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Abstract. The issue of e-waste recycling is the uncharted territory in in most developing countries
with a full potential to be a source of secondary resources. Every year there are tonnes of electronic
materials with precious metals in them that lie in the landfills as there are no economically viable
methods to extract them. Many people have attempted to recover precious metals from e-waste and
the challenge is to come up with a method that is fast, clean (environmentally friendly), cheap and
safe. The aim of the research was to recover precious metals that are of high value such as gold
using hydrometallurgical methods. To achieve the faster reaction rate, the process involved heating
H2S04 to about 70+10°C and then washing with water after using a 1:1 solution of water to HNO3
to get rid of other remaining metals. Afterwards, a 10:1 ratio of HCI to H202 was added in order to
strip the components of gold. Precipitation of the gold solution was done using Na2S20s and left for
4 hrs to settle. The final result, after precipitating and drying , showed that with the devised method,
it is possible to recover gold at a shortest possible period of 4 days.
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1. Introduction

The issue of e-waste recycling is the uncharted territory in most countries with a full potential to become a viable
secondary resource industry. Every year there are tonnes of electronic materials with precious metals in them that
lie in the landfills as there are no methods to extract them. Many people have attempted to recover precious metals
from e-waste and the challenge is to come up with a method that is cleaner, cheaper and safer. This report is about
a method to recover precious metals that are of high value, worth the effort and make economic sense such as
gold using hydrometallurgical method.

In a paper by Argumedo-Delira et al., [1], it is mentioned that gold, silver, lead, platinum, iridium, titanium,
germanium, silicon, aluminium, copper, nickel, zinc, iron, tin, astatine and lead can be found in the printed circuit
boards of the cell phones and computers. These are not listed in the order of importance or preference of recovery.
Extraction of these metals from e-waste is considered sustainable enough in many countries. The definition of
waste electrical and electronic equipment (WEEE) encompasses the following items: cell phones, video and sound
equipment, telecommunications, rechargeable batteries, musical equipment, printers, computer peripherals,
cables, televisions, equipment household appliances, computers, monitors, toys, and tools that are no longer in
use among others according to [2]. In the same article, they estimate that e-waste constitutes about 8% of
municipal waste and that this is the fastest growing waste fractions in the world.

There are two types of printed circuit boards (PCBs) that are mainly used for making cell phones and computers
which are either single layer or multilayer [3]. The multilayer is usually used for smaller hand-held devices and
they are loaded with copper which makes up to 33% in weight. In simple mathematics, this translates to about 33
kg worth of copper per every 1000 kg of PCBs [3]. It is also estimated in a research done by Hageliiken in 2008
[4] that with 1000 kg of cell phones, without batteries, one can get 340 g gold, 140 g lead, 140 kg copper and 3.5
kg silver. It is believed that there are more precious metals in PCBs than mine ores but most of it, as high as 80%,
ends up in the landfills. A report by Yamane et al., [3] estimates that there is more gold in 1 tonne of computer e-
waste than will ever be for 17 tonnes of ore. Guo et al., [5] reported as high as 80 g/t of gold being recovered. So
far, there is no method for e-waste recycling that can be considered as a standard that is acceptable by everyone.

The outcome of this research is that communities can repurpose the e-waste into cash cows as they recycle the
materials and sell the proceeds. The relevance of this research is in the economic benefits and potential
employment contribution that beneficiaries can create when process is completed successfully. Moreso , the
authors intended to contribute to the body of knowledge gap through optimisation of the existing methods. The
research can contribute to the cleaning campaigns launched by most countries while at the same time promoting
green environment and sustainability.

E-waste contains a whole list of toxic substances/chemicals that pollute the environment where they are dumped
which in turn becomes harmful to people, soil and animals. Some of the toxins found in e-waste are lead, mercury,
arsenic, cadmium, selenium, and hexavalent chromium and flame retardants [5]. The dumping of e-waste is not
regulated in most countries, as such and, therefore, these harmful materials find their way into the landfills.
However, e-waste does not only contain toxic substances but also precious metals. The challenge is that there are
no known simple and tried technologies of recovering these metals and, therefore, this proposal seeks to address
this knowledge gap. Therefore, the main objective was to successfully recover gold in tangible quantities that are
commercially viable. The specific objectives are: (i) to develop an e-waste recovery process that is safe/efficient,
clean/green (environmentally friendly) and cheap; and (ii) to optimise the recovery process in order to achieve a
recovery rate that is viable for commercialisation of the recycling process.

2. Literature review

2.1 Bioleaching (biometallurgical technique) — microorganisms and plants

Bioleaching method uses principles of bio hydrometallurgical techniques whereby living microorganisms are
employed to extract precious metals from e-waste such. The commonly used microorganisms are plants,
acidophilic bacteria [1] and acidophilic fungi [6]. It is reported that fungi are mostly used for bioleaching of
precious metals such as gold and silver while bacteria are used for base metals such as zinc, copper, and nickel
through mineral biooxidation process. The method started being used from about 300 years ago when copper was
extracted from low grade ores. This method is considered the cheapest [7] of the three methods discussed in this
proposal. These methods are predominantly used in biomining but they are fast finding their way and have proven
to be useful in e-waste recoveries.

According to Liu et al., [8], gold leaching takes advantage of cyanogenic microorganisms and generally involves
an indirect process with microbial production of metabolites. These metabolites then dissolve gold from e-wastes
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by the formation of soluble metallic complexes. Gold dissolution in formed cyanide solution as a biproduct of the
process consists of an anodic and a cathodic reaction which is given by the following equations:

4Au + 8CN™1 > 4Au(CN); + 4e” )
0, + 2H,0 + 4™ — 40H~ )
4Au + 8CN~! + 0, + 2H,0 — 4Au(CN); + 40H-  (3)

Pham & Ting, (2009), [9] compared gold bioleaching from e-waste containing gold and copper by
Chromobacterium violaceum and Pseudomonas fluorescens. Between Chromobacterium violaceum (C.
violaceum) and pseudomonas fluorescens (P. fluorescens), Pseudomonas fluorescens had high gold extraction
efficiency at all pulp densities and excess copper from e-waste was removed through bio-oxidation of e-waste
with Acid thiobacillus ferrooxidans. Bioleaching the bio-oxidised e-waste significantly improved gold recovery,
especially by C. violaceum, particularly at high pulp density. For example, at pulp densities of 2 and 4% w/v, gold
recovery from non-bio-oxidised e-waste was 0.22 and 0.14% respectively. On the contrary, higher gold recovery
of 8% was obtained for bioleaching of the bio-oxidised e-waste at both these pulp densities. The ratio of
gold/copper in leachates after bioleaching of the bio-oxidized e-waste was also found to be increased.

The following are disadvantages of bioleaching:

e Itisa very slow process
e Can produce sulphuric acid as a byproduct.

2.2 Pyrometallurgical techniques

Pyrometallurgical method has been the most traditional technology used for the recovery of discarded electronic
scrap [10]. In this method, the recovery of targeted metals involves use of heat to melt scrap using furnaces. This
is what makes this method to be expensive as it is highly energy dependent. The other disadvantage is that to
recover individual metals from e-scrap is not easy as everything is bundled including heavy metals.

23 Hydrometallurgical techniques

Hydrometallurgical processing of e-waste involves the use of acids to leach out the metals from scrap.
Additionally, other processes are done such as separation and purification using extraction, adsorption, and ion
exchange to concentrate the recovered precious metal. Ashiq et al, (2019), [11] recommended that
hydrometallurgy be the first step that one should investigate when planning for e-waste recovery. The process
entails extracting the targeted metals into solution through use of acids and then extracting the process further
through using precipitation, absorption, ion exchange, electrowinning, or solvent extraction. With this method, it
is possible to control impurities at different stages and also easier to control what metal to recover. 7able I shows
the leaching methods and targeted metals.

It was highlighted by Priya and Hait [12] that the major challenges of pyro and hydrometallurgical methods are
the secondary pollution that these two processes bring along and that they are economically unattractive.

Table 1: Table showing leaching methods and targeted metals

Leaching type Targeted metal

Halogenated leaching Gold

Thiourea leaching Gold

Thiosulfate leaching Gold, silver and lead

Solvent extraction Gold, silver, nickel and Cobalt

Sheel & Pant (2018), [13] studied the development of a modified method for gold recovery from e-waste. Selective
biosorption of gold from contact point of PCBs was achieved by using the combination of ammonium thiosulfate
(AT) and Lactobacillus acidophilus (LA). The improvement in the biosorption was due to the n-x interaction and
resultant change in amide absorption bond between AT and LA, as evidenced by infrared spectroscopy. Selection
was justified by some basic postulates of ionic radii and confirmed by inductively coupled plasma atomic emission
spectroscopy. This methodology provides a unique leaching-sorption method for gold recovery and 85% of gold
was recovered (from AT leachant) by the proposed combination.
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Khaliq et al. (2014), [14] presented the various metallurgical techniques for the extraction of precious metals from
e-wastes. The authors also highlighted the importance of e-waste recycling in the context of the development of
electronic technologies and rising number of e-wastes.

The e-waste is defined in the first part of this work in terms of composition as well as its classification. The second
part focuses on the methods of extracting metals from e-waste. The various methods such as mechanical
processing, hydrometallurgical and electrometallurgical processing for the extraction of various elements are
critically analysed. The pyro-metallurgical method is generally found to be economical and eco efficient if the
hazardous emissions are adequately controlled. Pyrometallurgical method can be used for the segregation and
upgrading of the elements followed by hydrometallurgical and electrometallurgical methods of processing for the
recovery of elements such as gold, silver, copper, lead and nickel.

3. Materials and Methods

Single layered circuit boards from scrap computers and multi layered circuit boards from discarded cell phones
were bought and collected from vendors. There was no preference at the beginning in terms of brand or sources.

Receive e-waste

Sorting

( Pre-sorting h
(Size reduction)j
( Separation h

leaching

Electrowinning

Figure 1: Schematic diagram of the process that was used to get to the precious metals
The procedure involved the following steps and summarised in Figure /:

e Disassembly of the components and sorting into different categories followed by weighing to form a
weight baseline.
e Pre-sorting was done afterwards to remove any hazardous parts such as batteries, lead etc, and unwanted
parts like casings, ink and toner cartridges.
e Particle reduction using mechanical means like grinding and dissolving
e Particle separation and cleaning
Recycle to recover metallic and non-metallic materials and then separate the recovered materials to recover gold.

a. Collection of e-wastes
The waste electrical and electronic equipment (WEEE) that ceases to function were purchased from household
level and electronic device repairing shops. Some of the WEEE were recovered from landfill sites.

i.  Pre-processing of PCBs

Before the WEEE were exposed to hydrometallurgical process, the WEEE had to undergo pre-processing stage
in order to reduce the amount of reagent to be used and the size of e-waste components. The pre-processes involved
disassembly of PCBs components. In brief, this involved the removal of gold bearing components using plier,
screw driver, crew bar hammer and heat from the hot plate. The other pre-process was sorting out of PCB
components which involved the selection of IC chips for sulfuric acid treatment and gold-plated component for
striping process (hydrochloric acid-hydrogen peroxide treatment) ) [15]. The total PCBs weighed 2,230.8 g.
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ii.  Separation processes

a. Sulfuric acid treatment

Sulfuric acid was added in a beaker containing e-waste and heated to a temperature ranging between of 40
to 60°C. After the polymeric compound had dissolved completely, the solution was poured-out to wash the
gold bearing wires with hard water. A mixture of HNO;3 with water at a ratio of 1:1 was used to get rid of
the remaining metals. After the remaining metal were removed, the gold wires and the dying chips were
washed with hard water ready for leaching process [16].

b. Stripping process

Gold plated components were put in two separate conical flasks. Hydrochloric acid and hydrogen peroxide
were added in the flasks at a ratio of 10:1. Thus, for 1000 ml of HCI added there was 100ml of H,O> to be
added. In the first flask 1200 ml of HCI and 120 ml of H,O, was added, and in the second flask 800 ml of
HCI and 80 ml was added, see Figure 2. The flasks were covered in order to prevent the solution from
splashing when it started boiling.

Figure 2‘ Coniéalﬂasks containing (a) 1200ml HCI and 120ml HzOz, and (b) 800i HCI nd
80ml H> O>

Doses of 120 and 80 ml of H>O,were added at an interval of 13 h in flasks containing 1200 and 800 ml of
HCI, respectively, to dilute the solution and also to allow more room for dissolved metals and rejuvenate the
power of acid. The doses were added four times. The flasks were shaken in order to agitate the solution.

After 75 h and 15 min of the process, the reaction was stopped and gold foils and fragments clinging to the
PCB components were separated from the PCB components manually in the solution in order to accelerate
the process. Afterwards, cotton wool was used to filter the gold foil and the fragments, see Figure 3. The
solution was secured in a container and disposed without being reprocessed to make sure that no targeted
mineral remained trapped in the solution. The gold foils and fragments on cotton wool were placed in a clean
beaker.
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Figure 3. Filtration of gold foils, (a) filtration using cotton wool and (b) the gold fragments that
were collected

c. Leaching process

After stripping the gold, 200 ml of HCI was added in the beaker that contained the gold foils and fragments
followed by the addition of HNOs using the incremental method, Figure 4. The dissolving of gold was done
under heat (about 60°C) as a catalyst. After dissolving, the solution was filtered using filter paper in a mild
vacuum [17]. The following reaction takes place;

Au + HNO, + 4HClo [AuCl, ]~ + [NO] + Hy0 + H,0 @)

Figure 4. Addition of HNO; using incremental method
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(@)

Figure 5. Dissolving of gold under heat

After 50 min, another 200 ml mixture of hydrochloric acid and HNO3 was added beaker in order to
dissolve all the remaining metals, Figure 6. It took 1 hour and 9 min for the whole leaching process to
complete. Thereafter, the solution was filtered using cotton wool, Figure 7.

: S
Figure 6. Addition of HCl and HNOj; after 50
minutes
Figure 7. Filtration of gold solution
d. Precipitation process

Two 250 ml saturated solutions of sodium metabisulfite were prepared by adding sodium metabisulfite
in tap water until the solution no longer absorbed the sodium metabisulfite. Next, the saturated solution
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of sodium metabisulfite was added to the filtered gold solution. The precipitates were left to settle for 4
h, Figure 8 such that the following reactions take place;

2AuCl; + 3NalSO; + 3H, 0 — 2Au+ 6HCI + 3NaHS0, 5)

&

i
Figure 8. Precipitates left to settle

A stannous chloride test was supposed to be performed to make sure that all the gold had been precipitated
from the solution but the test was not conducted due to unavailability of stannous chloride test solution. The
solution was decanted and also the gold was rinsed with hard water [17]. After the gold had settled, the water
was decanted.

e. Purification process

400 ml of HCl was added in the gold beaker in order to dissolve other metals, and heat was applied
simultaneously with stirring. When the solution became darker, the heat and stirring was stopped to allow
the solution to settle. A stannous chloride test was performed after settling to make sure there was no gold
in the solution. If the solution contained dissolved gold, a small amount of the saturated sodium metabisulfite
solution was added to allow the dissolved gold to precipitate. After settling, another stannous chloride test
was performed. Next, the solution was decanted and the gold powder was rinsed with hard water, and the
water was decanted after settling. Baking soda was added in the decanted hard water for disposal and pH
was checked to be neutral. Then, the gold was purified by adding 400 ml of HCl with a mediate heat plus
stirring, and next, a small amount of HNO3 added just enough to dissolve the gold. After dissolving, the
solution was cooled. Next, the good solution was vacuum filtered, and the beaker, funnel and filter were
rinsed completely to remove the gold. A saturated sodium metabisulfite was added to precipitate the gold.
After precipitation, a stannous chloride test was performed to make sure of full precipitation of gold. Then,
the solution was decanted, and the gold is rinsed. The rinse water was decanted ready for drying [15].
Undesirable metals were supposed to be removed from the precipitate in order to concentrate the target
metal. The process was not performed due to unavailability of stannous chloride test solution.

f Drying and Melting

After precipitation, the precipitate was dried and weighed on a mass balance in Figure 9. The precipitate
weighed 2.2 g.
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Figure 9. Dried precipitates (a), and weighed precipitates (b)

Melting process was not done due to unavailability of melting equipment. The melting process produces a
liquid metal of which upon solidification the metal obtains a solid metal form, and also the melting process
increases the purity of the metal when flux material, such as borax, is added in the liquid metal.

4. Results and Discussions

The XRF results showed the presence of high amount of gold in the dried precipitate with three isotope peaks, see
Figure 10.

The Power to Change Eaergy Info Infermation

Fast Report

fast
01/07/2021 15:41:05

Figure 10. XRF analyser results
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The results showed that gold had greater counts than other metals in the precipitate. The gold had 65% of the total
counts as shown in Figure 11.
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Figure 11. Metal counts and the percentages in the precipitate

The following discussion talks about key findings, addresses the broader implications, and assesses the
applicability of the developed methodology. The economic and environmental relevance of this research cannot
be overstated. The recovery of precious metals, particularly gold, from e-waste offers a dual advantage. Firstly, it
presents an economic opportunity for communities to repurpose waste into a valuable resource, contributing to
both local economies and the broader national agenda of job creation. Simultaneously, this research aligns with
global environmental sustainability goals by addressing the hazardous components present in electronic waste,
such as lead and mercury. The literature review underscores the substantial value embedded in electronic waste,
revealing a wealth of precious and base metals. The shockingly high percentage of these metals ending up in
landfills emphasizes the urgent need for efficient recycling strategies. By providing estimates and comparisons,
this study underscores the economic potential within seemingly discarded electronic materials. The
comprehensive literature review offers a holistic understanding of existing e-waste recycling methods. The
economic and environmental challenges associated with traditional methods, as highlighted in the literature,
reinforce the necessity for innovative approaches. Inclusion of studies such as [13] and [14] broadens the context,
recognizing the global nature of electronic waste challenges. These studies contribute to the evolving landscape
of e-waste recycling technologies, positioning this research within a larger framework of global efforts. The
methodology provides a systematic guide for recovering gold through hydrometallurgical processes. The
transparency in detailing the steps and acknowledging challenges enhances the research's credibility and aids
potential replicability. The experimental results, as supported by XRF analysis, demonstrate the efficacy of the
hydrometallurgical method in successfully recovering gold from e-waste. The acknowledgment of limitations,
such as the unavailability of specific test solutions and equipment, adds a layer of authenticity to the research. It
underscores the practical challenges encountered during experimentation and provides valuable insights for future
endeavours.

The developed hydrometallurgical method not only addresses economic and environmental concerns but also
aligns with broader global initiatives for responsible waste management. For future considerations, optimizing
and scaling the proposed method is crucial. Collaborations with stakeholders, governmental bodies, and the
private sector can facilitate the integration of these sustainable practices into national policies and industrial
frameworks. The research lays a foundation for ongoing efforts to establish a circular economy in electronic waste
management. Beyond the specific local context addressed in this research, this research contributes to the global
discourse on responsible e-waste management. The potential for economic upliftment, environmental
conservation, and the establishment of sustainable practices positions this study as a catalyst for positive change
in electronic waste recycling. As nations grapple with the increasing challenges posed by electronic waste,
innovative methodologies like the one proposed in this research offer a glimpse into a more sustainable and
responsible future. The amount of gold could be greater than the amount recovered because the waste solutions
from the process were not tested of gold to recover the remaining amount of gold. And also, the purity of gold
could have been higher than the one which was recorded because the process of gold purification was not done

10
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due to unavailability of stannous chloride test solution. Melting process which also increases the purity of gold,
by removing impurities using flux, was not conducted due to unavailability of melting equipment.

5. Conclusion

The recovery of 2.2 g of gold highlights the project's feasibility for broader implementation. Despite potential
gold disposal, the project showcases cost-effective recovery from e-waste and pioneers sustainable e-waste
management, extending its significance beyond local boundaries. The following were the main findings and
contributions from this research:

a. The results show that high-purity gold recovery is achievable through meticulous application of the
explained methodology. The developed hydrometallurgical method offers a practical solution for
extracting precious metals, notably gold, from electronic waste. The results show that economic and
environmental implications align very well with national priorities and contribute to global waste
reduction efforts.

b. This research lays a foundation for future optimization and scalability of the proposed method. The
outcome from this study offers possible collaboration with stakeholders, government bodies, and the
private sector recommended for integration into national policies and industrial frameworks.

c. The study contributes valuable insights to the global discourse on responsible e-waste management. The
research also shows the potential for economic upliftment, environmental conservation, and the
establishment of a circular economy and positions the research as a catalyst for positive change in
electronic waste recycling.
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