquor containing 12 g/L
chloride and acid. Results: 96 % leaching of
Cu (residue 1.5 %)
Sumitomo Copper concentrate: Cu First stage: reduction with Cu(ll) and Fe(lll) [140]
(30.3%), Fe (25 %), S and total chloride 5.7 M. Second stage: par-
(B1.5%) tially leaching with Cl, gas.
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7.3.4 Chemical treatment of slag and tailings

Demand for Ni, Co, Cu, Zn and Ag is growing in the world, which makes it increas-
ingly necessary to process not only low-grade ores but also tailings and slags that so
far have been considered as wastes. Peet et al. have pointed to a possibility to recover
valuable metals from nickeliferous pyrrhotite tailings containing 0.27 % Ni, 0.57 % Zn
and 0.14 % Cu (Sudbury basin Xstrata Nickel) [63]. The processing has been con-
firmed by the conducted economic analysis, which has shown that 70 % recovery of
Ni, Fe and S can be profitable. Previously, several pyrometallurgical processes were
investigated for the treatment of the pyrrhotite tailings [146]; however, most were
abandoned due to the production of SO,gas during the roasting process and the
introduction of additional Fe in the slag. The treatment of nickelliferous tailings is
likely to result in a deficiency of washwater when distilling pregnant liquors with at
least 1% Ni and as a result ammonia losses may be increased to such an extent that
steaming of the tailing will be economically justified. The presence of ferric hydroxide
in the tailing may also cause losses of adsorbed NHs. It may be expected that the
values of the pregnant liquors may vary between 1 and 2% (both Ni and Co).
The microbial-mediated recovery of nickel from nickeliferous pyrrhotite tailings
(0.6 wt.% Ni) produced by Vale base metals in the Sudbury Basin of Ontario
has been studied [147]. The results showed very high nickel recovery in the
pH-controlled (pH = 1.5) biotic (93 %) and abiotic experiments (90 %). Moreover, it
was shown that a high concentration of Fe(III) promotes the dissolution of Ni, and the
conversion of sulfide into elemental sulfur was found to be high in the abiotic
experiments conducted at pH = 1.5 (32%).

The leaching of the Cuban nickel tailings, residues produced in the ammonia
carbonate leaching process at the Ernesto Che Guevara nickel plant, Moa (North-East
of Cuba), was investigated by using organic acids (tartaric and oxalic acids). The
maximum extraction of about 80 % Co, 70 % Ni and 40 % Fe was achieved after 5 days
of leaching from residues containing 0.34 % Ni, 0.08 % Co and 44.2% Fe. The metals
as oxalates were then precipitated with 80 % vyield [148]. The proposed technology,
being a combination of percolation leaching, metal salt precipitation and heating of
organic salts at 200 °C, can be used to concentrate of nickel and cobalt. In addition,
the magnetic separation of leaching residues would lead to an iron concentrate. The
acidophilic chemolithotrophic microorganisms have also been used in leaching of
flotation and acid-leaching tailings obtained from Zambia sulfide ores [149]. The
result showed that 62.7 % and 61.7 % copper were dissolved by bioleaching of flota-
tion and acid-leaching tailings, respectively. Fosso-Kankeu etal. have tested the
heterotrophic microorganism (Bacillus subtilis) for biological recovery of nickel
from tailing obtained from the Inkhomatsi Mining Company SA (0.16 w% Ni) [150].
The obtained results have not shown so spectacular efficiency as expected, but the
uninterrupted bioleaching over 24 h allows dissolution of 28.5 % nickel from tailings
and represents better performance over the conventional method. Bioleaching of
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arsenic was also conducted from highly concentrated arsenic-bearing tailings using
the iron-oxidizing bacteria (Acidithiobacillus ferrooxidans). It was shown that at
reaction temperatures 15-30 °C the As leached amount exceeded 859%; however,
the pH range should be controlled to prevent the formation of jarosite [151].

The column bioleaching of copper flotation tailings obtained from the Yulong
Copper Mine in Xizang of China was also investigated. The main chemical composi-
tion of tailings was 0.19 % Cu, 19.73 % Fe, 2.25% S, 3.27 % Ca, 1.25% Na, 4.6 % Al
and 1.4 % K. The microorganisms were isolated from the Dexing Copper Mine in
Jiangxi (China). The results indicated that the tailings copper extractions achieved
54.61%, 60.09 % and 43.93 %, respectively in a layered heap construction method,
agglomerate heap construction method and a pelletized sintering heap construc-
tion method [152]. Studies were conducted to establish the possible application of
bioleaching to recover valuable metals from the sulfidic tailing of Golgohar Iron
Mine in Kerman (Iran) in the presence of a mixed culture of moderately thermo-
philic microorganisms at a stirring rate of 150 rpm, temperature of 45 °C and with
the addition of yeast extract (0.02% (w/w)). The results have shown that 55 % of
copper, 98.2 % of nickel and 59.5 % of cobalt are extracted from the tailing through
the bioleaching process after 30 days at 5% (w/v) pulp density [153]. Xie et al. have
proposed mixed nitric—sulfuric acid solutions as leaching medium for the recovery
of Ni, Cu and Co from low-grade Ni—Cu sulfide tailings (0.23 wt.% Ni, 0.25 wt.% Cu,
0.01 wt.% Co and 10.43 wt.% Fe) [154]. The oxidative leaching of Ni—-Cu sulfide
tailings was performed at room temperature and atmospheric pressure, which
resulted in the effective dissolution of some of the valuable metals contained in
the tailings. The optimal weight ratio of tailings:nitric acid: sulfuric acid was
1:0.42:0.18 and the overall recovery yield of Ni, Cu and Co was 81.7 %, 75.7 % and
52.4%, respectively, as their enriched sulfides (ca. 7-8% for Ni and Cu). The
method described may be applicable for the recoveries of Ni, Cu from low-grade
Ni-Cu sulfide tailings on an industrial scale. The roasting (480-500 °C) and sulfuric
acid leaching (0.3 M H,S0,) at 85°C was also established as the optimal parameters
for extraction of Co from pyrite waste; however, the technology efficiency is very
low (35%) [155]. The pre-enrichment via sulfation roasting method has been pro-
posed as a stage improving the leaching efficiencies of copper and cobalt from
pyrite ashes formed during the calcination of concentrated pyrite. The conducted
procedure (H,SO, leaching tests performed following sulfation roasting at 250°C
and with a duration of 1 h) enables 80 % Cu and 70 % Co recovery. The recovery
parameters were found to be appropriate for pilot-plant tests [156]. The treatment of
slag with chlorine and chloride as lixiviant also enabled efficient dissolving of
copper (75-80 %) and the most significant parameters were the particle size and
the initial chlorine concentration [87]. However, this technology has not paid more
attention.

Lv et al. [157] pointed out that more than 2.45 million tons of cyanidation tailings
are discharged into tailing ponds every year in China. Relatively high concentrations
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of residual Au can be found in these wastes. These tailings could be a source of cheap
gold, since the mining and comminution costs have already been incurred. Gold that
was not recovered during the initial treatment tends to be either extremely fine or
refractory. Examples of large-scale remining of tailings are the ERGO project in South
Africa. In this process, the flotation concentrates together with the flotation tails are
treated by the conventional carbon-in-leach process (39-40 % extraction or after the
concentrate milling 75-76 % extraction). After the cyanidation, the dissolved gold is
adsorbed onto activated carbon. Once the gold has been eluted from the carbon, the
gold is precipitated, calcined and smelted in the existing smelthouse.

Removing Ni, Co and Cu from slag and introducing them into the aqueous
phase have been considered in many more research studies. Anand etal. [158]
reported that over 95% of Ni and Co could be recovered from a converter slag
using a mixture of ferric chloride and diluted sulfuric acid. Jia etal. [159] have
investigated the leaching behavior of nickel smelter slags in dilute sulfuric acid at
room temperature. Over 65 % of Ni and 75 % of Co along with a comparable amount
of iron to cobalt were extracted from the slags in a 0.1M H,SO, acid after 20 h.
Higher acid concentrations accelerated the leaching process; however, no selective
leaching of Ni and Co was observed in the acid at concentrations of 0.05 M or above.
Gbor et al. [160] from the same group attempted aqueous sulfur dioxide leaching of
a nickel smelter slag from a Canadian mining company INCO Limited. Maximum
extractions of 77 % for Co and 35 % for Ni were reached after 3 h of leaching with an
aqueous 1M SO, solution at 35°C. Iron with extraction of 70 % displayed similar
leaching characteristics to cobalt. High-pressure oxidative acid leaching was suc-
cessfully applied to slow-cooled converter slags from Vale’s operations in Sudbury
(Ontario, Canada). The conducted tests at 250 °C, at overpressure 0.62 MPa O, and
using 70 g/L H,SO, indicated that extractions of Ni, Co and Cu exceeded 95 % after
45 min [161]. In another work, Sobol [162] demonstrated the advantages of using
elevated temperatures and oxygen overpressures in terms of metal recoveries to
solution, reaction rates and selectivity versus iron. It was reported that by pressure
leaching with 0.35 N H,SO, (1.6 times the stoichiometric requirement), about 92 %
of Cu and more than 95 % of Ni and Co could be extracted with only 0.8 % extraction
of Fe from a copper converter slag containing 4.03 % Cu, 1.98 % Ni and 0.48 % Co
for 10 % solids in slurry at 130°C and 0.6 MPa O, overpressure in 4 h. At higher
temperatures of 150-190 °C and a solid loading of 20 %, Sobol achieved extractions
of more than 90 % for Ni, Cu and Co from a converter slag in less than 60 min [162].
In previous works, a pressure oxidative acid leaching was also proposed to clean up
a waste smelter slag with low base metal contents of 1% Ni and Cu, 0.2% Co from a
nickel/cobalt smelter and economically recover the base metals at mild conditions
with lower oxygen overpressure and lower acid addition [163].

Altundogan et al. [164] have conducted the extraction of Cu, Co, Zn and Fe
from copper converter slag generated in Ergani Copper Plant (Maden, Elazig,
Turkey) by oxidative leaching with potassium dichromate-sulfuric acid. It was
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shown that the leaching of copper converter slag in the presence of dichromate
is more advantageous with respect to the leaching with sulfuric acid alone [165].
Rudnik etal. [166] have proposed a hydrometallurgical method for selective
recovery of copper and cobalt from industrial copper converter slag. In this
process, the alloy (composed of Cu (27%),Co (6%), Fe (64%),Pb (1.5%))
obtained after reductive roasting of the slag was dissolved in the ammonia-—
ammonium chloride solution. It resulted in the distribution of copper and cobalt
with iron remaining in the slime. Cu and Co were separated at electrowinning
stage. Altundogan and Tumen [84] have also reported that the high-temperature
roasting of slag before leaching causes an increase in extraction of copper. Basir
and Rabah [89] showed that copper, zinc and lead are successfully recovered
from brass smelting slag by treatment using acid or alkali leachants. The results
obtained showed that the mineral acids leach almost all metals in hot condi-
tions, while ammonia selectively leaches copper and zinc with high efficiency
[89]. A combination of sulfuric acid and sodium chlorate as effective leaching
mixture of Cu, Zn and Co directly from the copper smelter slag has been
proposed by Yang etal. [167]. According to this method, the target metals
are extracted with high efficiency, while Si and Fe in 3.2 and 0.02%, respec-
tively. The obtained leachate solution was then neutralized with calcium hydro-
xide to remove Si and Fe as oxide. Finally, the overall recovery of Cu, Zn and Co
was 98 %.

The biological leaching of Cu, Co and Ni from a converter slag was also
proposed with promising result [168]. The bacterial action was attributed to iron
oxidation and simultaneously acidification of the solution (generation of sulfuric
acid). The acidity of the aqueous solution has an influence on the copper
dissolution (99 % at pH of 2), while Ni and Co recoveries were 30 %. Carranza
etal. have obtained a similar efficiency of dissolution by using moderately
thermophilic microorganisms with ferric sulfate solutions to leach a converter
slag [169]. Cu dissolution reached 90 % at 2% pulp density at 60 °C. Muravyov
etal. [170] also used thermophilic microorganisms for dissolution of Cu from a
copper smelter slag. However, in this study, the ferric sulfate-sulfuric acid
mixture as a lixiviant was used. An inhibitory effect of Fe(IIl) on zinc and iron
leaching was indicated, and finally the process resulted in solubilization of 82%
copper and 38 % zinc with relatively low iron recovery (26 %). Metal content in
the leach residue was 0.13% Cu and 3.69 % Zn. Kaksonen et al. conducted and
compared the results of the dissolution of Si, Fe, Cu and Zn from a smelter slag
under acidic chemical and bacterial leaching conditions [171]. In the case of
bioleaching, the acidophilic iron- and sulfur-oxidizing bacteria enriched from
the slag were used. Approximately, 80% Cu and 25% Zn were dissolved from
the slag (10% pulp); however, the bioleaching required the addition of S.
Chemical leaching was much less effective; moreover, at pH 2.3-4.0 there was
no substantial dissolution of valuable metals.
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7.4 Summary

Several technologies have been or are currently being developed for removal of metals
from ore. Most of them co-produced large amounts of unprofitable materials that so far
have been treated as waste (mining, processing and metallurgical wastes) storage. The
produced waste must be responsibly processed and disposed of to prevent environ-
mental damage. Only in situ leaching enables the recovery of mineral from the ore with
a minimal surface disturbance of the landscape. The rest of the mining processes
require additional steps to increase product purity and to make the mining technology
more economic, as well as, environment-friendly. This chapter presented various
aspects of the extraction and mining processes with the waste material production
and further treatment to recover valuable metals, especially from a hazardous waste.
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8 Economic aspects of metals recover

Abstract: One of the modern economy models is circular economy in which
wastes should be considered as resource and used in an efficient and sustain-
able way. This also concerns to metals included in scraps. However, the need for
metal recovery from waste is not only the result of the latest economic trends
but also the result of large and constantly changing demand for metals.
Shrinking natural sources of metals, concentrations of ores in small number of
countries in the world and resulting from this dependence on import, geopoli-
tical situation, new technologies demands are only a few most important deter-
minants that have been changing the structure of the metal market over years.
In this chapter, authors focused on the presentation of economic aspects of
metal recovery from various sources. The chapter presents the characteristic of
metal market elements (supply, demand and price) and changes that took place
over decades, underlining the structure of precious and highly desirable metal
market elements. Balance between the demand and supply ensures price stabi-
lity and rationalizes inflation. However, growing demand on many means that
secure supply chains, such as recycling and material recovery, are essential to
ensure continuity in the supply chain and guarantee unrestricted technological
progress and innovation. The data included in this chapter presents also the
concentration of different metals and group of metals in wastes pointing that
recycling of waste can become one of the possibilities of acquiring missing and
critical metals. Metal-laden wastes include a few groups: waste electrical and
electronic equipments, catalysts of different application, introduced on chemi-
cal, petrochemical or automotive market, galvanic wastes and wastewaters. The
profitability assessment of recycling processes is very complicated. Nevertheless
cited data shows that profitability of recovery depends on the metal analyzed
and the type of waste.

It must be underline that an optimized management of wastes is of a great
importance for the global economy and allow achieving not only economic but also
environmental and social benefits.

Keywords: circular economy, metal market elements, metal recovery
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8.1 Introduction

Amount of metal-containing products placed on the market every year is increasing
both in industrialized and industrializing countries. Rapid industrialization, human
activities and shortening of product life cycle generate large amount of metal-laden
wastes [1-3]. In traditional economic systems characterized by linear material flows
growing economies result in overuse of natural capacities mainly due to increasing
consumption of resources, generation of potentially harmful effluents and overuse of
final disposal reservoirs [4]. The international scientific community agrees that an
optimized management of wastes can allow achieving economic, environmental and
social benefits [5]. Alsheyab and Kusch (2013) suggest that decoupling can be an
efficient strategy for the conservation of natural resources and a step forward for
sustainable development. Authors points that decoupling strategies comprise all
means to break linear dependencies between economic development and require-
ment of resources was well as generation of final waste [4]. Metals are well suited to
sustainable development goals. They are not biodegradable with virtually an unlim-
ited life span. As metals are considered to have potential for unlimited recyclability
they are considered as renewable materials. However, the sources of primary metals,
mineral resources are “non-renewable” and their supply is finite. Presented in Table
8.1 number of years to exhaust mineral metals resources highlights the importance of
the problem. If assuming consumption rate closely balanced to total production rate
and no recycling the supply of iron will end in 77 years, aluminum in 162 years,
copper in 22 years, lead in 10 years, zinc in 16 years and nickel in 43 years [6]. These
data does not correspond with these presented in table and much more alarming.

Table 8.1: The estimated time to exhaustion of resources
selected metals in the absence of recycling [7].

Metal Years to exhaust mineral metal resources
Iron 190
Chrome 370
Manganese 90
Nickel 105
Vanadium 570
Molybdenum 95
Cobalt 130
Tungsten 55
Aluminum 375
Magnesium 4503
Copper 56
Zinc 38
Lead 29
Platinum 186
Tin 14
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This does not necessarily mean scarcity while recycling of metals from wastes can
become a solution of such worldwide problem. Due to increasing demand for raw
materials (mainly metals) and environmental protection requirements, waste proces-
sing mainly of electronic and electrical as well as car catalysts scrap is becoming an
economic necessity and an imperative of the modern economy. Furthermore, recycling
of waste became a valuable source of raw materials, especially for countries where
there are no natural sources of metals, increasing their independence. European Union
countries are in 100% dependent on import from other countries such metals like:
antimony, beryllium, cobalt, germanium, indium, magnesium, niobiumt [7].

Table 8.1 shows the approximate years to exhaust mineral metal resources.
However it should be distinguish between resources and reserves. A resource is a
concentration of naturally occurring material (metal) in the earth’s crust, but it such
form and amount that extraction of a metal from the concentration is currently or
potentially feasible. While a reserve is that part of an identified resource which could
be economically extracted or produced at the time of determination [6]. Thus, the
year in which metal reserves will run out changes constantly. Changes in metal prices
and/or new processing technologies may change the world reserves of metals.
However very important source of metal that can extent the reserves is “metal in
use”. This rapidly growing stock of metals represents a virtually permanent asset for
society. Metals can be recycled indefinitely and passed along from one generation to
the next only if they are used in non-dissipative applications where the metal can be
economically recovered. Figure 8.1 shows how the “years of supply” increases as the
recycling rate increases for the various metals [6].
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Figure 8.1: The effect of recycle rate on the supply of metals [6].
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8.2 Elements of metal market

Demand, supply and prices are key elements of each market. This also applies to the
metal-market; however, the considerations usually cover the world market. The
relationships between these elements and their dependencies refer to a demand-
supply—price mechanism.

Over the last decades there has been a significant increase in the avail-
ability of electrical and electronic equipment (EEE). Consumption of these
goods and the ever-increasing demand are associated with an increase in the
amount of generated electrowaste. However, it seems that recycling of these
wastes is insufficient, and for example in 2009 only 13% of e-waste was
recycled [8]. At the same time it is estimated that between 20 and 50 million
tons of wastes from EEEs are generated each year and the growth rate is from
3% to 5% [9]. Recycling of EEEs is rational for economic reasons but also for the
protection of the environment. Increasing environmental awareness has led
some countries to adopt a strategy of Extended Producer Responsibility (EPR).
It assumes that the manufacturer is responsible for the entire life cycle of the
product [10].

E-waste are not chemically a homogeneous group, these differences are due to
age and type of equipment. However, e-wastes are a mixture of metals, plastic, glass
and ceramics. In economic terms, it is very important to recover the metals present in
e-waste. In the waste from EEEs, except for basic and special metals (e.g. Fe, Al, Ni,
Zn, Se, In and Ga), the presence of precious (Au, Ag, Pt, Pd) and dangerous (Hg, Be,
Ph, As, Cd and Sh) metals can be noted [8, 11]. However, not only e-waste is a rich
source of precious metals. Platinum group metals (PGMs) can be recovered from used
car catalysts, jewel scrap, catalysts used in the chemical and petrochemical
industries.

8.2.1 Platinum groups metal

Six metals namely platinum (Pt), palladium (Pd), rhodium (Rh), ruthenium (Ru),
iridium (Ir) and osmium (Os) enter into so-colled PGMs [12]. These metals are char-
acterized by their unique chemical and physical properties, so it is not surprising that
they find numerous technological applications. It is estimated that the world’s largest
PGMs’ manufacturers are located in South Africa, Russia, Canada, Zimbabwe, United
States, Columbia and Australia [13]. In general, the volume of PGMs mining has
changed over the years. Essentially, the last hundred years have brought a significant
increase in mining PGMs what is best illustrated in graph (Figure 8.2). By the 1940s of
the last century, PGMs’ mining had remained relatively low and did not exceed 20
tons per year. However, the third industrial revolution resulted in an increase in the
demand for these metals. So far, the highest PGMs’ production was observed in 2006,
at 515 tons [14].
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Figure 8.2: PGM’s production volumes [14].

In 2015, the total production of PGMs was 473 tons, of which platinum output was 189
tons (Figure 8.3) and palladium 216 tons. At present, the largest platinum mining is
definitely taking place in South Africa and Russia. In 2015, 139 and 22 tons of
platinum were mined in these countries, respectively. In the same year, palladium
production in Russia and South Africa was at a similar level and amounted, respec-
tively, to 81 and 83 tons [14].

The greatest importance in the global economy of platinum, especially plati-
num, palladium and rhodium, has the production of catalysts for cars. This industry
consumed 90 tons of platinum in 2012, which accounted for 40% of world con-
sumption, 208 tons of palladium and 25 tons of rhodium. In the years 2008—-2009,
the automotive market witnessed a crisis, which led to a 20% decrease in demand
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Figure 8.3: Platinum production volume [14].
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for PGMs, as early as 2010, the consumption of these metals increased again. It is
estimated that jewellery is a branch dealing in second place in terms of the demand
for platinum and palladium. So far, the biggest palladium consumption was
recorded in 2005, it was 46 tons, while in 2012 and reached the level of 14 tons.
The use of platinum in jewellery has been in recent years at 75-85 tons per annum.
Since the 1980s there has an increase in demand for platinum and palladium in the
electronics industry. However, the development of technology most likely and the
replacement of PGMs with other materials will drop demand for these raw materi-
als. Nevertheless, half of the world’s use of ruthenium is in the electrical and
electronic industries. It is estimated that the global recovery of platinum from
autocatalysts and jewellery in 2014 was 34.3 tons, while waste EEE recovered 1.48
tons. In the same period, 14 tons of palladium were recovered from the e-waste and
61.3 tons of autocatalysts [15, 16].

8.2.2 Lithium

Lithium is electrochemically active metal and resources are estimated at 11 million
tons. At present there are 100 fossil mines in 20 countries around the world. However,
the largest tonnage mining is located in Portugal, Zimbabwe, Argentina, Brazil,
Chile, Canada, USA, China and Australia. Lithium in nature do not appear in the
form of a pure element can be found in about 20 minerals. It is estimated that, in
terms of industrial use, the most important are Lepidolite (KLi; sAl; 5[Si3010][F,0H],),
Spodumene (LiO, AlO; 4Si0,), Petalite (LiO, Al,O; 8Si0,) and Amblygonite (LiAl
[PO,][OH,F]) [16]. The volume of production of lithium calculated on Li,O in years
2008-2012 is presented in Table 8.2.

Between 2002 and 2006, the world market have been observed an increase in
supply of about 60%, which was 52.7 thousand ton Li,O. This trend was due to

Table 8.2: The volume of production of lithium calculated on Li,0 [16].

Production of lithium calculated on Li,O[ton]

2008 2009 2010 2011 2012
Portugal 1395.5 1494.4 1604.4 1501.4 1500.0
Zimbabwe 2150.0 2150.0 2021.0 2064.0 2279.0
Argentina 6246.4 4707.2 6438.4 5324.8 5478.4
Brazil 10411 1146.9 1132.8 563.0 540.0
Chile 21,320.2 11,250.7 19,534.7 26,054.6 28,295.1
Canada 1584.0 720.0 - - -
China 7000.0 8000.0 8400.0 8800.0 9600.0
Australia 17,246.0 14,218.7 21,240.0 30,340.5 32,898.3
World 50,983.2 43,687.9 60,371.3 74,648.3 80,590.8
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increased demand for lithium resulting from favorable economic situation in the US
and Western Europe also not without significance was the economic growth of China
and India. In subsequent years (2007-2008) there were no longer growth trends in
supply, but the demand for lithium continues to grow. This situation led to a strong
price increase. The financial crisis in 2009 contributed to a significant decrease in the
demand for lithium. However, in 2010-2012, the improving situation on the raw
materials market lithium meant that it is possible to see an increase in total supply
of as much as 84%. Available data indicate that lithium production over the years
2011-2015 remained at an even level. In 2016, the worldwide lithium market in
various sectors had the percentage structure shown in the Figure 8.4 [17].

® Batteries

m Ceramics and glass
® Lubricating Greases
H Air Treatment

= Continous Casting Mold
Flux Powers

= Polymer Production

Figure 8.4: Distribution of global lithium end-uses at various sectors for various applications [17].

8.2.3 Indium

World indium resources are estimated at about 11,000 tons. Indium is usually found
in zinc ore, and tin, lead, tungsten, iron and pyrites. With the participation of
hydrometallurgical methods, a highly polluted indium is obtained, so-called black
indium, which requires further processing by electrochemical methods for metallic
indium [16]. It is estimated that over the past 30 years consumption grew by over
2000% [18]. Over the past few years, the largest indium producers were China and
Republic of Korea. Essentially, in the last decade the production of indium has been
dominated by Asian countries, in this period as many as 70-80% of world production
of indium came from Asia. According to a United States Geological Survey (USGS)
report, worldwide total primary production reported at 655 tons in the year 2016.
Detailed data on indium production, including the largest producers, is provided in
the Table 8.3 [14, 15].
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Table 8.3: The volume of production of indium [14].

Refinery production ()

2010 2011 2012 2013 2014 2015 2016
Belgium 30 30 30 30 25 20 25
Canada 67 75 62 65 65 70 65
China 340 380 405 415 460 350 290
France - - - 33 43 41
Japan 70 70 71 72 72 70 70
Republic of Korea 70 70 165 150 150 195 195
Peru - - 11 11 14 9 5
Russia NA 5 13 13 5 4 5
World 609 662 782 799 844 759 655

Production of modern LCDs and LEDs as well as transparent diodes resulted to an
increase in In-Sn oxide (ITO) consumption in the years 2008—-2012, which in turn
stimulated a rise in demand for indium materials. About 80% of the global produc-
tion of indium is dedicated to the production of ITO [16].

8.2.4 Gold and silver

Gold is one of the more useful precious metals. Eighty to eighty-five percent of
its output comes from residual deposits, another 15-20% of other metal ore. It is
estimated that the size of gold deposits is 51 thousand tons, of which 14% is in
Australia, 12% in South Africa, 10% in Russia, 7% in Chile, 6% in USA, 6% in
Indonesia, 5% in Brazil, 4% in China and another 4% in Peru. In addition, gold
deposits can be found in 100 other countries [16]. However, the volume of
mining is slightly different in comparison to the volume of resources. Over the
past few years, China was largest producer of gold, in 2015 has produced 450
tons of this ore. Detailed data on the volume of extraction in each country are
provided in the Table 8.4 [14]. The supply of gold in recent years has remained
stable at 3.8-4.5 thousand tons, 60-65% of this comes from mining, another
21-39% 1is scrap, and some share is also sold reserves of central banks [16].

So far, jewellery remains the most important direction for the use of this ore.

Over the years 2000-2012, as much as 75-89% of gold was used in the arts and
jewellery making. In the same period, the consumption of gold for electrical products
increased from 4% to 6%. It is estimated that 3175 tons of gold were used to make
jewellery only in 1 year 2000 [15, 16].

The amount of silver on the earth is estimated at 545 thousand tons, of which the
largest deposits are in Peru, Poland, Chile, Australia, China, Mexico, USA and
Bolivia. However, this is not exactly reflected in the volume of extraction. The largest

printed on 2/14/2023 7:07 AMvia . All use subject to https://ww.ebsco. confterms-of-use



Table 8.4: The volume of production of gold [14].

8.2 Elements of metal market —— 267

Mine production of gold (ton)

2010 2011 2012 2013 2014 2015
United States 231 234 235 230 210 214
Australia 261 258 250 265 274 278
Brazil 58 62 65 71 80 81
Canada 91 97 104 124 152 153
China 345 362 403 430 450 450
Ghana 82 80 87 90 91 88
Indonesia 120 96 59 61 69 97
Mexico 73 84 97 98 118 135
Papua New Guinea 68 66 53 57 53 60
Peru 164 164 161 151 140 145
Russia 192 200 218 230 247 252
South Africa 189 181 160 160 152 145
Uzbekistan 90 91 93 98 100 102
World 2560 2660 2690 2800 2990 3100

silver mining is currently in Mexico [14, 16]. The volume of production of silver in

years 2010-2015 is presented in Table 8.5.

In 2005, the global market observed a record supply of 29.6 thousand tons, the
years 2006—2009 brought a decrease in supply by 4%, but this trend did not hold.
Silver supply in 2010—-2012 reached 32.5-33.5 tons. Silver available on the market in
75% comes from mining extraction in 24% from scrap, only 1% is silver from govern-

ment reserves [16].

Table 8.5: The volume of production of silver [14].

Mine production of silver

2010 2011 2012 2013 2014 2015
United States 1270 1120 1060 1040 1180 1090
Australia 1860 1730 1730 1840 1720 1430
Bolivia 1260 1210 1210 1290 1340 1190
Chile 1280 1290 1190 1170 1570 1370
China 3500 3700 3900 4100 4060 3100
Mexico 4410 4150 5360 4860 5000 5370
Peru 3640 3410 3480 3670 3780 3850
Poland 1180 1170 1150 1200 1260 1180
Russia 1150 1350 1500 1720 1330 1430
World 23,100 23,300 25,500 26,000 26,800 25,100
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Over the years, the structure of the use of silver has declined. The limitation of the
use of silver in the photography industry was the most visible, which directly con-
nected with the widespread use of digital photography. In turn, the consumption of
silver in the electrical and electronic industries increased and in 2010 it reached the
value of 15.6 thousand tons. In the next few years, the demand for this industry was
lower than in 2010. Another big user of silver is jewellery, the volume of demand in
this industry grew until 2010, and in 2011-2012 the demand slightly decreased in 2013
again to grow [16].

8.2.5 Copper

Most of the copper available on the market comes from primary sources, from which
concentrates are produced which can be further processed into anode copper and
refined copper. In case of copper available on the market as much as 33% comes from
secondary sources [16, 19]. In recent years the largest copper mining carried out in
Chile, Peru, China and the US. Detailed data on copper production in 2010—2015 can
be found in the Table 8.6. Copper production in the past 110 years has shown
exponential growth [20].

Table 8.6: The volume of production of copper [14].

Mine production of copper [kt]

2010 2011 2012 2013 2014 2015
United States 1110 1110 1170 1250 1360 1380
Australia 870 958 958 990 970 971
Canada 525 566 579 632 696 697
Chile 5420 5260 5430 5780 5750 5760
China 1190 1310 1630 1600 1760 1710
Congo 343 520 600 970 1030 1020
Mexico 260 443 440 480 515 594
Peru 1250 1240 1300 1380 1380 1700
Russia 703 713 883 833 742 732
Zambia 690 668 690 760 708 712
World 15,900 16,100 16,900 18,300 18,500 19,100

It has been estimated that the economy of copper extraction has changed drasti-
cally over the past decade, at that time, sector operating costs increased.
Irrespective of the downturn in 2007-2009, global copper consumption has
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increased since 1970. China, which through intensive purchases and increased
consumption (by 3.6 million tons in the period 2008-2012), contributed the most
to the rise in demand and the occurrence of metal shortages in 2010-2012. Forecasts
show that the global supply of refined copper from all sources may rise to 23 million
tons in 2017 [16, 21].

8.2.6 Aluminum

The importance of aluminum in the economy is evidenced by the fact that in
terms of consumption takes second place behind the iron. In high industrialized
countries, the increase in secondary aluminum production has been observed in
recent years. In turn, in developing countries where energy is cheaper, primary
aluminum production is predominant. Hence, it is not surprising that the largest
production of primary aluminum is in Asia, the leading producer is China. The
world aluminum supply consists of the production of primary aluminum also
secondary aluminum production [16]. Available date indicate that recycling of
aluminum including manufacturing scarp is on level 40% in Europe and 37% on
the World [22].

Literature indicates that over the 25 years it is from 1990 to 2015 aluminum
production grew on average by 2.5% per year [23]. Growing production over the
past decades has been accompanied by demand, amounting to 2.4% a year [24].
However, they are average figures, because 2009, as a result of global recession,
aluminum production decreased by 6%. However, in the years 2010-2012, the
world supply of aluminum has recovered growth tendencies (see Table 8.7).
The multiplicity and variety of aluminum applications, as well as the
growth of industrialization (mainly in China, India and Brazil) has led to an
estimated double consumption of aluminum products in 2020 compared to 2005
[24, 25].

Table 8.7: The volume of production of aluminum [16].

World production of primary aluminum [kt]

2008 2009 2010 2011 2012
Europe 9847 8362 8510 8582 8277
Asia 17,402 17,695 21,632 24,404 26,855
South America 2668 2511 2282 2236 2056
North and Central America 5778 4757 4690 4974 4851
Africa 1717 1705 1820 1849 1767
World 37,412 35,030 38,934 42,045 43,806
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8.2.7 Rare earth metals
Rare earth elements (REEs) are a group of 17 elements of the key technological
applications (the Table 8.8 contains examples of REE applications). This group of

metals includes lanthanides, scandium and yttrium.

Table 8.8: Rare earths usage by application, in % [26].

Application La Ce Pr Nd Sm Eu Gd Tb DyY
Magnets - - 234  69.4 - - - 02 5 -
Battery alloy 50 33.4 3.3 10 3.3 - - - - -
Metallurgy 26 52 5.5 16.5 - - - - - —
Autocatalysts 5 90 2 3 - - - - - _
Polishing powders 31.5 65 3.5 - - - - - - -
Glass additives 24 66 1 3 - - - - - 2
Phosphors 8.5 1 - - - 49 18 4.6 - 69.2
Ceramics 17 12 6 12 - - - - - 53

The size of the penultimate column is not right.

Dissemination of rare earths in the earth’s crust is relatively high, although their
concentrations of economic importance are not frequent. Not often, REEs appear as
native elemental metals in nature, commonly REEs occur as part of the host mineral’s
chemistry. All this makes REEs are recovered using sophisticated chemical proces-
sing methods. REEs are included in more than 200 minerals, but it is estimated that
the significant REE ores are bastnisite, xenotime and monazite [15, 27]. For several
years, the largest producer of REEs has been China. In addition, significant quantities
of rare earths are also produced in Russia, Australia and India. Table 8.9 contains

Table 8.9: The volume of production of rare earth elements [14].

Mine production of REE [t]

2010 2011 2012 2013 2014 2015
United States - - 800 5500 5400 5900
Australia - 2200 3200 2000 8000 12,000
Brazil 550 250 140 330 - 880
China 130,000 105,000 100,000 95,000 105,000 105,000
India 2800 2800 2900 2900 - 1700
Malaysia 30 280 100 180 240 500
Russia - - 2400 2500 2500 2800
Thailand - - 800 2100 760
Vietnam - - 220 220 - 250
World 133,000 111,000 110,000 110,000 123,000 130,000
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available data on rare earth production; many data are not published because they
are confidential.

Worldwide REE production has risen sharply by around 7% annually between
1994 and 2005. Only in 2006 was this trend retarded and production dropped. In spite
of the economic crisis in 2007-2010 there was a regrowth of REE production. China in
2010 reduced the supply of REE due to the protection of limited resources. In addi-
tion, 90% of all rare earths are produced by China even though the country has less
than 40% reserves. Currently it is believed that the REEs as the most critical raw
materials group, with the highest supply risk. For example, due to the wide applica-
tion of rare earths, global demand is estimated at 136,000 tons per year, with world
production in 2010 of 136,000 tons. The forecast supply and demand of rare earths till
2014 is presented in Table 8.10. Numerous uses of rare earths allow you to predict that
over the next 25 years the demand for neodymium and dysprosium will rise by 700%
and 2600%, respectively [15, 26].

Table 8.10: Estimated supply and demand of rare earth elements in 2014 [28].

Elements Supply (REO in tons) Demand (REO in tons)
Lanthanum 54,750 51,050
Cerium 81,750 65,750
Praseodymium 10,000 7900
Neodymium 33,000 34,900
Samarium 4000 1390
Europium 850 840
Gadolinium 3000 2300
Terbium 350 590
Dysprosium 1750 2040
Erbium 1000 940
Yttrium 11,750 12,100
Ho-Tm-Yb-Lu 1300 200
Total 203,500 180,000

REE’s market analyzes predict that by 2020 the demand for these elements will still
continue to grow at a rate of 6% per year. It is assumed that with a low recycling and
substitution rates of REE, supply security will be crucial for the producers and
consumers of REEs all around the world [29].

Metal market is specific, however governed by the market law, law of supply and
demand. Above-presented demand and supply of metals is differentiated. To the most
important market and nonmarket demand factors belong prices of substitute and
complementary goods and demographic factors. While to the supply determinants
belong to non-price change (increase) in production costs, technological progress.
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The dynamics of prices changes of metals is significant. Table 8.11 presents prices
of metals in 2017 compare to 1995. Only platinum, molybdenum and nickel are
cheaper nowadays in comparison to the price in 1995.

Table 8.11: Prices of metals in 2017 with compare to 1995 [14, 30].

Price

2017 1995

Metal USsD/kg
Aluminum 2.12 1.5
Chromium 2.48 1.7
Cobalt 58.99 25
Copper 6.43 5.2
Gold 41,370 34,070
Lead 2.46 0.92
Mercury 1.85 1.7
Molybdenum 16.00 21
Nickel 10.50 14
Palladium 29,930 23,214
Platinum 29,640 37,607
Rhodium 37,290 16,396.88
Silver 540 514
Steel/lron 0.3 0.12
Tin 20.85 17
Zinc 3.15 1.7

8.3 Metals content in wastes and their recovery rate

Since the last two decades it was tried to put the bases for the development of a
circular economy. In such economy wastes should be considered as resource and
used in an efficient and sustainable way [9]. On the other hand development of new
materials and technologies, growth in the defense, energy and transport sectors, will
ensure that the demand for rare earth metals and their compounds will continue to
grow. This demand means that secure supply chains, such as recycling and material
recovery, are essential to ensure that technological innovation is not hampered [7].
Recycling of waste is also becoming one of the possibilities of acquiring missing and
critical metals. Metal-laden wastes include a few groups: Waste EEE [31], catalysts of
different application, introduced on chemical, petrochemical or automotive market
[32] and galvanic wastes [33]. From metal-laden wastes many valuable metals can be
recovered. The data presented in Table 8.12 show estimated world waste production
of metals by different types of industries in 1990s. It is observed that the electronic
industries play an important role in the emission of metals to the environment [33].
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Table 8.12: Estimated world waste production of metals by different types of industries [33].

Industry Metals Quantities

[t/year]
Electronic As, Cr, Hg, Se, Ni, Cu 1,200,000
Oil and Coal As, Pb, V, Cd, Ni, Zn 1,200,000
Mining and Metallurgy Hg, Cr, Cu, As, Zn, Pb 390,000
Agriculture Mg, As, Cu 1,400,000
Manufacturing Cr, Co, Ni, Fe 240,000
Others 720,000

In the last decades, the electronics industry has revolutionized the world. The con-
sumption of EEE is growing year by year. During the past decades, a huge upsurge in
the consumption of high-tech products has resulted from the rapid technological
progress [15]. These wastes content a various type of metal as is presented in Table 8.13.

In parallel to growing demand, the e-waste stream is increasing too and is the
fastest growing waste stream on the planet [8]. It is estimated that the total amount of
EEE put on the market in 2012 was about 56.5 million tons [15], while in 2014 around
42 million tons of waste electrical and electronic equipment (WEEE) was created.
Within the EU, 9.1 million tons were generated in 2014 with a projected increase to 12
million tons per year by 2020 [34]. The estimated annual growth rate of WEEE equals
to 3-5% [9]. Such e-waste production represents 3-5% of the global municipal waste
production [34, 35].

There are ten WEEE directive categories: (1) Large household appliances; (2)
Small household appliances; (3) IT and telecommunications equipment; (4)
Consumer equipment; (5) Lighting equipment; (6) Electrical and electronic tools;
(7) Toys, leisure and sports equipment; (8) Medical devices; (9) Monitoring and
control instruments; (10) Automatic dispensers [2]. Only in UK by the year 2000,
392 tons of large household appliances become an e-waste. UK Status Report on
Waste from Electrical and Electronic Equipment Industry Council for Equipment
Recycling reports also that waste of IT equipment was about 357 tons what constitu-
tes 22 million units [36].

Waste electronics are a mixture of various basic and special metals (including Fe,
Al, Ni, Zn, Se, In and Ga), precious metals (Cu, Au, Ag, Pd and Pt), hazardous
substances (Hg, Be, Pb, As, Cd and Sh), plastics and glass and ceramics [8].

Depending on the type of equipment, the age of the device and the producer, the
content of the individual components in the electronic scrap is varied. It is important
to approach the subject of e-waste. The weight domination is not equivalent to value.
In most WEEE plastics and steel tend to dominate in terms of weight, but in terms of
value, gold and the other precious metals dominate. In DVD-layer Fe weight-share is
the highest while value share is the highest for Au similarly for PC boards, cell phones
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and calculator, gold and the other precious metals make up more than 80% of the
value, while for TV boards and DVDs, they still contribute around 50% of the value.
Copper also contributes next in the value ratings [37, 38]. Table 8.13 presents exam-
ples of the metal composition of different electronic scraps. There is no average scrap
composition, even the values given as typical averages actually only represent scrap
of a certain age and manufacturer. Additionally, non-ferrous metals and precious
metals contents have gradually decreased in concentration in scrap [38].

Recycling of such basic metals like aluminum, iron, magnesium, zinc, manga-
nese, nickel, copper, silver, tin, antimony, iridium, gold and lead and bismuth from
the scrap of electrotechnical and electronic confirms the profitability of the project
[7]. Therefore, WEEE is a significant source of such metals, however only approxi-
mately 35% were recycled [39].

Innovations make EEE more functional by using an increasing number of metals,
particularly the critical metals (e.g. rare and precious metals) with specialized prop-
erties, which means that more and more critical metals will be stored in these
products [40]. In 2014 the consumption of metals palladium, platinum, gold, silver,
REE, cobalt, lithium, indium in EEE ranged from 3.65% to 218% of the total mine
production. The consumptions in EEE of silver, REE, cobalt and lithium were about
one third of world mine production, precious metals were about 10% while indium
over 200%. It is claimed that if the consumption of metal is over 10% the recycling of
WEEE is necessary to relieve the supply risk. Except for huge demand of critical
metals, their deficiency in the Earth’s crust as well as existence in a few regions lead
to the serious depletion and supply risks in the future [15].

REEs are essential ingredients for the development of modern industry as well as
designing and developing high technology products used in our daily lives.
Consequently, the worldwide demand of rare earth metals is rising quickly and
predicted to exceed the supply by 40,000 tons annually. However, their availability
is declining, mainly due to the export quotas imposed by the Chinese government
and actions taken against illegal mining operations. China is the exclusive supplier of
many metals from REE group. It is estimated that China has over 95% of world
production of rare earths and holds 36% of proven reserves. REEs have become a
strategically important area (critical and deficient material) due to the continuity of
undistorted, independent supply. This has laid emphasis to exploit and expand
technologies to meet the future necessities of rare earth metals. Considering, more-
over, the limited access and shrinking mining resources of rare earths, including
lanthanum, cerium, praseodymium, neodymium, samarium or gadolinium, whose
high price is associated not only with low concentration in ore extraction but also
with the high cost of their enrichment, confirms the purpose of recovery. These
elements are present in increasing quantities in the construction of modern means
of transport, e.g. electronics, motors and batteries for hybrid cars, cells, catalytic
converters, controls and active safety. In addition, rare earth metals are widely used
in high technology industries, wind turbines, energy saving light bulbs, screens and
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displays (LEDs, LCDs, plasmas), hard disks, camera lenses, glass, batteries, indus-
trial accumulators, medical equipment and water treatment [7, 28, 41].

The ever-increasing demand for rare earth metals, mainly in the metallurgical,
electronic, defense or medical industries and the strategic nature of the economic
importance of rare earths requires the search for alternative sources of their extrac-
tion. It is justified to recycle them from post-operational scrap from machinery
components and from EEE [15]. Such technologies are applied now.

The common element of electronic devices and the main carrier of most precious
and special metals are printed circuit boards (PCBs) in which metals and their alloys in
combination with ceramics are combined with resin layers of a peripheral plate
laminate. In general, PCBs contain approximately 28—-40% metals (including precious
metals), 23-30% plastics, with the remainder being ceramics and glass materials [42].
Such a combination of metals and plastics requires the right processing technology for
this waste, providing maximum levels of recovery of valuable components while
eliminating dangerous substances while preserving the principles of protection [8].
PCBs account for about 6% of the total weight of WEEE. They contain the highest
precious metal values (Au, Ag), and may be considered as a high-value waste. Also PCB
may contain PGMs (Pd, Pt, Rh, Ir and Ru), base metals (Cu, Al, Ni, Sn, Zn and Fe),
hazardous metals (Hg, Be, In, Pb, Cd, As and Sb), scarce or trace metals (Te, Ga, Se, Ta
and Ge) [43]. The concentration of metals in PCB scrap is differentiated (Table 8.14) and
the weight percentage depends on the method of determination and the author.
Material recovery from PCB scrap may contribute to reduce the environmental impacts
caused by the extraction of high-valued and/or highly toxic materials from nature [1].
The concentration of precious metals in waste PCBs is higher than the concentration of
precious metals in their ores. As it is reported currently mined ores for the extraction of
gold and palladium include less than 10 g/t of precious metals compared to the
concentrations of the similar metals in PCBs of personal computers (250 g/t of gold

Table 8.14: The concertation of metals in
PCB scrap [44-50].

Metal Weight [%]
Aluminum 0.26-5.5
Iron 4.97-8.0
Copper 16.0-26.8
Gold 0.03-0.1
Silver 0.05-1.5
Palladium 0.005-0.022
Nickel 0.47-1.0
Lead 0.8-2.0
Tin 1.7-3.0
Zinc 1.5-1.8
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and of 110 g/t of palladium) not to mention negative environmental impacts of the
extraction of precious metals through mining [35]. Furthermore such metals like Cd,
Cu, Ni, Pb and Zn released into the environment would pose a risk to the ecosystems.

Recovery metals from WEEE are particularly profitable when considering such
metals like Au, Ag, Pd. It was estimated, on the basis of average weight of mobile
phone (125g) and of PC/laptop (2.5kg) and number of 1,200 million units of mobile
phones and 255 million units PCs and Laptops that value of potential recovery of
Au, Ag, Pd will reach $1,891.6; $238.7 and $356.1 million, respectively. Also value of
copper and cobalt recovered from such devices is very high and was $968.1 and
$385.5 million, respectively [4]. Also the content of gold silver and palladium metals
in mobile phones and computers was compared to total demand from these appli-
ances and world mine production. Investigation showed that Au, Ag, Pd recovered
from mobile phones and PC/laptops represents 3%, 4% and 16% of world mine
production, respectively. Moreover cobalt recovered for these devices is 23% of
world mine production [37]. Above examples show only the value of recovered
metals. The full profitability assessment of recycling processes is very complicated
and not always verified. However such calculations made for UE WEEE divided into
a few categories of devices. Net present value (NPV) and discounted payback time
(DPBT) are used as reference indexes for the evaluation of investments. NPV was
positive for WPCBs coming from IT and telecommunication equipment, while
negative for such devices as fridges, washing machines, air conditioners, vacuum
cleaners, toasters, fryers and other big and small household appliances.
Investigation showed that DPBT varies from 1 to 2 years with interesting influences
on returns from investments. That led to the conclusion that profitability of metal
recycling strongly depends on WEEE streams as well as on individual device.
However, the profitability of WEEE treated as a whole obtained positive economic
values [51]. Waste recycling processes represent not only an economic point of view
but also an environmental protection action. It was estimated that energy saved by
recycling metals when compared to primary resources is at the level of 95% for
aluminum, 85% for copper, 74% for steel, 65% for lead and 60% for zinc [46]. A
good example of environmental aspect is the process of obtaining 1kg of primary
Mg by thermal reduction with silicon or electrolysis, where the energy demand is
20-35 kWh, depending on the method of processing and the purity of the material.
Recovering magnesium from scrap requires less than ten times the energy con-
sumption (only about 3.5 kWh) [7].

Catalyst is used in all chemical industries. In basic chemistry, where it used in
synthesis of some acids, ammonia, methanol and aromatics, in petrochemistry, in
polymerization, in refining or in reactions of fluid catalytic cracking (FCC) residue
cracking catalyst (RFCC), hydrodesulfurization (HDS) catalyst [52]. However the best
know are automotive catalysts. The recovery of metals and precious metals from
catalysts was an important topic from the economic point of view. The reduction of
catalytic waste can prevent from the environmental pollution.
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PGMs (platinum, palladium, rhodium and iridium, ruthenium and osmium) are
widely applied not only in electronics sector (hard disks, PCBs) or jewellery but also
in catalysts in chemical industry.

The worldwide market for catalysts used in chemical, pharmaceutical and poly-
mers is estimated at about $1.5 billion and global demand will grow 9-10 % per year
[53]. However the sector of automotive is still leading one demand for PGMs (espe-
cially Pt, Pd and Rh). In 2010 the demand of platinum, palladium and rhodium in
autocatalyst reached 84.6, 146 and 20.6tons, respectively. The recovery level of these
metals from all industry branches (autocatalysts, electro, invest, jewellery, glass,
medicine, chemistry and others) was ca. 24% for platinum, 21% for palladium and
27% for rhodium [32].

Waste effluents can be also a rich source of metals. Contaminated metallic
wastewater poses a significant risk to health and the environment, but also provides
a chance for metal recovery [54]. The metal included in contaminated water can post
health and environmental concerns. Heavy metals included in wastewater are
directly or indirectly discharged into the environment. The level of this phenomenon
is varied, however bigger in developing countries. Due to the fact that most metals are
not biodegradable and may be accumulated in living tissues of animals, plants and
human bodies, causing diseases and disorders the recovery of metals is highly
justified. Ecological point of view underline the necessity of recovery, especially
toxic heavy metals (zinc, copper, nickel, mercury, cadmium, lead and chromium),
which are of particular concern in treatment of mainly industrial wastewaters [55].
Table 8.15 shows the concentration of major metals in different wastewater. It is clear
that industrial wastewater contains far more metals than municipal waste, including
those with higher market values such as silver, gold, copper, zinc, etc. [3]

The US Water Environmental Research Foundation (WERF) reported in 2011 that
approximately 37,854 m> per day of wastewater could have a silver recovery potential
of $8,849-3,904,664 per year. Also it was reported that from wastewater, gold can be
recovered at the concentrating of metal to 165 pg/l, which translates into about
$4,600 gold per 10 m> of water. Although estimation of the value of metals recovered
from wastewater is promising, concentrations of metals in most wastewater are
relatively low. They are mainly in the range of pg/1 to pg/l, thus the technology of
recovery of such materials must be developed to treat a large amount of water,
effectively focusing on targeted metals [3].

The worldwide production of cars grew steadily over the past 30 years despite a dip
in 2008-2009 due to the economic crisis [56]. High demand for cars also generates
large amounts of auto scrub. Statistical data shows that approximately 6.5 million tons
of end-of-life vehicles (ELVs) were produced in Europe in 2011 [57]. ELV is composed
(by weight) of ferrous metal (65.4-71%), non-ferrous metal (7-10%), plastics (7-9.3%),
tires and rubber (4-5.6%), glass (2.9-3%), fluids (0.9-6%), battery (1-1.1%), polymers
(1-1.1%), electronics (0.4-1%) [57]. The current ELV recycling rate is around 80%. The
remaining waste is called automotive shredder residue (ASR), or car fluff [58].
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Table 8.15: Material concentration in wastewater [3].

Metal Municipal Road wash Tannery Mining Battery
treatment water factory
plant pg/l

Aluminum 0.467-26.1 0.161 0.2-7.3

Arsenic 0-0.0019

Cadmium 0-0.0033 0.056 0.004 0.02-0.12

Calcium 255 548 83-255

Chromium 0.04-0.56 0.004-0.107 391 <0.0044-0.08

Cobalt 1.55 0.0126

Copper 0.079-0.58 0.0111-0.177 0.244 <0.0033-0.38

Iron 0.48-3.9 2.59-26.8 4.4 0.033 0.02-20

Lead 0-0.039 <0.018-0.053 0.872 4.0-13

Magnesium 268 29.52 15-26

Manganese 0.067-1.16 0.396 0.04-0.6

Mercury 0-0.0002 2.1

Molybdenum 0.0154-0.021

Nickel 0.0067-0.77 <0.006-0.0525 0.179 0.142 0.07-0.38

Potassium 183 34.9

Silver 0-0.0014

Sodium 25,519 100.05

Tin 0-0.028

Zinc 0.26-0.75 0.105-1.56 0.684 0.023 0.6-17

Estimated value (USD)" 0.02 0.06 121.35 61.56 28.29

Note: “Suppose recovering 10001 wastewater with 100% recovery efficiency.

Automobile recycling generates approximately 5 million tons of ASR annually, which
equals to about 5% of the world’s industrial waste worldwide [42]. Worldwide, ASR is
considered an increasingly problematic mixture of materials that needs the develop-
ment of a processing solution [59]. Average composition of ASR material includes
aluminum, coppet, iron, zinc, lead, chromium, manganese, antimony, cadmium and
mercury, which are accounted for 5-23% [60, 61]; however, recent studies reported that
ASR residues include significant amounts of Au, Cu, Pt, Ag and Pd representing 4.8,
3.7, 2.2, 0.8 and 0.8 wt%, respectively. Values of metals included in ASR are signifi-
cantly higher, which confirms the legitimacy of extraction [61].

8.4 Summary

In times of strong civilization development there is a need to save energy and raw
materials as well as the evolution of safe, lightweight structures easy to recycle. Such
actions lead to further technical progress in the level of structural reliability and
safety of use and protection of the environment. It can be achieved by reducing fuel
consumption and reducing the emissions of harmful substances into the atmosphere
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from means of transport, among others, by using modern electronic systems. Great
progress in the design of modern vehicles and driving safety was achieved not only
by the rapid development of microelectronics, including closely linked to the
achievements of material engineering. Such fast development of electronics is also
inseparably linked with new technologies and new materials. The dynamics of
economic development is determined by the need for the development of waste
recycling techniques and the decommissioning and recovery of valuable raw materi-
als, especially metals. Recycling of metals is also associated with reduction of green-
house gas emissions, because the primary mining of metal (iron, aluminum,
magnesium) requires high energy and financial inputs while the recovery and sec-
ondary melt demand for energy is generally much lower.

Due to the depletion of natural resources as well as the increasing ecological
awareness of society relevant legislation in the EU was implemented. In June 2010,
the Raw Materials Supply Group meeting in Brussels presented a report on critical
mineral resources to the EU. The report listed 14 critical minerals of economic
importance to the EU. These materials are an increased risk of supply disruptions
for which there are no primary and secondary sources in EU countries. This list
includes 12 metals with different levels of production and demand, different origins,
and importance for EU and non-EU economies, is as follows: antimony, beryllium,
gallium, germanium, indium, cobalt, magnesium, PGMs, tungsten, niobium, tanta-
lum, rare earth metals.

Critical, the risk of shortage and impact of this shortage on the EU economy is
higher than for other raw materials. The high risk of their shortage is mainly due to the
fact that a significant portion of world production is in a small number of countries
such as China (antimony, fluorspar, gallium, germanium, graphite, indium, magne-
sium, rare earths, tungsten), Russia (platinum, tungsten), the Democratic Republic of
the Congo (cobalt, tantalum) and Brazil (niobium and tantalum).

The justification for the high demand for metal recovery is not only their high
price, shrinking deposits of natural resources, increasing new technologies demand
for precious metals, but also the territorial dependence of natural ores.
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