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ABSTRAK 

Evolusi peranti elektrik dan elektronik telah menyaksikan perkembangan yang luar biasa 

dan seiring dengan perkembangan teknologi. Namun, peningkatan penggunaan peralatan 

ini telah menghasilkan jumlah bahan buangan elektronik yang tinggi. Penghasilan bahan 

buangan yang tinggi ini telah menimbulkan masalah kepada komuniti global dan 

setempat. Walaubagaimanapun, sebahagian besar komponen bahan buangan elekronik 

ini terbentuk daripada logam berharga, menjadikannya bahan kitar semula yang sesuai 

untuk pengekstrakan tembaga melalui kaedah elektrolisis. Kajian ini bertujuan untuk 

menyiasat masa tikdak balas dan arus elektrik yang optimum untuk proses ini. 

Kesimpulan yang didapati daripada kajian ini mendapati bahawa elektrolisis 

menggunakan elektrolit hijau, yang beroperasi pada suhu bilik dan tekanan atmosfera 

telah berjaya mengekstrak tembaga setinggi 85% dengan masa tindak balas 3 jam dan 

arus elektrik 1.0 mA. Kesimpulannya, menggekstrak tembaga melalui kaedah elektrolisis 

dengan menggunakan elektrolit hijau adalah alternatif yang lebih mesra alam daripada 

perlombongan tembaga. 
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ABSTRACT 

The evolution of electronic devices has seen remarkable development and continuous 

improvement in technologies, but their increased use comes an increase in the amount of 

e-waste produced. This has become an emerging problem for both global and local 

societies. However, valuable metals make up the majority of e-waste components, 

making urban mining through electrolysis a feasible method for extracting copper. This 

study aimed to determine the optimum reaction time current needed for this process. It 

was found that electrolysis using green electrolyte, which operates at room temperature 

and atmospheric pressure, yielded the highest extraction of copper at 85% with a reaction 

time of 3 hours and a current of 1.0 mA. In conclusion, recovering copper through 

electrolysis using a green electrolyte is more environmentally friendly alternative than 

virgin mining.  
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Background of Study 

New work culture has been evolving along the passage of time and the public 

reliance on electronic equipment has been increasing due to the Covid-19 pandemic 

situation (Borthakur, 2022). Besides, the Internet of Things (IoT) encourages industries, 

schools, and other sectors to depend on devices in daily life from work to personal 

matters. Thus, the evolution of electronic devices has experienced remarkable 

development and continuous improvement in technologies. As a consequence, it led to 

unprecedented advances in society (Reyna et al., 2018). Because of the advancement of 

technology, people’s desire to buy many electronic products such as smartphones, tablets, 

laptops, and gaming device to adopt a modern lifestyle as well as to be in trend causing 

rapid obsolescence, leading to the increase on the electronic global consumption (Nithya 

et al., 2021). The online survey data recorded a 56% increase of electronics consumption 

worldwide of people who own 6 or more devices from the year 2018 to 2021 show people 

reliance on technology (Morris Tom, 2022). In addition, according to Kumar et al. (2018), 

the requirement of new software is one of the factor for electronic purchasing. Due to 

functional needs, rapid adoption of new software may necessitate hardware upgrades. 

Hence, if the old hardware is not relocated or eliminated, it will become obsolete. To 

conclude, the drawback for high electronic consumption is a very fast replacement of 

electronics due to obsolescence (Ardelean et al., 2021). 

In ever-increasing humans’ reliance on technology, electronic waste (e-waste) 

disposal has become an emerging problem to both the global and local society. According 

to the Waste Electrical and Electronic Equipment (WEEE) Forum, a total amount of 57.4 

million tonnes of e-waste is expected to be dumped in year 2021 and most of it is unlikely 

to be recycled. While in Malaysia, the overall e-waste generated in 2017 was about 280 

kilo tonnes compared to 230 kilo tonnes in 2014 and is expected to reach 1.1 million 
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tonnes e-waste volume in 2020 (Yong et al., 2019). Properly recycled e-waste only 

account to 20% of global e-waste in 2016, while the remaining 80% undocumented might 

likely be dumped, traded or recycled under inferior conditions (Ilankoon et al., 2018). 

The majority of the e-waste was dumped via household waste or bulk waste without 

proper disposal. Commonly, e-waste will be sent to a registered recycling centre for 

further process either to be reuse, treated or final disposal. E-waste needs to be recycled 

because waste from electronics can cause serious health impacts to human and on the 

environment if not properly managed. Furthermore, e-waste still contains valuable and 

precious metals that can be extracted and recovered after going through certain processes 

(Environment, n.d.). 

Extracting valuable metals from e-waste and conventional mining is different. 

However, both have their own advantages. Metals extracted from the e-waste were found 

to be more cost saving compared to conventional mining processes. With the e-waste 

recycling, materials recovery from e-waste is more profitable due to the energy efficiency 

in contrast to processing primary raw materials from mining (Tesfaye et al., 2017). There 

are few types of process for value-added metals recovery such as pyrometallurgy, 

hydrometallurgy, bio metallurgy, electrolysis, and supercritical fluid method (Yang et al., 

2018). In this experiment, the process to recover value-added metal which is copper is 

electrolysis process. The electrolysis process is a process where the electric current causes 

a chemical reaction in the electrode with the presence of anode and cathode. It will cause 

the amount of required product deposited at the cathode from the electrolyte mixed with 

e-waste. 

 

1.2 Problem Statement 

The total e-waste generation of 54 million tonnes, only 9.3 million tonnes which 

constitute to 17.4% was formally recycled and the remaining 44.7 million tonnes which 

amount to 82.6% are left untreated (Nithya et al., 2021). Nonetheless, the annual growth 

rate of e-waste recycling is 0.4 million tonnes per year. Meanwhile, the e-waste 

generation annual growth rate is 2 million tonnes. Therefore, the recycling rates is 

insufficient to cope with the growth of e-waste generated. Extracting valuable metals such 
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as gold, copper, platinum, and other metals from mines are thirteen times pricier than 

recovering the valuable metal from e-waste. By recovering metals from the waste, it can 

be reuse for other usage and helps to reduce total cost by lowering the raw material 

purchase price. Improper disposal of e-waste can deteriorate human health, reduce water, 

and soil quality and causing other adverse impact on the environment. This is because, e-

waste contains components that can cause toxicity such as mercury and lead and it need 

to be handled by professional unit before disposal. Generally, WEEE can be categorized 

as precious metals, ductile metals, heavy metals, and scarce metals. Copper is a ductile 

metal. Nowadays, copper has a potential to be depleted in future. Furthermore, copper 

demands have been increasing along the rise of technology. For instance, the electric 

Tesla Model S requires three times more copper wiring than an internal combustion 

engine (Andrew, 2017). Apart from that, all electrical and electronic devices need copper 

because of its high conductivity. Thus, the copper market is on the rise. Extracting copper 

instead of gold and silver might seem mundane to the public. But there is necessity in it. 

 

1.3 Objectives of Study 

The objectives of the study are 

1. To extract copper from e-waste using electrolysis process. 

2. To investigate the optimum reaction time and current needed for the electrolysis 

process. 

 

1.4 Scope of Study 

The purpose of this project is to extract copper from crushed e-waste using an 

electrolysis process. Furthermore, the scope of this study is to determine the optimum 

reaction time and the current needed for the extraction process based on a few different 

changes made to the process. The result will depend on the copper concentration of 

copper extracted from the electrolyte and will be evaluated using a spectrophotometer 

after the experiment.  
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1.5 The Importance of Study 

The increasing volume of e-waste is being viewed as a global problem. The 

conventional and primary method of disposing of e-waste which is incineration and 

landfills could severely influence the economy and the environment. According to Ismail 

and Hanafiah (2019), an appropriate disposal method is needed for e-waste as the 

chemical and physical component of e-waste is different from other waste. Moreover, e-

waste contained various valuable metals that can be recovered. The recycling method can 

be considered the best option to deal with disposal issues. Recycling metal is both 

economically and environmentally preferable to mining new ore sources. Therefore, the 

e-waste recycling method that will be used in this study can be considered reasonable 

because it is more environmentally beneficial and sustainable.
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 E-waste 

The advancement of technology has contributed to the unprecedented 

development to the mankind (Reyna et al., 2018). Moreover, the creation of electrical and 

electronic devices helps in everyday work. As an example, computers, tablets, and 

smartphones helps to ease communication and work, while washing machines and 

vacuum robots help in household work. Besides, factors such as the urbanization, literacy 

rates, middle-class expansion, decreasing pricing, rising interest sparked by aggressive 

advertisements and a desire to adopt new technologically advanced electronic devices are 

all contributing to the high volume of electric and electronic equipment (Adeola, 2018). 

Furthermore, the recent disease outbreaks of Covid-19 has triggered the increased in 

devices purchasing due to movement control order. The changes in working mode from 

working in the office to work from home, and from going to school to attend classes into 

online classes causes a massive purchase of electronics. Additionally, the growth of 

electrical consumption is due to the advent and emerging technologies (Tesfaye et al., 

2017). The redundancy of older devices has been aided by the emergence of newer 

models that offer better value, miniaturisation and improved adaptability (Shittu et al., 

2021). Hence, the growth of electronic usage. Another factor that led electronic procuring 

is the compatibility of the device to the upgrade version of software, where older 

electronic devices cannot support the upgraded hardware (Kumar & Rawat, 2018). This 

led to older devices being replaced although it’s still working properly. As a consequence, 

the demands and the production of electronic and electrical equipment will continue to 

rise further in the future (Shittu et al., 2021) along with the advancement of technology. 

One of the fastest growing waste streams globally has been identified as Waste 

Electrical and Electronic Equipment (WEEE) (Adeola, 2018; Pekarkova et al., 2021; 

Tesfaye et al., 2017) . According to (Adeola, 2018; Ilankoon et al., 2018), WEEE refers 
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to all discarded or end-of-life ICTs and other electronic/electrical equipment that requires 

an electrical current from an electromagnetic field (circuitry) in order to function. 

Pekarkova et al., (2021) stated approximately 54 million tonnes of global WEEE 

generation were recorded in 2019 which is a rise from 45 million tonnes reported in 2016. 

Therefore, it was estimated that e-waste production can reach up to 74.7 million tonnes 

in 2030 (Shittu et al., 2021; Yeoh, 2020; Ankit et al., 2021) as depict in Figure 2.1. 

Following Malaysia record to generation of 364 kilo tonnes of e-waste in 2019 (Yeoh, 

2020) in contrast to 280 kilo tonnes waste generated in 2017 (Yong et al., 2019). Thereby, 

it was foreseeing that the total volume of e-waste in Malaysia is 1.1 million tonnes by 

2020 with annual growth rates of 14 percent. Furthermore, this amount will continue to 

rise substantially due to emergence of new technologies and product compatibility. 

Additionally, the high volume of WEEE is due to rapid product obsolescence and device 

shelf life. Hence, the reduction on e-waste generated is unfeasible. 

 

Figure 2. 1 WEEE generation between 2019 and 2030.  

Source: Shittu et al. (2021) 
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Figure 2. 2 Rank of countries based on e-waste generation worldwide in 2019.  

Source: Tabelin et al. (2021) 

 

Nowadays, the accumulation of e-waste generated is a problem. This is due to the 

waste property which includes ferrous material, nonferrous material, plastics and ceramic 

materials (Ardelean et al., 2021). The complex mixture of valuable metal, hazardous 

metal, and other materials making the disposal become complicated and seen as arduous 

task due to strenuous effort taken to separate parts from WEEE. Moreover, Ardelean et 

al., (2021) also stated that the metal fraction in electronic waste made up more than 60% 

mixture of iron, copper, aluminium, gold and others. Meanwhile, 2.70% of the waste 

becomes polluting residues and the rest is plastics. Correspondingly, the significant 

number of valuable metals contains in e-waste is seen as economical and secondary 

resource. However, electronic waste also seen as environmentally problematic due 

notable number of hazardous substances (Tesfaye et al., 2017). In addition, the enormous 

volume of e-waste poses a significant hazard to the local community as e-waste has the 

potential to harm human health (Nithya et al., 2021). Furthermore, according to United 

States Environmental Protection Agency (2019), e-waste containing lead (Pb), mercury 

(Hg), cadmium (Cd) and arsenic (As) can lead to irreversible health effects, including 
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cancers, miscarriages, neurological damage and diminished IQs if has prolong exposure 

to these metals. Additionally, hazardous substances effect on the environment and it give 

impact to the soil fertility, pollutes the atmosphere, and affect the aquatic habitats. As an 

example, copper (Cu) metals is highly toxic and hazardous to the ecological system, as 

defined by RoHS (Restriction of certain Hazardous Substances) and recovering Cu using 

inefficient methods such as open burning will results in the release of hazardous 

substances into the environment (Nithya et al., 2021). Hence, viable and environmentally 

sound methods are needed to manage e-waste as it is crucial to safeguard human health 

and attain the ecosystem’s survival. 

 

2.2 Disposal of E-waste 

In 2016, only 20% of global e-waste was properly recycled or disposed of. The 

remaining 80% of e-waste were undocumented which likely to be dumped, traded, or 

recycled under inferior conditions (Ilankoon et al., 2018). Furthermore, when it came to 

WEEE management, most people were perplexed, and they were unaware of the few 

targeted awareness programmes. The ability of people to distinguish between WEEE and 

non-WEEE in their homes is a critical issue that must be addressed. This is due to the 

widespread practice of disposing WEEE in residual waste bins. This e-waste will 

eventually send to municipal landfills which cause negative impact on the environment. 

In the United Kingdom, for example, around 1.5% of WEEE enter the residual waste 

stream annually. Hence, raising awareness about the importance and benefits of reuse and 

recycling is beneficial for all (Pekarkova et al., 2021). Apart from that, despite the high 

annual e-waste generated in different countries and regions, the quantities are not 

necessarily processed or recycled in the same country. Traditionally, transboundary e-

waste movements are typically occurred when developed countries exported their e-waste 

to underdeveloped countries. The reason for this movement is because Asian regions 

provide cheaper disposal facilities, has poor environmental standards and laws 

management and enforcement on e-waste disposal (Ilankoon et al., 2018). Consequently, 

this method caused environmental pollution due to malpractice and the 75% of the 

exported items end up in landfills, causing impacts to both on the local environment and 
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humans. As a result, Basel Convention entered into force to control this problem. Thus, 

the e-waste disposal managements were reviewed and e-waste can only be treated by 

permitted disposal facilities and its movement is controlled by Basel Convention 

members. 

Like other types of waste, disposing electronic waste has its own way and method. 

Additionally, e-waste is chemically and physically distinct from other types of waste and 

thus requires suitable disposal method (Ismail & Hanafiah, 2019). The conventional and 

primary methods for e-waste disposal are incineration and landfills. However, due to the 

complex structure of e-waste, which contains numerous valuable elements and toxic 

compounds both methods were the least preferred option for e-waste final disposal. 

Moreover, the traditional e-waste management option is no longer an option for e-waste 

disposal because of the increasing volume of e-waste generated at alarming rate and strict 

environmental regulations. Furthermore, earlier research on the consequences of e-waste 

disposal though incineration and landfill revealed that there are significant adverse 

impacts on human health and on the environment (Tesfaye et al., 2017). Moreover, the 

management of e-waste in developed countries is more advanced and supported by the 

policies and legislations in the country. On the other hand, developing countries e-waste 

management is more backward and improper with manual dismantling and open burning. 

As a consequences, these premature techniques showed poor efficiency in recovering the 

metals and also polluting the ecosystem to a greater extent (Nithya et al., 2021). 



 

 18 

 

Figure 2. 3 E-waste disposal and its effect 

 

The majority of developed and developing countries are establishing policies and 

stringent laws to support a sustainable approach of managing the e-waste from the 

collection to the recycling stages. In certain regions of the world, however, these rules 

were entirely ineffective (Nithya et al., 2021). In developing countries, the recycling rate 

are typically about 20%, with the remaining 80% of the e-waste are being improperly 

managed. Figure 2.4 depicts a systematic and formal recycling procedure. It includes e-

waste collection, pre-treatment, and the metal recovery. E-waste was dismantled 

physically as part of the pre-treatment process, which included de-soldering, size 

reduction and fractionation processes (metallic and non-metallic). The e-metallic waste’s 

fractions were then subjected to the recovery process that included pyro-metallurgical, 

hydro-metallurgical, and bio-metallurgical processes (Correa et al., 2018; Tesfaye et al., 

2017). The incorrect method of e-waste recycling is characterised by the recovery of 

metals using non-scientific and unethical methods with low or no safety measures (Shittu 

et al., 2021). This practice pollutes natural resources and puts human health at risks. For 

example, extracting valuable metals through a combustion approach releases 
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hydrocarbons into the air, polluting it. Furthermore, the extraction efficiency is less than 

80%, but it can reach more than 95% in formal processing of e-waste. 

 

Figure 2. 4 Formal e-waste recycling stages.  

Source: Correa et al. (2018) and Tesfaye et al. (2017) 

 

2.3 Conventional Mining and Urban Mining 

Today’s valuable metals manufacturing system faces challenges from increasing 

metal demand, scarcity of primary resources and earth’s inherent constraints. Urban 

mining, such as the recovery of critical metals from WEEE through sustainable recycling 

procedures, is evolving to augment scarce natural resources. As worldwide demand for 

these important metals continues to rise, the United Nation Environment Program 

(UNEP) is asking for an urgent re-think of metals recycling processes. Sustainable 

recycling strategies can improve vital metals production while also addressing 

environmental concerns such as hazardous waste and pollution (Tesfaye et al. 2017).  

As a matter of fact, the amount of gold (Au), copper (Cu), silver (Ag), palladium 

(Pd) found in e-waste is exceeds the amount found in the natural reserves. Furthermore, 

the existing ore is deteriorating, and the ore’s supplies are insufficient to meet the total 

demand (Shittu et al., 2021). Moreover, according to Tesfaye et al. (2017), materials 

recovered from e-waste is more profitable than processing primary raw materials largely. 

This is because e-waste recycling is associated with energy efficiency.  Besides, the cost 

of processing natural ore is typically 10-160 times higher than the cost of recycling 

(Nithya et al. 2021). According to American Chemical Society, conventional mining 
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costs 13 times more to obtain compared to urban mining. Fortunately, the presence of 

critical metals in e-waste, as well as the difficulties of currently accessible primary 

resources make e-wase recycling an appealing choice. Therefore, despite the problem due 

to large volume e-waste generated, an optimistic view of using e-waste as additional 

resources of metals or as non-natural ores was taken into consideration. Additionally, 

extracting metals from e-waste requires only from 10 to 15% of the total energy required 

in metals extraction from ore concentrations (Tesfaye et al., 2017). Thus, recovering 

metals from e-waste has direct impact in reducing the greenhouse gas emissions by 

minimising the consumption of energy sources such as coal combustion. Given a fact, 

Japan launched the Tokyo 2020 medal project, which gathered 78,985 tonnes of e-waste 

collected across the country. This initiative retrieved approximately 32 kg of gold, 3500 

kg of silver and 2200 kg of bronze for the Olympic and Paralympic medals. (Nithya et 

al., 2021). Thus, urban mining of e-waste can be a feasible alternative for metals source. 

 

2.4 Copper 

The value of the metallic components is a primary economic driver for WEEE 

recycling. Because of their high grade and economic value, the general goal of e-waste 

recycling has been to separate and recover particular valuable metals (Ilankoon et al., 

2018). It is noteworthy to cite that the quantity of copper (Cu) in e-waste was found to be 

40 times greater than the amount present in their natural ores (Nithya et al., 2021). Copper 

is valuable due to its characteristic which is durable and has a very high thermal and 

electrical conductivity. Hence, this metal is the most suitable to be drawn as wire. Apart 

from the characteristic, copper demand has been increasing as of late. The high demand 

is because of the unprecedented development of technology (Harmsen et al., 2013). On 

top of that, copper was the most used metal for every electronic product. Thus, copper is 

economically essential on electric energy as this sector depend heavily on copper metal.  

Furthermore, copper is used for the electric car. For instance, the electric Tesla Model S 

requires three times more copper wiring than an internal combustion engine (Andrew, 

2017). In addition, wind technology relies heavily on copper for generator and electrical 
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transmission grid. Therefore, copper metal was sought by many apart from other valuable 

metals such as titanium, gold, and silver. 

Copper is supply from two different sources which is conventional mining and 

urban mining (recycling). Mining copper ore from conventional mining has a few 

drawbacks such as the copper is not easily accessible, and the ore volumes is finite and 

might depleted in the future (Sverdrup et al., 2019). As a matter of fact, copper has been 

classified as scarce mineral material with only 60 years of expected availability (Harmsen 

et al., 2013) Furthermore, the mining process itself cause adverse impact to the 

environment because of the lands exploration and disturbance. Meanwhile, copper 

extracted from urban mining is more environmentally friendly than conventional mining. 

In addition, the averages metals grades found in the e-waste are significantly higher than 

mined ores (Tesfaye et al. 2017). Moreover, copper supplied from the urban mining 

provided security to the country. By means, the largest copper exporter in the world is 

Chile, Peru, China, and other developed countries. In occasion if wars break out in this 

country, copper export will stop. Thus, extracting copper from e-waste is a feasible 

solution for copper source as a security for copper supply. 
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Figure 2. 5 Rank of countries for the biggest worldwide copper exporter through 

mining.  

Source: Basov (2021) 

 

2.5 Printed Circuit Boards (PCBs) 

Printed circuit boards are an essential part for almost all electronic equipments 

(Wang et al., 2021). The most valuable fraction of WEEE is Printed Circuit Boards 

(PCBs). PCBs composed of non-metals, metals, and tin. Waste PCBs contain large 

amount of metals fraction. As an example, copper, iron, nickel, tin, lead, gold, and other 

metals. In addition, a large number of harmful substances were embodied in PCBs. 

Therefore, direct disposal of PCBs is a serious problem due to risk on human health and 

on the environment (Zhang et al., 2018). Moreover, there are many valuable metals 

imbedded to PCBs. As an example, precious metal such as gold, silver, titanium, and 

scarce metal such as copper. Moreover, the concentration of copper and precious metals 

contains in the PCBs are higher than the concentration of these metals from their natural 

primary ores. Additionally, approximately 1.5 million tonnes of PCBs were reported have 

been discarded every year (Sethurajan & van Hullebusch, 2019). Besides, the metals 

contain in PCBs can be recycled and extracted to be reuse. As an example, extracting 

copper. Based on previous studies, the highest percentage of metals in PCBs remains to 

be copper despite the different in age, origin and manufacturer of PCBs (Mokhlis et al., 

2021). Meanwhile, typical PCBs has high concentrations of copper that can reach up to 

27 wt% (Rajahalme et al., 2021). In addition, metals recovery process are economically 

practical  due to high concentrations of precious metals such as silver, gold and 

palladium.(Correa et al., 2018). Thereby, it is worth the process to extract these valuable 

metals from PCBs.  

Table 2. 1 Printed Circuit Board (PCB) metal composition according to ACS-MS 

analysis. Source: Liu et al. (2022) 

Metallic Content (wt.%) 

Cu Fe Al Zn Sn Mg Ba Cr Ti Ag Mn Mo Pb Ni Sum 

13.20 7.62 1.75 2.48 3.14 0.95 1.01 0.51 0.34 0.12 0.05 0.01 0.09 1.29 32.56 
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Standard Deviation 

1.04 1.23 0.66 0.22 0.21 0.05 0.10 0.02 0.03 0.02 0.01 0.01 0.02 0.25  3.66 

 

 

Figure 2. 6 Printed Circuit Board (PCBs) 

 

2.6 Leaching Process 

Inorganic acids such as hydrochloric acid, sulfuric acid and nitric acid are the 

most used leaching solutions (Mokhlis et al., 2021). As an example, the usual solution 

combination for copper leaching in PCBs is sulfuric acid and hydrogen peroxide (Correa 

et al., 2018). According to previous study, copper extraction can be up to 90 wt% when 

using sulfuric acid, hydrogen peroxide and a solid: liquid ration of 1:10 (g/mL) for 3h at 

23C. Meanwhile, another study stated that 100% of copper can be leached when using 

sulfuric acid, hydrogen peroxide and 1:10 solid/liquid ratio for 4h over 75C and repeated 

for two times. But according to Liu et al., (2022), ethylene glycol was the most effective 

solvent to induce the electrochemical leaching and copper recovery. Leaching under this 

solvent takes only 60 to 120 minutes to make the copper ion into steady-state condition. 

Figure below depict the reaction time of leaching process using ethylene glycol as the 

leaching solutions and copper powder as its leaching materials. The table shown the 

highest metals leach to the ethylene glycol solutions is copper with 31.72 g/L 

concentration at 60 minutes. Thus, showing the possibility to leach a high amount of 

copper for the electrolysis process with low amount of time. 
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Table 2. 2 Metal concentration in solution after acid leaching in an oxidizing 

medium (pH=0.5; ORP=673mV). Source: Correa et al. (2018) 

Metal Concentration (g/L) 

Al 1.20 

Cu 31.72 

Fe 0.003 

Ni 0.11 

Zn 2.91 

 

 

Figure 2. 7 Spectroscopic change of the leaching reaction from T0 to T150.  

Source: Liu et al. (2022) 

 

2.7 Electrolysis Process 

Electrolysis is a process in which current passes through electrolyte solution or 

molten electrolyte (also known as electrolyte) to generate redox reaction on cathode and 

anode (He et al., 2020). This process has a short process and is environmentally friendly. 

According to a previous study, recovery of copper  with purity higher than 99.0%  with 

an efficiency higher than 97% can be achieved  by using metal from  waste PCBs , metal 

concentrated waste PCBs and CPU slots (Wang et al., 2021). Thus, the recovery of copper 

metal from waste PCBs for this study is using electrolysis process. Not only this process 
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can recover desired metal but also the recovered metals is high in purity. The chosen 

method for the experiment is based on study from (Liu et al., 2022). This is because Liu 

study used environmentally friendly electrolyte and Reticulated Vitreous Carbon (RVC) 

material as the anode and nickel strip as the cathode. Although the anode for Liu study is 

RVC which highly expensive and not available in the market, the anode used for this 

study is switch to a regular carbon strip as a replacement. The regular carbon strip is low 

cost compared to RVC and easy to find in the market. Furthermore, there are no other 

constrains as electrode used is common and easily accessible unlike other studies 

electrode is high in cost and not easy to find. Thus, the main reference for electrolysis is 

A Green Slurry Electrolysis to Recover Valuable metals from Waste Printed Circuit 

Board (WPCB) in Recyclable pH-Neutral Ethylene Glycol. 

 

 



 

 26 

Table 2. 3 Literature review table 

Author & year Title Objectives Methodology Findings Recommendation Limitation 

(Choubey, 

Goswami, and 

Gautam 2021) 

Recovery of copper from 

Waste PCB boards using 

electrolysis 

 

To recover 

cooper from 

waste PCB 

boards (non-

ferrous metal 

powder) using 

electrolysis. 

 
1. 8 gm of nonferrous metal was dissolved into 

H2SO4 and stirred at 80 °C temperature for 

4 h. 

2. Solution was filtered and 40 ml of aquaregia 

(30 ml HCl and 10 ml HNO3) was added and 

stirred for 60 min at a temperature of 80 °C 

3. Iron Anode and Copper cathode were used for 

electrolysis and the chambers were separated 

by an anti-acid filter cloth 

4. Analysis sample using AAS 

5. The Extraction rate of metals calculated using 

formula 

- Cu recovery 

in this case is 

98%. The 

extracted 

copper is 

collected 

from the 

cathode 

chamber. 

- pH for the 

electrolyte 

should be 

between 2 and 

3 (control with 

NaOH) 

- The 

preparation of 

electrolyte is 

important 

Not 

mentioned by 

author 

(Li et al. 2019) Copper and gold recovery 

from CPU sockets by one-

step slurry electrolysis 

To recover of 

copper and 

gold from 

Waste Printed 

Circuit 

Boards 

(WPCBs) 

using slurry 

electrolysis 

1. metal powder were digested by the HCl-

HNO3-HF_HClO4 system and tested by 

Inductively Coupled Plasma Optical 

Emission Spectrometer (to know the 

exact compound and quantity in the 

powder) 

2. slurry electrolysis is conduct in a cubic 

electrolysis cell (10cmx6cmx7cm) made 

from polytetraflouroethylene 

3. anode and cathode separated by anti-

acidic filter cloth 

4. Anode= ruthenium-plated titaniumm 

cathode= titanium 

5. Insert powder into anode chamber 

-copper and 

gold recovery 

rate increase 

significantly 

with the 

increase of HCl 

concentration. 

When 

concentration 

change from 2 

to 4 mol/L, the 

recovery rate 

-optimum 

condition of 

copper recovery is 

pulp density 

75g/L, current 

density 

80mA/cm2, HCl 

concentration 

4mol/L 

And reaction time 

4h. 

-finding 

anode and 

cathode for 

this 

experiment 



 

 27 

6. Add 200ml electrolyte, a mixture of 

HCL, NaCl and H2O2 (30wt.%)…where 

NaCl (60g/L) and H2O2 (10mL) 

7. Analysis sample using AAS 

8. Metal recovery rate is calculated using 

formula 

 

 

increases from 

83% to 91%. 

But if 

concentration 

increase to 5 

mol/L, the 

recovery rate 

will decline 

Recovery rate 

97% 
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Author & year Title Objectives Methodology Findings Recommendation Limitation 

(Liu et al. 2022) A green slurry 

electrolysis to recover 

valuable metals from 

waste printed circuit 

board (WPCB) in 

recyclable pH-neutral 

ethylene glycol  

 

Copper 

recovery using 

electrolyte that 

can be 

recycled, and 

can overcome 

solvent acidity 

and toxicity 

drawbacks 

1. Electrolysis under ambient 

temperature and pressure 

2. Electrolysis does not require any 

separator 

3. The cathode compartment was 

constructed with a plastic capsule 

with an open end covered by a 

porous cloth to induce Cu oxidation 

4. After experiment, the cell was 

dismantled and cleaned with 

distilled water 

  

-this is the 

greener method 

for slurry 

electrolysis 

-the process 

does not need 

separator 

between 

cathode and 

anode 

-FEc =99.1% 

-ambient temperature 

- Anode= RVC 

(reticulated vitreous 

carbon)  

Cathode=nickel strip 

- Electrolyte: 40 mL 

ethylene glycol, 0.23g 

NH4Cl, 0.20g KCl  

 

-to many 

processes and 

chemical 

needed after 

electrolysis 

(Yang et al. 

2018) 

Completely separating 

metals and nonmetals 

from waste printed 

circuit boards by slurry 

electrolysis 

To separate 

metals and 

nonmetals 

from WPCBs 

1. Slurry electrolyser was separated to 

anode and cathode zone by porous 

ceramic (50um) 

2. Anode= graphite stick, cathode= 

titanium mesh 

3. At the bottom of anode, an inlet pipe 

was linked to an ozonizer 

(1.5L/min) to provide an oxidation 

environment 

4. Metal powder in cathode collected 

with ultrasound washed with 

absolute ethanol, then dried vacuum. 

5. Analysis sample with AAS 

Copper 

recovery rate is 

99% 

-3g of WPCBs in 100 

mL electrolyte. 

Electrolyte= 30g/L 

CUSO4 + 5H2O + 

40g/L NaCl + 150g/L 

H2SO4 -@ 0.5A for 9h 

-ambient temperature 
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Author & year Title Objectives Methodology Findings Recommendation Limitation 

(Sarwar et al. 

2021) 

Copper recovery by 

slurry electrolysis 

using ionic liquids 

from waste printed 

circuit boards 

To evaluate the 

appropriate ionic 

liquid for 

extracting copper 

along with 

various types of 

ionic liquid, 

leaching time 

(reaction time) 

and temperature 

1. 5ml of ion liquid of [Bmim][PF6] 

was put in 5 beakers 

2. Then the 5 beakers were out in the 

water bath and feed materials with 

weight of 1g, 2g, 3g, 4g, and 5g were 

feed into the beakers with a 25 

degree celsius temperature and 60 

min of heating time. 

3. The plate was washed for 3 min with 

13% concentration of hydrochloric 

acid (diluted) and was continually 

cleaned for further 10 min with 

alcohol (absolute) 

4. Plate was eventually rinsed and 

further used oven dried it 

 

-Optimum time 

for copper 

recover is 3h 

(productivity 

rise from 47% 

to 87%) 

-if 5g of WPCB 

= copper 

recovery rate is 

45%, but if 

WPCB is 2g to 

3g = copper 

recovery is 

94%- the best 

current for 

electrolysis is 

0.5A (85% 

efficiency) 

 Not mentioned 

by author 
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2.8 Reaction Time 

Copper recovery rates increase with reaction time, based to previous study, and 

there is no intervention point for copper recovery. As a result, the graph below depicts 

the influence of time on copper recovery and current efficiency. When the time changed 

from 1 hour to 5 hours, the copper recovery rate jumps roughly 50% to 73%. The current 

efficiency, on the other hand, indicated an inflection point during the entire reaction 

period. Current productivity increased from roughly 47% to 87% when the time was 

changed from 1 hours to 3 hours. As the reaction progressed, the current efficiency 

decreased to roughly 56%. As a result, the current efficiency achieved the optimum 

volume when the reaction was conducted over 3 hours (Sarwar et al., 2021; Yang et al., 

2018). Thus, this study is to investigate the effect of reaction time on the copper 

concentration extracted from the electrolyte. The variable for reaction time for this study 

is 1 hour,  3 hours and 5hours. 

 

Figure 2. 8 Influence of time on copper recovery and current efficiency. 

Source:  Sarwar et al. (2021) 
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2.9 Current 

The inflection points the copper recovery rate occurs during the entire reaction 

period, as seen in the graph in figure 2.9. At first, the amount of electricity used is raised, 

and the copper recovery effect is seen. The copper recovery rose by roughly 25% to 71% 

when the current was increased from 0.4A to 0.5A. The amount of electricity consumed 

rose over time, and the copper recovery rate dropped to 50.01% at 1.0A. In this time 

range, the copper recovery rate was still higher than it had been previously. On the other 

hand, while the current is 0.5A, current efficiency reached roughly 85% at a maximum 

point of inflection. Continue to raise the current level to 1.0A, resulting in a 35% drop 

for the performance (Yang et al., 2018). The current efficiency of the low current power 

0.4A was 46%, and the current efficiency was not improved by the high electricity 

(Sarwar et al., 2021). 

A huge number of useable electrons are raised at the reduced current value, 

according to the low electricity calculation. At a lower current value, the current 

increased. the reaction is added by the higher current, which enhances the pace of metal 

copper recovery and the overall process. The current is prolonged if the amount of 

electricity continues to climb. The voltage corresponding to the entire electrolytic cell is 

likewise increased, allowing for faster electrolytic copper recovery and easier deposition. 

Because of the hydrogen evolution reaction, the solutions are much reduced, and the 

cations are essentially filled in the cathode chamber throughout the electrolyte, resulting 

in more failed side reactions. Other metals will deposit in the electrolyte alongside 

metallic copper, affecting the rate of metallic copper recovery. It also reduced the amount 

of electricity used in the electrolysis reaction (Sarwar et al., 2021). 
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Figure 2. 9 Influence on current magnitude on copper recover and current efficiency. 

Source: Sarwar et al. (2021) 
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CHAPTER 3 

 

 

METHODOLOGY 

3.1 Introduction 

The chapter discussed the procedure for experimental design of the electrolysis 

process in extracting copper from e-waste. The methods described in this chapter are 

intended to accomplished the project objectives. 

 

3.2 Design and Materials 

The experiment setup will be conducted as shown in the Figure 3.1. The most 

important material in the process is the electrodes and the electrolyte. The electrode is 

made up of anode and cathode where anode used is carbon strip while the cathode used 

is nickel strip. Each electrode is connected to a simple electrical circuit with a battery and 

ammeter. The solutions or electrolyte for the electrolysis process is the mixture of 40 ml 

Ethylene Glycol, 0.24 g of Ammonium Chloride and 0.20 g of Potassium Chloride for 

each experiment. The e-waste leachate from the leaching process will be the electrolyte 

for the electrolysis process. Electrolysis process occur with the additional help from the 

slow-moving magnet stirrer. The main material for this experiment is waste PCBs. The 

PCBs is supply from Pusat Kelestarian Ekosistem dan Sumber Alam, Universiti Malaysia 

Pahang. The waste PCBs chosen is from the same types of e-waste with a similar weight. 
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Figure 3. 10 Electrolysis process 

 

3.3 Methods 

The experiment method involved the raw material which is the e-waste from 

PCBs. The PCBs were taken from Pusat Kelestarian Ekosistem dan Sumber Alam, 

Universiti Malaysia Pahang. First, the PCBs is manually dissembled and selective copper 

metal is taken for the experiment. Next, the selective copper was cut into smaller pieces 

before the leaching process can happen to increase the surface area of the reaction. Then, 

the metals will be put inside a 500 ml beaker for the leaching process. The leaching 

DC power supply Current 
(Parameter to 
study) 
- 0.2, 0.5 and 1.0 
mA 

Reaction time 

(Parameter to 

study) 

- 1, 3 and 5 

hours 

Ammeter 

Nickel cathode 

Stir plate 

Carbon anode 

Electrolyte (40ml 

ethylene glycol + 

0.23g of NH4Cl + 

0.20g KCl (Liu et 

al., 2022) 
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solutions is done in batch with 400 ml of Ethylene Glycol, 2.3 g of Ammonium Chloride 

and 2.0 g of Potassium Chloride. At first, the chemical solution was mixed and then pour 

into the beaker containing e-waste for the leaching process. Then, the e-waste and the 

solutions will be left to react for 24 hours. Once, 24 hours is up, the e-waste were taken 

out from the beaker while the leachate were placed aside to be used for the next process. 

The subsequent process is electrolysis process. The experiment design consists of a 50 

ml beaker for reaction cell, carbon anode and nickel cathode for electrode, previous 

leachate as electrolyte and electrical circuit with battery and ammeter. Once the 

experiment setup is complete, 40 ml of leachate solutions is measured and use for one 

experiment. Meanwhile the remaining will be stored and used for different reaction time 

(1 hour, 3 hours and 5 hours) and current (0.2 mA, 0.5 mA and 1.0 mA) parameters. The 

first experiment is under electrolysis with parameter reaction time at 1h with 0.8A 

current. Once the experiment has been setup, the solutions is poured into the electrolysis 

container. After the allocated time is complete, the electrolyte will be taken for analysis 

using UV-Vis’s spectrophotometer to check copper concentration before and after the 

electrolysis. 

 

Set up electrode, 

battery, and 

container for 

electrolysis process 

Leaching Process 

Electrolysis process 

Formation of copper in 

cathode 

Copper analysis 

- 400 ml Ethylene 

glycol  

- 2.3g of NH
4
Cl  

- 2.0g KCL)  

Reaction Time: 1 

hour 

(Liu et al. 2022) 

To investigate: 

-reaction time 

-optimum current 

Spectrophotometer 
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Figure 3. 11 Flow chart of experiment method 

 

 

3.4 Analysis 

 

Figure 3. 12 HACH DR 5000 UV-Vis Spectrophotometer 

  

The analysis for this experiment is conducted by using DR 5000 UV-Vis 

Spectrophotometer. This equipment measured copper volume contains in the electrolyte 

before and after the electrolysis process. In a dual 25 ml analysing tube, 10 ml of 

electrolyte sample is measured for each analysing tube as blank sample and sample with 

reagent. This sample is used to measure the copper concentration in the electrolyte 

solution. Blank sample is without added a sachet of CuVer 1 Copper Reagent Powder 

Pillow. Meanwhile, the measured sample is added with a sachet of CuVer 1 Copper 

Reagent Powder Pillow. After the reagent is added to one of the samples, the analysing 

tube were manually shake until the reagent powder dissolved to the sample. Once the 

sample turned into purple colour, the point-blank sample which is the sample without the 

reagent were put inside the spectrophotometer for calibrating the reading before analysing 

tube with sample and reagent powder can be put inside Hach DR 5000 UV-Vis 

Spectrophotometer to be read. Finally, the data were recorded (Kharade et al., 2022).  
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION  

4.1 Introduction 

This chapter focuses on the results obtained from the experimental work. Detailed 

information regarding the extraction of copper through leaching and electrolysis process 

were further discussed. The samples underwent UV-Vis Spectrophotometer analysis. In 

addition, detailed explanation of extraction of copper ions by using different reaction time 

and current were clarified. 

 

4.2 Leaching Process 

In this study, the waste Printed Circuit Boards (PCBs) were dismantled and 

selective copper coils were taken from the waste PCBs. The copper coil was then cut into 

smaller pieces to ensure a high surface contact area while leaching. Leaching is the initial 

process before the electrolysis process can take place, this is where the copper metal 

transforms into copper ions (Cu2+). The leaching process is conducted by adding 

chemicals and waste copper coil to a solution and letting it leach for 24 hours at room 

temperature. Afterwards, the chemical solution will contain copper ions. Following that, 

the solution and the copper coil were separated, and the solution, or leachate, was taken 

for the electrolysis process. Figure 4.1 illustrates the difference in leachate colour with 

different leaching durations from the PCBs. According to the observation, 24 hours 

copper leaching is colourless. While 96 hours of copper leaching showed the solution 

colour is blue, indicating the presence of copper ions. This blue colour was due to the 

large amount of Cu2+ ions that leached into the solution. Based on the analysis of (b) 24 

hours leachate, there is 45.6 mg/L of copper leached to the solution. Meanwhile, (c) 96 

hours leachate has 72.8 mg/L of copper leached the solution. In summary, the longer the 

duration of the leaching process, the greater amount of copper can be extracted for copper 
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recovery through the electrolysis process. But in this study, 24 hours leachate is used for 

the electrolysis process due to following the guidelines from the previous study who use 

the same chemicals for the electrolyte solution. As for 96 hours leachate, it can be used 

for the future study. 

 

 

Figure 4. 13 (a) Waste Printed Circuit Boards (PCBs) (b) Leaching ar 24 hours, (c) 

Leaching at 96 hours 

 

4.3 Electrolysis Process 

Electrolysis is a process in which current is passed through an electrolyte solution 

to produce a redox reaction on the cathode and anode (He et al., 2020). The main purpose 

of this study is to recover copper from e-waste using the electrolysis process. Leaching, 

solution purification, and electrodeposition are all completed in a single step with slurry 

electrolysis (Wang et al., 2021). Thus, making it an attractive process due to its short 

process and environmentally friendly method. Additionally, this process is chosen 

because the electrolysis process can extract metallic copper from waste printed circuit 

boards (PCBs) with a purity higher than 99.0 percent. In this study, the electrolysis 

process is done twice to ensure similar data extracted from the process.  

(a)a) 

(b) (c) 
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Figure 4. 14 Electrolysis process (a) without multimeter, (b) with multimeter 

 

4.4 UV-Vis Spectrophotometer Analysis 

A UV-Vis spectrophotometer analysis described the concentration in mg/L Cu of 

the electrolyte.  This technique uses UV light to measure the absorption or transmission 

of light through the sample in comparison to a reference or blank. This way, the 

concentration of the sample was determined. In the experiment, a UV-Vis 

spectrophotometer was used to perform the analysis on the leachate after the electrolysis 

process. The sample solution performed in the range of 560 nm. The sample with the 

highest concentration of copper ions indicates the lowest concentration of copper ions 

extracted from the electrolyte. Table 4.1 depicted the copper concentration detected from 

the analysis process using spectrophotometer with the lowest copper concentration is 

found out in the sample is in reaction time of 3 hours. Meanwhile, the figure 4.3 shows 

the different in colour for all the samples. This colour indicates the present of copper ions 

in the solutions, and thus showing in the first run at 3 hours, the copper ions present in 

the sample is the lowest compared to all other samples. 

(a) (b) 
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Table 4. 4 Copper concentration on reaction time of electrolysis process 

Electrolysis 1 hour 

(mg/L Cu) 

3 hours 

(mg/L Cu) 

5 hours 

(mg/L Cu) 

1st run 11.87 2.51 10.83 

2nd run 11.07 11.57 9.33 

 

 

Figure 4. 15 Copper concentration (a1) Sample 1st run at 1 hour (a2) Sample 2nd run at 

1 hour (b1) Sample 1st run at 3 hours (a2) Sample 2nd run at 3 hours (c1) Sample 1st run 

at 5 hours (a2) Sample 2nd run at 5 hours 

 

4.4.1 Effect of Reaction Time 

The first set of analyses examined the impact of reaction time on the extraction of 

copper through the electrolysis process. The experimental study was done twice. Based 

on Figure 4.4 below, the highest copper yield extracted from the electrolysis process is 

from a 3 hours reaction time. This is because the reaction of metal cations is continuously 

provided throughout the anodizing phase. Furthermore, large amounts of metal are 

deposited electrolytically, and the cathode reducing reaction is fast. As a result, the speed 

of copper recovery increases. Meanwhile, the copper yield extracted from the electrolyte 

(a1) (b1) (c1) 

(a2) (b2) (c2) 
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solution in 1 hour and 5 hours of reaction time shown no significant differences. 

According to the study on 3 hours reaction time, the reaction just starts to progress. 

Meanwhile, 5 hours reaction time, as the reaction continues, the cathode reaction 

promotes metal laxation at a much faster pace than the anodyne reaction due to the 

apparent process of hydrogen transformation. Thus, low amount of copper yield. 

Additionally, other metals are deposited together in the anode, which reduce the copper 

recovery and effect metallics copper recovery.   This theory is supported by (Sarwar et 

al., 2021) in his study, which show the effect of time on copper recovery rate. The results 

suggest that the optimum reaction time for the process reaction is 3 hours. 

 

 

Figure 4. 16 Graph of effect on reaction time towards copper extraction 

 

4.4.2 Effect of Current 

The table below illustrates the influence of current on the electrolysis process. It 

can be seen from the data in Table 4.2 that the highest copper yield extracted is after 3 

hours at 1.0 mA, which results in an 81% copper yield. Meanwhile, the lowest copper 

yield is when the current is 0.2 mA. In summary, the optimum current for the electrolysis 
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process is 1.0 mA. The findings from this experimental study are without the variable on 

the current, the copper yield is still higher than the investigate current. Thus, using 1.5V 

battery is enough to recover 85 percent of copper from the waste PCBs. 

Table 4. 5 Effect of current towards copper extraction 

Reaction Time 

(hours) 

Current 

(mA) 

Resistance 

(k) 

Copper Concentration   

(%) 

3 1.0 1.5 81 

3  0.5 3 77 

3 0.2 7.5 75 

 

 

 

Figure 4. 17 Electrode after electrolysis (a) 3 hours, 1.0 mA (b) 3 hours, 0.5 mA (c) 3 

hours, 0.2 mA 

 

(a) (b) (c) 
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Figure 4. 18 Resistor (a) 1.5k (b) 3k (c) 7.5k 

 

4.4.3 Effect of Electrolyte on pH 

Table 4.4 presents the pH measures for each condition (i.e., manipulate variable 

is hours and current). Following the electrolysis process, there is a clear trend of 

decreasing pH value over hours and varying current value compared to the initial pH of 

electrolyte, which is pH 6.05. The results in this study are contradictory to other studies 

where the pH value increases and the formation of OH from the electrochemical CO2 

reduction process is primarily responsible for raising the pH near the cathode surface and 

narrowing the pH gradient layer when a reduction current is applied (Lu et al. 2020). 

Although the pH value is contradictory, the pH is still in a pH-neutral state. This might 

be due to the chemicals used in this study, namely, ethylene glycol which is pH-neutral 

solvent compared to the conventional usage of acidic solvent in the electrolysis process. 

Furthermore, according to Environmental Quality (Scheduled Waste) Regulations 2005 

the range of pH between more than 2.5 and less than 11.5 is not considered as hazardous 

as long as it doesn’t have another attribute that can be considered as hazardous. Thus, this 

waste can be disposed without the proper treatment.  

 

 

(a) (b) (c) 
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Table 4. 6 Electrolyte pH 

Sample pH 

1 hour 5.99 

3 hours 5.92 

5 hours 5.11 

3 hours, 1.0 mA 5.09 

3 hours, 0.5 mA 

3 hours, 0.2 mA 

5.39 

5.45 
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CHAPTER 5 

 

 

CONCLUSION 

5.1 Conclusion 

In brief, the rapid advancement of electric and electronic devices has caused the 

generation of e-waste to skyrocket in recent years. The main concern is the disposal 

process and its detrimental effects on the environment.  Components inside these devices 

and instruments contain both toxic and valuable metals that must be treated and recovered 

before they can be discarded. Therefore, the purpose of the current study was to recover 

copper from waste printed circuit boards (PCBs) using electrolysis and to determine the 

optimum reaction time and current needed for the process. This study has demonstrated 

that the electrolysis process can effectively recover copper from waste PCBs. 

Additionally, 3 hours was determined to be the optimum reaction time for the extraction 

of copper metal, which is in line with other studies. One of the more significant findings 

to emerge from this study is that the optimum current is 1.0 mA at 3 hours, which is 

contrary to other studies that suggest a 0.5 A current is the most suitable for the e-waste 

electrolysis process. Furthermore, this is the first study to report the recovery of high 

copper yields up to 85 percent of initial leaching despite using a carbon strip anode. By 

changing the anode from a reticulated vitreous carbon (RVC) anode to a carbon strip 

anode, the experimental study is more cost-effective compared to using an expensive 

RVC. Finally, several important limitations need to be considered. Firstly, the PCBs need 

to be fully utilised for future studies as in this study, the researchers faced the challenge 

of handling toxic components in the PCBs due to safety reasons and the lack of 

machinations needed to dissemble the boards. Secondly, the cost limitation for further 

analysis on the electrolyte and lastly the current investigation was limited to reaction time 

and current only. There are more factors effecting the rate of copper recovery and it is 

suggested that these factors are investigated in future studies to gain a more 

comprehensive understanding of the process. 
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5.2 Recommendation 

Finding from this research study, several recommendations can be proposed to 

overcome the process limitations and enhance the project performance of recovering 

copper from e-waste. To improve this study, the following suggestions for further 

research work are proposed: 

 

I. To make use every component in waste PCBs to recover valuable metals.  

II. To improve the methodology on the electrolysis and its parameter without the 

cost limitation. 

III. To carry out further analysis on the electrolyte after electrolysis process such as 

Response Surface Methodology (RSM) analysis to determine the most suitable 

parameter for the experiment. 
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