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Abstract

Complete recycling of precious metals in end-of-life (EOL) printed circuit boards (PCB) in electronic wastes
within the Southern African Development Community is still challenged. Some level of upgrading are done on
the stream before exporting assorted material fraction as a raw commaodity assayed for the contents of the
precious metal. Closing this resource cycle within the SADC will translate directly to an increased regional
gross domestic productivity, as well as open up opportunities for a bigger resource recovery industry. These
insights are advanced herein by first quantifying the precious metal values in EOL PCB resources in Southern
Africa, in mass and monetary value. This gives to about 70.36 tons of precious metals/annum in the eol PCB
stream, which translates to about R 11 billion per annum in isolation. Applicable technologies such as top
submerged lance, converting, blast furnace, Cu Is a melt smelting, gold refinery, already existing in the region.
This shows relevant smelting and refining technologies for copper, lead, nickel, gold and platinum group
elements are developed in Southern Africa to extents largely comparable to what obtains in regions around the
world where EOL PCB is fully exploited as a secondary resource stream. However, indicated opportunities
appear more in the form of challenges currently, demanding increased industry will and research cooperation to
integrate existing capacity. With the emerging industrial revolution, resources conservation and reuse will be
among indices with which development of nations will be ranked. Therefore, given the well developed precious
metal production from primary resources in the SADC, complete recovery of same from the complex EOL PCB
stream is both an obligation and an opportunity the region must embrace and integrate capacity towards.
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INTRODUCTION

Management of precious metal values in end of life
(EOL) electronics in Southern Africa is still not
totally cyclic. It was estimated that the total amount
of e-waste generated worldwide in 2016 was 44.7
million metric tons (Balde, Forti, Gray, Kuehr, &
Stegmann, 2017) and is projected to rise as the world
population increases by 3-5% per annum (D’ Adamo,
Rosa, & Terzi, 2016). The tonnage generation of e-
waste across continents is presented in Table I with
Asia identified as the global largest producer of e-
waste. All electronic appliances have printed circuit
board (PCB), such that rate of generation of e-waste
and eol PCB are directly proportional. Based on the
material make up, PCB is considered secondary raw
materials for the production of base and precious
metals (Veit & Bernardes, 2015). Many countries
therefore have collection and treatment policies of e-
waste to ensure material value recovery to the
resource cycle (Ongondo, Williams, & Cherrett,
2011; Terazono et al., 2006).

Table I: Quantity of e-waste generated globally in
2016

Continents Africa  America Asia Europe  Oceania
Number  of 53 35 49 40 13
countries

Population 1174 977 4364 738 39
(million)

E-waste (Mt) 2.2 11.3 18.2 12.3 0.7

Source: Balde et al. (2017)

The processing of e-waste as secondary material
resources with primary minerals resources has been
developed remarkably in manyparts of the globe.
Operations such as Takehara smelters, Umicore,
ATMI-Evolv in Asia, Europe and America,
respectively, are ready references in this regard.
Generally, Africa is lagging in material recycling
capacity to recover precious metal contents in eol
PCB back to the refined metal. In Southern Africa,
existing EOL PCB processing industries engage in
some step of physical and mechanical processing to
produce assorted non-ferrous, ferrous, ceramic and
plastic material fractions which are exported to
Europe, Asia and some other parts of the world for
further processing.

This type of integrated lead-copper-zinc smelters that
can accept the assorted fraction the PCB physical
processing industries typically produce is lacking in
the Southern Africa Development Community
(SADC). Some operations such as in Rand refineries
accept and process relatively highly sorted fraction
which is small part of the total value. Bulk of the
non-ferrous stream is therefore exported as a poly-
metallic raw resource for a small fraction of the worth
of the base and precious metal contents. With
staggering statistics on the rate of EOL PCB
generation, closing this resource cycle within the
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SADC will translate directly to increased regional
gross domestic productivity, as well as open
opportunities for a bigger resource recovery industry.
In this work, necessary background data on the
elemental composition of the PCB was reviewed to
project tonnages of some metal in the EOL PCB
stream. A data-based estimation was done to quantify
the base and precious metal values in EOL PCB
resources generated within Southern Africa, in mass
and equivalent monetary value. Towards integrating
capacity for value recovery from this secondary
resource  stream, available and applicable
technologies in the SADC region were identified,
assessed and compared to other global technology
adopted in processing this stream. The industry
technology review shows that this gap in the SADC
extractive metallurgy space can be plugged for the
good of the region.

Average Elemental Composition Of PCB

Broadly, PCBs comprise 40% of metals, 30% of
organics and 30% ceramics (Luda, 2011; Marian,
Wonder, & Yulandi, 2017), but as appliances
functionality and technologies evolve, the elemental
composition of PCB changes as well. Recent
smartphones now have fingerprint scanners, camera
and cored processors circuitry; these are indicators of
different elements now appearing in the mounted
PCBs in these devices (Charles, Douglas, Hallin,
Matthews, & Liversage, 2017). A single PCB can
contain up to 60 different elements and typically
represent about 4.45 wt. % of an electronic appliance
(Szatatkiewicz, 2014). For analytical purpose,
compositions of PCBs from various sources over
twenty years have been compiled and averaged in
Table II. It will be noted, as in Table II, reported
compositions do not always track all elements in the
PCB. Sources present elements of interest to their
reports, with such interest ranging from economic to
safety or processing.

Table I1: Elemental compositions of PCB from various sources* and the average

Metal Percentage (%) Ave %
*1 *2 *3 *4 *5 *6 *7 *8 *9 *10
Ag 0.200 0.330 0.124 0.1300 0.3301 0.100 0.200 0.21 - 0.16 0.198
Al 2.000 4.700 - 4.7800 1.3300 5.000 - 0.26 - 0.16 2.604
Au 0.100 0.008 0.042 0.0350 0.0570 0.025 0.100 - 0.035 | 0.13 0.059
Cu 20.000 26.800 | 15.600 | 17.850 23.4700 16.000 | 20.000 | 34.49 22.000 | 20.19 21.640
Fe 8.000 5.300 1.400 2.0000 1.2200 5.000 8.000 10.57 3.600 | 7.33 5.242
Ni 2.000 0.470 0.280 1.6300 2.3500 1.000 2.000 2.63 0.320 | 043 1.311
Pb 2.000 - 1.350 4.1900 0.9900 2.000 2.000 5.53 1550 | 1.87 2.387
Pd 0.005 0.001 0.0250 0.0294 0.010 0.005 - - - 0.013
Pt - - - 0.0046 0.0030 - - - - - 0.004
Sh 0.400 0.060 - - - - - - - - 0.230
Sn 4.000 1.000 3.240 5.2800 1.5400 3.000 4.000 3.39 2.600 | 8.83 3.688
Zn 1.000 1.500 0.160 2.1700 1.5100 1.000 1.000 5.92 - 4.48 2.082

*1- Shuey, Vildal, and Taylor (2006); *2 - Zhao, Wen, Li, and Tao (2004);

*3 - Kim, Lee, Seo, Park, and Sohn

(2004); *4 - Kogan (2006); *5 - Ogunniyi, Vermaak, and Groot (2009); *6 - Park and Fray (2009); *7 - Sum
(1991); *8 - Akcil et al. (2015); *9 - Yokoyama and lji (1997); *10 - Akcil et al. (2015)

Table 1l provides an average of 10 different
compositions for some elements. From this average,
precious metals such as gold and palladium assays
about 590 and 130 ppm in the EOL PCB streams,
which assay higher than what is obtainable in some
mine, while copper is the highest of the non-ferrous
metal contents at 21.64%.

Tonnages Of Metals In Eol-Pcb Generated In
SADC

Southern Africa is the second largest producer of e-
waste in Africa after Northern Africa. However,
economic growth in SADC differs from country to
country. In some instances, economic growth is thrust
by robust mining activities and booming resource
industries. Other factors include the availability of
diverse mineral resources, different geographical land
sizes, population sizes and connections to
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international trading routes (some such as Botswana,
Zambia and Zimbabwe, are landlocked). Using an
averaged 4.45 wt. % of PCB in an electronic

appliance (Szatatkiewicz, 2014), the quantity of e-
waste and EOL-PCB generated in SADC is indicated
in table I11. The total e-waste and EOL PCB fractions
was calculated to a total of 586 100 and 26 063 tons
respectively with South Africa contributing huge
54.8% to this stream.

Based on the total average percentage abundance
(39.45%) of the selected metal content of PCB (Table
I1), the total metal content of EOL PCB generated
within the SADC region adds to 10 284 tons of
metals, while the remaining 15 779 tons accounts for
the organic and ceramic contents of the PCB.
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Table I11: Quantity of E-waste and PCB generated in SADC

SADC Member *E-waste (tons) Estimated PCB | SADC Member *E-waste (tons) Estimated PCB
(tons) (tons)
Angola 92 000 4094 Namibia 14 000 623
Botswana 16 000 712 Seychelles 1100 49
DR Congo 17 000 757 South Africa 321 000 14 285
Lesotho 1800 80 Swaziland 5700 254
Madagascar 14 000 623 Tanzania 38 000 1691
Malawi 9500 401 Zambia 15 000 668
Mauritius 11 000 490 Zimbabwe 13 000 579
Mozambique 17 000 757
Total e-waste 586100 Total EOL-PCB 26063

*Balde et al. (2017)

Economic Value of EOLPCBs Generated in
Southern Africa

The purpose of recycling is not only to conserve
primary resources and environmental protection; the
lucrative aspect of material recovery is another
motivation. The monetary value of metals contained
in EOLPCBs is projected in this section. Since the

total EOL PCB was estimated to 26 063 tons in the
previous section based on 4.45 wt. % of PCB in
electronic appliances; elemental tonnage and its
corresponding monetary equivalent were computed in
Table IV using averages of elemental contents in
EOL PCB (table I1) and the July 2018 London Metal
Exchange (LME) prices of the different metals.

Table 1V: Monetary value of metallic content in EOL-PCBs generated in SADC annually

Metals in PCBs Ave (%) Quantity of metals in | *London Metal Exchange Prices

Tons (us $/ton) | Value (US $)
Ag 0.198 51.60 17.70 10025280
Al 2.604 678.68 2 029.63 1377469
Au 0.059 15.37 1314.40 ™ 646474496
Cu 21.640 5640.03 6477.68 36534310
Fe 5.242 1366.22 70.00 14821465
Ni 1311 341.69 10 848.52 3706831
Pb 2.387 622.12 2 356.76 1466188
Pd 0.013 3.39 547.00™* 59338560
Pt 0.004 1.04 872.00™* 29020160
Sh 0.230 59.94 8351 500559
Sn 3.688 961.20 20 559.55 19761839
Zn 2.082 542.63 2981.45 1617824
Total 824 644 981

Source: LME (2018)

A total of $ 824 644 981 worth of metals, which
translates to over 11 billion rands (at 1 US $ = ZAR
14.35) reports to the EOLPCB streams. The precious
metals content — Ag, Au, Pb and Pt- tonnage is
summed t070.36 tons which translates to 90.32 % of
the total monetary value. The economic value of
waste PCBs and its importance as an urban mineral
resource has been highlighted by different authors
(Ari, 2016; Cucchiella, D’Adamo, Koh, & Rosa,
2015; D’Adamo et al., 2016; Oluokun & Otunniyi,
2017). Only a fraction of this value is retained within
the SADC economy when the physically processed
outputs is exported.

Assessment of Applicable Processing Capacity in
SADC

In developing countries, EOL PCBs are managed
through various low-end management means such as
unmonitored disposal in landfills or dumpsites and
open burning (Marian et al., 2017; Osibanjo
&Nnorom, 2008). Zimbabwe and Zambia do not
have government-approved e-waste recyclers or
entities that are individually licensed to collect,
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process and dispose of e-waste(Fred, Hasha, Luka, &
Gertjan van, 2016). Botswana, Zimbabwe and
Zambia’s e-waste involve informal recycling, with
most of the countries’ e-waste shipped to South
Africa for processing. Some of the e-waste recycling
establishments based in South Africa have collection
centers in most of the SADC’s countries.

There is no single processing technique capable of
processing all types of EOL-PCB, being a very
complex material stream. Large-scale industrial PCB
recycling operation entails stage-wise comminution
separation of the PCBs to produce separate material
streams as ferrous, non-ferrous, glass/ceramics and
polymers, followed by pyrometallurgical and
hydrometallurgical processing. Currently, most
collection and recycling companies in Southern
Africa retrieve these PCBs, carry out some physical
separation, crush the PCB for assaying and export the
raw resource for a fraction of the monetary value of
the metal content. The outputs of these operation are
shipped for further processing and extraction in
Europe, Asia or Canada while some of its ferrous
components are sold to local secondary buyers and
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foundries. In most of the African countries, there are
no regulations like those in Europe for take-back of
old electronic appliances (Mmereki, Li, & Li’ao,
2015). South Africa has the highest number of
electronic  waste collection and mechanical
processing units in Southern Africa(Marian et al.,

Table V: Recycling operations of e-waste in SADC

2017), but these establishments do not process to
extract and refine the different metals. A summary of
activities of selected establishment in this region is
presented in Table V.

Establishment Operations Tons treated in | Main outputs

(Location) 2015

Africa E-waste | Collection, refurbishment of electrical waste except for lighting | 383 PCBs, glass,

(South Africa) equipment, batteries & radioactive equipment and manual plastics, ferrous
dismantling. Dismantled fractions are sorted and sold off in various and non- ferrous
material groups ("Africa E-waste," 2018). metals

Benelux Afro | Dismantling and collection centre - -

Centre (DRC)

DESCO (South The operation involves collection, physical separation and sorting. 5000 PCB, - plastics,

Africa) Shredded PCB is sold and exported to Europe ("Desco," 2017) ferrous and non-

' ) ferrous metals

Earth Friendly | Disassembling and separation. Recycle e-waste except for CRT | -

recyclers (Angola) | monitors, Tube style TV, Projection Tv, Fluorescence light and
batteries ("EFR," 2018)

Reclam Group | Mechanical processing of recyclable ferrous and non-ferrous, e-waste | - Ferrous and

(South Africa) (low, medium and high-grade PCBs), glass, plastic and papers for non-ferrous
both local and international sales("Reclam," 2018). metal scraps

Transworld cargo | Collection Services for recycling and disposal. - -

(Namibia)

URC (South | The operation is entirelymechanised and uses a multitude of | 3000 PCBs, plastics,

Africa) processing equipment, including 1200 horsepower shredders, heavy ferrous and non-

media, magnetic and eddy current separation equipment and a Liquid

ferrous metals

cell multi-stage in-line scrubbing system ("URC," 2017).

PCB processing goes beyond physical and
mechanical separation in countries such as Germany,
Australia and Belgium. The process usually includes
three stages: pre-treatment, separation/concentration,
and mechanical/chemical treatment(Li, Shrivastava,
Gao, & Zhang, 2004; McCoach H., 2014). Some
companies like Umicore, Noranda, Boliden, and
Cimélia, among others, are into actual metal recovery
(extraction). These establishments process various
types of industrial wastes and by-products of non-
ferrous metals including PCBs, recovering about 20
precious and other non-ferrous metals (Hagellken,
2006). The processes in these industries follow a

flowchart,  with  several  steps  involving
pyrometallurgical, hydrometallurgical and
electrochemical operations (Hageluken, 2006).
Technologies such as top submerged lance,

converting, Sn-Pb rotary furnace, lead Kaldo furnace,
blast furnace, zinc fume clinkering, Ausmelt TSL Cu-
Pb-Zn reactor, Cu Isamelt smelting, Pb refinery,
electrorefining, anode slime smelting, cupellation and
PGM refineries(Baker, 2013; Chen et al., 2013; Ebin
& Isik, 2016; Khaligq, Rhamdhani, Brooks, &
Masood, 2014; Shibata, 2015; Veldhuizen & Sippel,
1994). Major global players in these industries are
ATMI-eVOLV (USA), Aurubis (Germany), Boliden
(Sweden), Glencore (Canada), MontanwerkeBrixlegg
(Austria), Outotec (Finland), Sims metal management
(Australia), Takehara Smelter (Japan) and Umicore
(Belgium).By  comparing the primary metal
extraction industries in these countries to what is
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obtain in the SADC region, the capacity of the SADC
region to fully exploit its secondary resources
internally can be assessed.

It is important to note, comparable EOL PCB
resources, technical and manpower are within the
SADC and can be harnessed to retain the values EOL
PCB harbor within the SADC region. The prospect of
this capacity is further expounded.

Capacity Development for PCB Precious Metal
Recovery in SADC

Considering the identified huge resource reporting to
EOL-PCB stream annually in SADC region, it is
worthwhile to retain the value of this resource within
the region for the different benefits it offers.
Currently, in Southern Africa, there is no integrated
lead-copper-zinc smelter, such as in Europe, Asia and
some other parts of the world, capable of accepting
the mixed fraction that PCB physical processing
industries typically produce. However, some base and
precious metals refining plants exist, and in active
production in SADC indicating that there is enough
technological base upon which to integrate specific
secondary resources processing capacities.

Clearly, technologies such as copper matte smelting,
gold hydrometallurgical processing, gold refining,
PGM smelting, copper-nickel smelting,
electrorefining and smelting facilities are available in
the SADC region. Specific operations (such as
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smelting, converting and refining technologies) in
plants around the globe accepting and processing
secondary resources, and those of primary resources
processing plants in SADC have similar operations.
The smelting operations of establishments such as
Glencore (Canada) that accept and process electronic
scrap along with copper mineral concentrate is in
many aspects comparable to that of Palabora copper
smelter, Kansanshi smelter and BCL Cu-Ni Smelter
in  South  Africa, Zambia and Botswana
respectively.This is a pointer that the technological
base to integrate on exists within the region. For
instance, Rand Refineries process electronic scraps
with other low-grade precious metals bearing wastes
using an incinerator(Marian et al., 2017)but this is a
far cry compared to what is needed in the region.

The composition of PCB non-ferrous stream is not as
consistent as mineral concentrates, yet there must be
ways to improve and adjust from the physical
processing and the smelting sides to ensure the
resource cycle is closed within the region. Such
approaches can include:

Supplementary feed to copper smelter: Local
smelters such as Palabora copper smelter, Kansanshi
smelter and BCL Cu-Ni Smelter in South Africa,
Zambia and Botswana respectivelycan incorporate
well physically processed electronic scraps as
supplementary plant feed due to their inherent plant
operations. For instance, Palabora furnace feed
consist of copper smelter’s dust which is close to well
physically processed EOL PCB fractions, this will
only require deliberate drafting of feed specification
which the physical processing operation can try to
match up to. This will create synergy between EOL
PCB physical processing industries and primary
resources processing plants.

Improved physical processing of EOLPCB: On the
side of existing PCB physical processing
establishments, there must be a remarkable extension
of the operation to combine all relevant physical
separation technologies such as eddy-current
separator,  varieties of magnetic  separator,
electrostatic separators, air classifiers, optical sorters
and froth flotation (Ogunniyi & Vermaak, 2009).
With this, the non-ferrous product stream can be split
into more less assorted material streams acceptable to
copper, aluminium, lead smelters. The presence of
random deleterious elements such as arsenic,
cadmium and mercury can be compromising. These
options certainly will demand specific research in
various areas of smelting and physical processing.
This should not be a deterrent, particularly when the
merits are viewed from broader perspectives.

Integrated Pb-Cu-Zn Plant: Integrated Pb-Cu-Zn
smelting and refining facilities, where galena-
chalcopyrite-sphalerite concentrate are processed,
have been successfully operated to accommodate e-
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waste in Europe (Umicore and Noranda smelting
plants) and Australia (SIMSMM)(Hageliken, 2006;
Khaliq et al., 2014; Veldhuizen & Sippel, 1994).
These  establishments  synchronise  physical
processing of secondary resources with metal
extraction and refinery plants (Khalig et al., 2014).
For instance, the Umicore plant feed consists of non-
ferrous scraps and EOL electrical appliances for
copper and lead smelting plants. The smelting and
converting operations are carried out to obtain blister
copper which is purified via electrorefining. The slag
obtained from the converter contains lead and some
other valuable metals which are processed in a blast
furnace. The anodic slime from the copper
electrorefining plant and residue from the lead
bullion smelting are heated in the presence of oxygen
(cupellation) to collect the precious metals for further
refining. The off-gases containing SO, are treated in
the sulphuric acid plant to produce H,SO,.
Considering the high capex of establishing such
plant, this level of integration on existing plants may
not be the first solution approach to accommodate e-
waste in the precious metals extractive metallurgy
plant in the SADC. However, with depleting natural
reserve, long-term prospect of SADC metallurgical
industry must have holistic plan in this direction.

CONCLUSION

Despite the availability of primary resources in
SADC coupled with continuous depletion of precious
metal natural deposits in the SADC, increased
attention to metal recovery from secondary resources
such as end-of-life printed circuit board (EOL PCB)
has been emphasised. The monetary value of precious
metals in EOL PCB in waste electronics generated in
the SADC region per annum was estimated to about
ZAR 11 billion (@USD 1 = ZAR 14.35). With
minimal processing, the bulk of this commodity is
exported as a polymetallic raw resource, where the
base and precious metal contents are extracted as
separate metal end products. The demand for metals
outweighs current primary deposits, it is important to
note that material recovery of EOL PCB can be
tapped and can augment metal supply. It was shown
that it is possible to develop on existing extractive
metallurgy technologies in the SADC to halt this
trend and guarantee long term sustainability of the
precious metals industry in the region.
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