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Abstract 
 
 

Advanced electronics and the clean energy industries increasingly rely on rare 

earth and specialty metals (e.g., yttrium, osmium, and indium; RESE). This may 

cause a bottleneck effect where demand for these metals cannot keep up with supply 

from primary extraction alone. Furthermore, few management strategies exist across 

the life cycle, leading to low recycling rates of less than 1% and little to no reuse of 

materials. These factors have led the U.S. Department of Energy to label these metals 

as “critical”, with respect to their importance to clean energy.  

The goal of this thesis was to target the problem of material criticality and 

provide specific scientific advancements needed to mitigate this issue to enable a 

circular economy within the electronics industry. After identifying these needs across 

the life cycle, it was apparent that the manufacturing and end-of-life stages were 

where technological contributions could have the biggest impact. In response to this 

need, I then focused on building a device capable of recycling RESE for direct reuse 

in industrial manufacturing.  

First, I outlined the technical objectives and advancements needed across the 

electronics life cycle to enable a closed-loop system. Here, I focused on detailing 

tasks including: (1) design devices for disassembly, (2) materials for substitution, (3) 

manufacturing processes that enable the use of recycled materials, (4) fabrication 

efficiency, (5) technology interventions to enable e-waste recovery, (6) methods to 
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collect and separate e-waste components, (7) technologies to digest and recover 

RESE, and (8) technologies to separate commercially desirable, high-purity outputs.  

Second, I developed a technology to tackle one of these necessary 

advancements, which was developing a device to recycle RESE from industrial waste 

streams. The objective was to build a technology capable of selectively recovering 

and separating RESE on individual filters to enable direct reuse. Here, I successfully 

built a carbon nanotube (CNT)-enabled filter device that electrochemically recovered 

and separated RESE from bulk metals, recovering them as metal oxides. I also 

detailed the mechanism of recovery, which was determined to be an oxygen reduction 

mechanism, and separation was based on hydroxide stability.  

To increase the selectivity of the device, I then tested redox mediators (i.e., 

organic molecules that facilitate electron transfer and redox equilibrium) in the 

system to obtain direct metal reduction to reclaim zero-valent metal instead of metal 

oxides. Here, the goal was to develop a method to separate these metals based on 

their reduction potentials instead of their hydroxide stabilities. Results indicated that 

these mediators did not transfer electrons to the metals as anticipated, but instead 

were binding to the metals themselves, or were transferring the electrons to the 

oxygen, providing another pathway for enhanced oxide deposition. 

Next, a variety of metal recovery techniques were tested to reclaim the metals 

off the CNT filters to provide metals for reuse in industrial manufacturing. Here, 

solution-based and solid-based methods were utilized, with acid washing and full 

filter combustion giving the highest recovery values, near 100%. Metal selectivity 



	 vi 

between acids indicated potential for further separation capability. Finally, my 

observations from the other chapters identified many key design modifications 

needed to enable the successful scale up of this technology. Here, I detail the specific 

designs modifications needed and provide rationale for each. 

The contributions from my work include providing specific scientific 

advancements needed to enable a circular economy in the electronics industry, as well 

as providing a technology to recover and separate RESE from mixed metal streams. I 

also detail other strategies to further advance this technology, as well provide a 

detailed outline of design modifications needed for scale up. This set of work 

provides motivation and an outline of research needed to encourage academia and 

industry to pursue work in this critically important field. 

Overall, this technology could offer several advantages including: enhanced 

recovery of high-value specialty minerals using low-cost CNT filters, reduced need 

for mining Earth-rare minerals in politically unstable or environmentally undesirable 

locations, and reduced emissions of toxic elements or nascent industrial minerals that 

have yet unknown toxicities or environmental impacts. 
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Chapter 1 

 
 
 

Introduction: 
Design for a circular economy: An electrochemical 

precipitator for metal recovery from electronics waste 
 

 
 
 
1.1. Motivation 
	

On a finite Earth, a long-standing challenge is advancing a technology without 

depleting the source of necessary elements required to build those innovations. 

Coined the “silicon era” (1954 – present),1 some of the largest challenges we face 

today involve the advancement of high efficiency products along with the movement 

to replace fossil fuels with cleaner energy technologies (i.e., technologies designed to 

reduce energy consumption and pollution).2 This development in innovation over the 

past 30 years has pushed us toward increasing the number of elements used in 

applications from 11 in 1980 to a total of 75 elements in recent years! (Figure 1.1)  
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Figure 1.1. The complexity of the semiconductor industry from the 1980s – present. 
Reprinted (adapted) with permission from 10.1021/acssuschemeng.6b01954. 
Copyright © 2016 American Chemical Society. 
 
 

Some of this growth can be attributed to the use of rare earth elements and 

specialty metals (e.g., yttrium, osmium, and indium; RESE)3 in the electronics, 

semiconductor, and clean energy industries (Figure 1.2). 

	

	
Figure 1.2. Applications of RESE. Adapted from de Boer and	Lammertsma.2 
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As new products increasingly rely on these valuable materials and the world 

pushes toward a carbon-free future, concern has risen surrounding the environmental, 

economic, and socio-geopolitical stability of the long-term supply of these metals. 

With demand approaching and exceeding our current supply rates (Table 1.1), the 

majority of global production of these raw materials coming from non-domestic 

locations, and the low concentration in which we can mine from the earth’s crust, the 

U.S. Department of Energy (DOE) and European Commission have labeled certain 

metals as most critical with respect to their significance to clean energy (Figure 3)4. 

 

Table 1.1. RESE supply and demand, estimated by Kingsnorth 2014.5 Note that only 
La and Ce have production volumes that meet demand. 

Rare Earth Oxide 
(REO) Group 

Demand (tons of REO) Production (tons of REO) 

Global Rest of the World 
excl. China Global Rest of the World 

excl. China 

La and Ce 95,000 40,000 122,500 52,500 

Magnet REEs:              
Pr, Nd, Tb, Dy 45,000 9,000 36,000 12,500 

Phosphor and 
Ceramic REEs:     
Eu, Tb, Er, Y 

10,500 3,000 8,000 1,000	 
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Figure 1.3. Medium term (2015 – 2025) criticality matrix adapted from the U.S. 
Critical Materials Strategy 2011.6, 7 
 
 

As a result of this metal criticality, there has been a push to move toward 

better metal management practices, especially in the manufacturing and end-of-life 

stages with replacement of these metals with less critical ones and/or better materials 

efficiency and recycling management strategies.8-12 As many of the advanced 

electronics and energy storage applications rely on the unique metal properties of 

RESE (i.e., the same properties are not available from bulk transition metals), novel 

management strategies must be developed. In my thesis, I strived to provide such a 

method: I seek to identify and develop specific strategies to overcome material 

criticality to enable a circular economy within the electronics and clean energy 

industries. With this research, I aimed to inform and inspire industry and other 

academic researchers to adopt these practices of sustainable design in order to effect 

long standing change; we not only want to fix the current issues, we want to design to 
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prevent future environmental problems associated with metal extraction and 

reclamation. In doing so, we will not only help mitigate the rising issue of metal 

criticality in these industries, but also set an example of design-based solutions for 

other industries to follow on our way to a more sustainable future. 

 

1.2. Background 
 

1.2.1. Current management strategies across the life cycle 

1.2.1.1. Manufacturing and use 

No one strategy exists for material management at the beginning of the life 

cycle for electronic products or devices. Currently, manufacturers rely on primary 

metal ore obtained through mining and refining, with little no metal coming from 

secondary sources. This RESE extraction process can occur in politically unstable 

regions or non-US regions, which can impart price volatility to RESEs, and is 

harmful to the environment, accounting for approximately 7% of our total energy use 

world wide.13,14 In addition to this high energy use, mining also has significant losses 

(e.g., 63% of cobalt and 28% of cerium are lost during extraction15), and produces 

25,000 tons of wastewater each year.16 Further, there is a lack of government or 

industry regulation to overcome or stabilize RESE supply chains, and the limited 

transparency and communication between companies and manufacturers limits 

concerted efforts to enable reuse of materials. 

 



	 6 

Similarly, recovering metals from the use phase relies mostly on consumer 

behavior, where recycling of electronic devices is a choice left to the individual. In 

order to encourage device return, there are many existing consumer recycling 

initiatives through private companies such as Hewlett-Packard™ (HP™), who host 

drop off locations in popular stores like Walmart™ and Staples™. Others include 

BestBuy™, Gazelle™, and Amazon™, who offer similar drop off locations or 

buyback options for no value e-waste or those sponsored by wireless carriers to 

encourage cell phone refurbishing.17 While these exist, this is not standard practice 

among the vast majority of electronic product retailers. In addition to industry led 

efforts, there are government bans on e-waste disposal in landfills at the state level 

(e.g., AK, CA, CT, IL, IN, ME, MA, MN, NH, NJ, NC, OR, PA, RI, WI, and New 

York City),18 although its not clear how well these work. 

 

1.2.1.2. End-of-life  

General management strategies for electronic waste (e-waste) at its end-of-life 

include exporting, recycling, and landfilling. In the U.S., there are approximately 275 

third party “recyclers” who focus on manually dismantling and exporting the waste. 

These certified refurbishing and recycling companies contributed to the 40% of total 

e-waste recycled in 2013.19,20, 21  

 

For the fraction of e-waste that is recycled after collection, the process occurs 

in three main steps: (1) separation through physical disassembly, targeting valuable 
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and hazardous components via mechanical dismantling, (2) upgrading the valuable 

components via sorting processes (i.e., shredding, electrostatic separation, and 

magnetic separation) and (3) refining and recovering the materials of interest, 

typically via laborious solvent/acid extraction techniques (Figure 1.4). More recently, 

in order to enable metal recovery following device return, Apple® replaced steps (1) 

and (2) by developing a novel disassembly process, creating the first robotic 

technology (LiamTM) that can disassemble an iPhoneTM into separated, high-value 

parts for recycling.22  

 

 

Figure 1.4. Schematic outlining the basic recycling processes for metal waste. 

 

After the disassembly and separation steps, the two main methods used for 

upgrading and refining these metals in the recycling scheme are pyrometallurgical 

processes and hydrometallurgical processes, which consist of either melting or 

dissolving the waste. These main techniques work well for the bulk metals (e.g., 
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copper, nickel, and zinc), but are not able to recover the low concentrations of RESE 

in waste streams, resulting in consumer recycling rates of the bulk materials at less 

than 1% (Figure 1.5).23  

 

 

Figure 1.5. Global estimates of end-of-life recycling rates for 60 metal and 
metalloids. Adapted from Reck 2012.23 

 

Other, less commonly employed recovery strategies include 

biohydrometallurgy and electrometallurgy.24 Biohydrometallurgy involves using 

different cultures of bacteria to leach the metals out of the waste. This technique is 

effective at the bench scale, but energy intensive, and would be difficult to scale up 

and maintain.24, 25 Electrometallurgy, or electrowinning, involves applying a voltage 

to a cathodic material in a large tank of waste, where the metal of interest is reduced 
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out of solution onto the cathode surface. This cathode is made out of large stainless 

steel or aluminum sheets while the anode is an inert metal, such as titanium or lead. 

This technique yields high recovery for some metals (e.g., Co, Zn, and Al), but has 

many disadvantages including extremely large space requirements due to the large 

surface area of smooth cathodic material needed.  

Here, I note that all of the methods exhibit poor recovery and separation of 

RESE. Typically, these materials are recovered only from primary ores as mixed or 

semi-separated rare earth oxides, and these somewhat impure oxides materials are 

commonly used during electronics fabrication.  

 

1.2.2. Carbon nanotube filters  

Carbon nanotubes (CNTs) are a unique material, with physical and chemical 

properties including high conductivity, small diameters, high aspect ratio and high 

specific surface area. Recently, CNT membranes and filters have been developed for 

water treatment technologies (Figure 1.6). These applications for water treatment 

technologies have been well documented over the past few years, with significant 

research into applications such as enhanced water filtration with anti-fouling 

properties,26 oxidation treatment of anions (e.g., in capacitive deionization) and 

oxidation of small organic molecules,27, 28 and brine waste management.29 

Surprisingly, little research is available on the metal capture, even with similar 

methods such as electrowinning proving to be an effective way to remove metals 

from water. 30, 31 
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Figure 1.6. The CNT filter used in this thesis. (a) A photograph of the CNT filter 
encapsulated in polymer (polyvinyl alcohol; PVA) and (b) SEM image of this filter 
showing the individual multi-walled CNTs in PVA.  
 
 

These CNT filters could enable adaption of the basic principles of 

electrowinning to a broader range of elements, enabling the recovery and separation 

of RESE. Here, this modification could make the recycling method practical for the 

low concentrations of RESE metals found in many waste streams and smaller 

manufacturing processes important for these industries through lower area and 

volume requirements.3  

 

Using this method and leveraging the unique properties of CNT filters, this 

method could impart greater selectivity than other available recovery methods. Here, 

I investigated using the differences in reduction potential to separate metals from one 

another. Other common methods for metal purification try to separate based on 

differences in solubility, thermal behavior, and ferromagnetism.24 Due to the similar 

physical properties of rare earth elements,32 none of these techniques achieve high 

success. Although these elements also have somewhat similar reduction potentials,33 

47mm 

A. B. 
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no one has yet employed or utilized these differences in reduction potentials to try 

and separate RESE with CNT filters, where we anticipate voltages can be fine tuned 

to the degree needed for selective recovery.  

 

1.3. Thesis Overview 
 

Advanced electronics and the clean energy industry increasingly rely on 

RESE for new innovative products and technologies as the world moves forward in 

the transition from carbon-based fuels to renewable energy sources. As the demand 

for RESE rises, the issue of metal criticality becomes more poignant. This is a 

concern that spans across the environmental, economic, and socio-political 

landscapes, making it a top priority among government agencies and private industry. 

 

Currently, there are few end-of-life strategies to enable RESE recycling at any 

high rate, and even fewer strategies for manufacturing and the rest of the life cycle. 

This is largely due to the absence of communication between manufacturers and 

recyclers, along with the lack of innovative recycling technologies, making material 

reuse nearly impossible. As such, the current industry-wide linear model of “take, 

make, dispose” needs to be replaced with a circular model, where the end-of-life 

products are repurposed, recycled, and reused in the manufacturing of new ones. This 

would allow a secondary source of materials into the market, helping to mitigate the 

large issue at hand.  
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In my thesis, my primary goal was to help diminish this issue of material 

criticality to enable a circular economy (i.e., a system that strives to reuse and recycle 

all goods and products to eradicate waste across the lifecycle)34 within these 

industries. To do this, I outlined the specific scientific advancements and technologies 

needed to make this transition from a linear model to a circular model possible 

(Chapter 2). These tasks include: (1) design devices for disassembly, (2) materials for 

substitution, (3) manufacturing processes that enable the use of recycled materials, (4) 

fabrication efficiency, (5) technology interventions to enable e-waste recovery, (6) 

methods to collect and separate e-waste components, (7) technologies to digest and 

recover RESE, and (8) technologies to separate commercially desirable, high-purity 

outputs. Here, I reviewed global statistics and proposed novel solutions across the life 

cycle that would (1) provide simplified e-waste streams through upstream component 

sorting and modular design, and (2) provide enhanced recovery of metals from these 

simplified waste streams through technological advances in recycling technologies. 

After identifying these needs across the life cycle, it was apparent that the 

manufacturing and end-of-life stages were where technological contributions could 

have the biggest impact. In response to this need, I focused on building a device that 

relied on CNT-enabled filters to separate and recover RESE out of e-waste and 

manufacturing waste processing streams to enable their direct reuse in manufacturing 

(Chapter 3). Here, copper (Cu) and several RESE were recovered with high efficiency 

and separated from one another in a representative mixed metal stream. Furthermore, 

the metal trapping mechanism is detailed to provide a mechanistic understanding of 
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the surface-mediated redox process. After successful demonstration of this 

technology with high recovery of rare earth and special element oxides (RESEOs), I 

wanted to develop a technique to reclaim pure metal RESE in our technology, as that 

is what’s most desirable for reuse in manufacturing. This was attempted through the 

use of redox mediators (i.e., organic molecules that facilitate redox equilibrium and 

electron transfer) in our system (Chapter 4). Here, we tested four redox mediators, all 

with different reduction potentials and number of electrons to improve the electron 

transfer from the CNT filter to the metals in solution to enhance metal capture. As 

hypothesized, my results showed the enhanced recovery of Cu and europium (Eu) at 

lower voltages with the redox mediator ethyl viologen (BEBP). Furthermore, through 

electrochemical analysis, the mechanism was ascertained. Here, recovery at the lower 

applied potentials was improved through a radical enhanced oxygen reduction 

mechanism. To then demonstrate the effectiveness of this technology for real 

application, I investigated a suite of recovery methods to reclaim the captured metals 

back off the filters. Three acids were tested along with mechanical removal and 

complete filter digest via combustion (Chapter 5). Results indicated that high 

recovery and selectivity was achieved for Cu and Eu through various recovery 

techniques including acid flushing and combustion, as expected. Finally, I outline my 

observations from the bench-scale experiments in Chapters 3-5 and detail technical 

modifications needed to scale this technology up for industrial waste streams 

(Chapter 6). Using the information I gathered from the other data chapters, I provided 
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a detailed technical table with specific tasks to scale this technology for real world 

application. 

 
As the world approaches the proverbial, energy-sector fork in the road, the 

time to enable the advancement of clean energy technologies is now. The Paris 

Agreement marked a global consensus that energy alternatives are needed to combat 

climate change.35 Without a long-term supply of RESE, this evolution will not 

proceed on the same, expeditious path. This work sought to progress this 

advancement by providing an outline of tasks needed to enable a circular economy, as 

well provide a novel technology to recycle RESE for direct reuse in both 

manufacturing and end-of-life stages. This compilation of work offers several 

contributions including: (1) a roadmap of scientific advancements needed for a 

circular economy within the electronics and clean energy industries, (2) recovery of 

high-value specialty minerals using CNT filters, (3) enhanced capture of metals using 

redox mediators, (4) recovery methods for these high-value metals to enable reuse in 

manufacturing, and (5) a detailed technical outline to enable successful scale up of 

this technology. These contributions will also enhance the sustainability of the 

electronics industry by: (1) reducing the need for mining Earth-rare minerals in 

politically unstable and environmentally undesirable locations, and (2) reducing the 

emissions of toxic elements or nascent industrial minerals that have yet unknown 

toxicities or environmental impacts. 
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Chapter 2 

 
 

A strategy for material supply chain sustainability:  
Enabling a circular economy in the electronics industry 

through Green Engineering 
 
 

This chapter is adapted from “A strategy for material supply chain 

sustainability: Enabling a circular economy in the electronics industry through Green 

Engineering” by O’Connor, M.P., Zimmerman, J.B., Anastas, P.T., Plata, D.L. ACS 

Sustainable Chem. Eng., 2016, 4 (11), pp 5879–5888. Reprinted (adapted) with 

permission from 10.1021/acssuschemeng.6b01954. Content is slightly modified from 

original version to reflect thesis formatting. Copyright © 2016 American Chemical 

Society.  

 

2.1. Introduction 

 The electronics industry is one of the fastest growing enterprises today with 

new versions of select devices (e.g., the iPhone™) being developed and released 

approximately every 12 months.36 This growth is largely attributed to both public 

demand and technological achievements made possible through mining the periodic 

table (i.e., exploring the use of novel elements; Figure 2.1) to meet increasing 

performance needs.37 This rapid innovation in the technology development of 
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electronic products over the past 15 years without simultaneous innovation in 

materials extraction or end of life management has led to a potentially unsustainable 

materials infrastructure.  While novel products and performance developments are 

often fueled by a reliance on critical materials (i.e., materials with a high impact on 

the economy combined with a high risk of supply shortage38) and sometimes 

hazardous material procurement, current end of life management for these products 

continues to draw on poor recycling processes and infrastructure as well as 

undesirable final disposal methods.20, 39 Short product lifetimes, resulting from 

technical, planned, or aesthetic obsolescence, add urgency to the challenge of 

developing sustainable end of life strategies. (Note that short product lifetimes can 

also be viewed as input to a steady supply chain in a reimagined e-waste treatment 

strategy).40 
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Figure 2.1. The evolution of elements used in advanced electronics. Original data 
was provided by T.MacManus (Intel Corp.) to Graedel and Allenby in 2006.37 Here, 
we update the dataset to include materials added in the 2010s and highlight which of 
those materials include nano-sized forms of the respective elements.  
 

In recent years, many have identified the critical need for improvement in 

order to continue growth in this sector without compromise of the environment, 

economy, and socio-political landscape.20, 39 Industry efforts have been pursued 

through the Green Electronics Council41 (and other non-governmental organizations) 

with the aim of producing environmentally considerate electronic products, such as 

those made with recycled and recyclable materials, and by energy efficient processes. 

By definition, Green electronic products do not become part of the solid waste 

stream, and their manufacturing processes limit liquid and gaseous emissions to the 



	 18 

environment.42 The vision of material sustainability related to Green Electronics 

draws from enhanced design through the Principles of Green Engineering43 and the 

goals of a circular economy.44   

 

 Briefly, Green Engineering focuses on how to achieve sustainability through 

science and technology. The Principles of Green Engineering43 (Table 2.1) provide a 

framework in which scientists and engineers engage when designing new materials, 

products, processes, and systems that are benign to human health and the 

environment. A design based on the Principles moves beyond baseline engineering 

quality and safety specifications and expands the definition of performance to include 

environmental, economic, and social factors. Closely related but more narrowly 

focused, a circular economy aims to systematically eradicate waste across the 

lifecycle of an industrial process34 although it does not necessary focus on the 

inherent nature of those materials (i.e., toxic materials are deemed suitable, whereas 

Green Engineering explicitly discourages such use). While many have expressed their 

desire to achieve the goals of Green Engineering and a circular economy within the 

electronics industry, there has been little progress in doing so due the persistent 

challenges in end of life management. These include the low abundance of valuable 

material in extremely complex products and subsequently e-waste streams, as well as 

the high cost of recycling as compared to the decreasing (or unstable) value of the 

metals contained therein.45 Overall, the very nature of advanced electronics has 



	 19 

created a challenge in and of itself: the more complex a high-performance product 

and the associated materials set becomes, the more difficult it is to recycle.  

Table 2.1.  Principles of Green Engineering.43 

 

 

 Several reviews of the electronics sector have summarized the unsustainable 

nature of the manufacturing processes and end-of-life management strategies while 

highlighting the emerging state-of-the-art advancements that have potential to support 

the design, development, and production of Green Electronics. 20, 39, 46, 47 One of the 

major concerns raised by these studies is the high use of the rare earth and specialty 

elements (RESE; i.e., the rare earth elements plus yttrium, osmium, and indium) in 

advanced technologies.  RESE are used for their exceptional chemical characteristics, 

 1. Inherent Rather Than Circumstantial

  Designers need to strive to ensure that all materials 
and energy inputs and outputs are as inherently 
nonhazardous as possible.

 2. Prevention Instead of Treatment

  It is better to prevent waste than to treat or clean up 
waste after it is formed.

 3. Design for Separation

  Separation and purification operations should be 
designed to minimize energy consumption and 
materials use.

	 4.	 Maximize	Efficiency
  Products, processes, and systems should be designed 

to maximize mass, energy, space, and time efficiency.

 5.  Output-Pulled Versus Input-Pushed

  Products, processes, and systems should be “output 
pulled” rather than “input pushed” through the use of 
energy  and materials.

 6.	 Conserve	Complexity
  Embedded entropy and complexity must be viewed 

as an investment when making design choices on 
recycle, reuse, or beneficial disposition.

12 Principles of Green Engineering

	7.	 Durability	Rather	Than	Immortality
  Targeted durability, not immortality, should be a 

design goal.

 8. Meet Need, Minimize Excess

  Design for unnecessary capacity or capability 
(e.g., “one size fits all”) solutions should be 
considered a design flaw.

 9.	 Minimize	Material	Diversity
  Material diversity in multicomponent products 

should be minimized to promote disassembly 
and value retention.

	10.	 Integrate	Material	and	Energy	Flows
  Design of products, processes, and systems must 

include integration and interconnectivity 
with available energy and materials flows.

 11. Design for Commercial “Afterlife”

  Products, processes, and systems should be 
designed for performance in a commercial 
“afterlife.”

	12.	 Renewable	Rather	Than	Depleting
  Material and energy inputs should be renewable 

rather than depleting.
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including powerful magnetic properties and relative stability at high temperatures48 

(see de Boer and Lammertsma2 for a succinct review of the promising properties and 

applications of RESE).  While not necessarily rare, most RESE are “daughter metals” 

(i.e., components of other bulk metal ores or “parent metals”).49 This increases the 

difficulty of extracting these elements from the raw ores14 and recycling these 

elements at the product’s end-of-life,23 which has created concerns for the 

sustainability of the RESE supply chain. These challenges might be overcome 

through the use of enhanced design guided by Green Engineering, especially in the 

manufacturing and end-of-life stages.8-12  Such achievements could yield large 

environmental and energy benefits, including: (1) avoiding the environmental impact 

associated with fugitive metal and hazardous material release (e.g., radioactive 

byproducts)50 during metal mining by using recycled materials instead of primary 

materials51, (2) reduced energy requirements for recycling a metal versus acquiring it 

from mining operations13, 52-54 (e.g., 10-20 fold reduction in energy consumption 

through the use of secondary materials for bulk metals;26 with 22-35 kg CO2 

equivalents produced per kg rare earth oxide, 20 times that of steel production, using 

current technologies),14, 50 and (3) improved environmental and public health in 

regions near rare earth mines (e.g., see Zaimes et al.14 for an elegant analysis of the 

primary drivers of impacts due to rare earth element extraction near the Bayan Obo 

located near Inner Mongolia, China). While it is clearly an active area of discussion, 

few studies have succinctly offered a cohesive strategy based on specific solutions 

needed to enhance the environmental and economic sustainability of the electronics 
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industry. Here, we seek to outline the technical research and development needed to 

further Green Electronics through Green Engineering and the vision of a “circular 

economy.”   

 

 Note that we have not provided a comprehensive review of Green Electronics 

and the efforts undertaking by non-governmental organizations, industry, 

government, or academia, as several fine reports in this area already exist.20, 39, 46, 47 

Instead, we seek to provide a synergistic overview or preview of technological 

achievements that could enable secure and sustainable supply chains to enable 

advanced electronics.  As a result, most of the efforts described here have yet to be 

achieved. Additionally, we explicitly focus on the unique position of the 

manufacturer to exert influence on and benefit from modifications to the materials life 

cycle, and so the tasks outlined here are primarily focused on the manufacturing and 

end-of-life phases of the life cycle. Of course, RESEs have the opportunity to 

contribute to energy savings during the use phase of an electronic product’s life, but 

those advantages and/or trade offs are not described here, as they are not directly 

related to supply chain sustainability.  Finally, while the focus of this article is on 

integrated technological achievements to secure a sustainable RESE and bulk metal 

supply chain for advanced electronics manufacture, we recognize that these 

achievements will and should come piecemeal, over time, and from all sectors of 

scientific and social influence; we hope this overview will motivate such synergistic 

innovation. 
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2.2. Design for a closed-loop system 

 One of the main challenges within the electronics industry is advancing 

technologies without depleting the necessary elements required to do so. Green 

Engineering and the vision of a circular economy offer guidance to enable an 

electronics sector where RESEs are managed to enable technological development 

and sustainable production.  However, the obstacles to realizing this vision are 

substantial and include technical challenges in design and end of life management, as 

well as market and policy inhibitors.  Briefly, the technical challenges include but are 

not limited to (a) intricate and complex product design (e.g., phones and laptops with 

non-removable batteries; designs where RESE and hazardous materials are not 

readily accessible during disassembly) hindering targeted material recovery,37 (b) 

reliance on critical materials and poor energy and material efficiencies in 

manufacture,55 (c) poor device recycle rates,19 and (d) poor recycling and 

manufacturing management strategies to incorporate recycled material into new 

products.56 To overcome these challenges, we propose a set of necessary technical 

innovations for establishing closed-loop systems supporting sustainable materials 

management within the electronics industry and the design, development, and 

production of Green Electronics. These technical innovations can be related to design, 

manufacturing, or end-of-life management (Figure 2.2).  In order to ensure that the 

eight proposed tasks to support the necessary technological innovations to realize 

Green Electronics in accordance with a circular economy vision were cohesive, a 

crosswalk with the Principles of Green Engineering was conducted (Figure 2.3).  As 
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shown, each of the eight tasks correspond to multiple Principles and all of the 

Principles are ultimately reflected in the collective eight tasks. Given that the 

Principles of Green Engineering were developed as a framework for design from 

feedstock origins to manufacturing to end of life management, this type of analysis 

provides a means to validate the comprehensiveness of the eight tasks in their stated 

goal of leveraging strategies across the life cycle to realize the development of Green 

Electronics in accordance with the vision of a circular economy. 

 

 

Figure 2.2. Technological needs guided by Green Engineering to enable a secure and 
sustainable metals supply chain and in support of the vision of circular economy for 
the electronics industry. 
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Figure 2.3.  Crosswalk of eight technological innovations to support the development 
of a sustainable metals supply chain for Green Electronics with the Principles of 
Green Engineering. 
 

2.2.1. Task 1: Design for disassembly 

 Choices made early in the design process can significantly reduce the impact 

the rest of the product’s life has on the environment.43 Currently, the electronics 
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industry is facing issues at the end of the life cycle, dealing with high cost and manual 

labor needed to dismantle products for recycle and recovery of valuable materials that 

have not been designed in accordance with Green Engineering Principles 2 and 3 

(Prevention rather than treatment and design for separation, respectively; Box 1).  In 

order to encourage “material economy” (a measure of efficiency of materials used in 

production that are incorporated into the final product, Principle 4)43 products must be 

designed for facile disassembly to make recycling and repurposing electronic devices 

more feasible at the end-of-life.57 There are a several approaches to achieving this 

goal, and most of them rely on modular design, which has advantages across the life 

cycle for the manufacturer, the user, and end of life management.  Multiple 

researchers have proposed strategies to overcome these issues, such as design for 

environment (DFE), design for recycling (DFR), and design for disassembly (DFD).58 

Due to the fact that well-designed modular structures can improve product life-cycle 

activities, modularity can play a more important role than the whole product life-

cycle approach.59  For example, not only will common modules increase the chances 

of efficient reuse and recycling operation, they also feature ease of upgrade and 

maintenance, as well as ease of product diagnosis, repair, and disposal by conversing 

the embedded complexity (and associated embedded material and energy) into the 

module (Principle 6, Conserve complexity).59 

 

 For example, the iameco D4R™ laptop provides a striking demonstration of 

the environmental benefits of modular design.60, 61 (The name was inspired by “I am 
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eco” and “design for reuse;” similar desktop and tablet versions are already on the 

market, but the D4R is still pending release). 62 Briefly, the main features of this 

laptop include easy disassembly with only a few standard screws, a liquid crystal 

display (LCD) frame that can be reused, and a standardized mainboard with fixed 

connections. These features were developed to allow for straightforward disassembly 

of parts for collection and recycling, as well as facile component replacement for 

upgrading and refurbishing. Along with the ease of physical disassembly, the product 

also allows users to customize the device to their own specific needs and style 

extending lifetime limitations associated with aesthetic obsolescence.  This unique 

platform enables upgrades to keep up with advancing technology, allowing for 

potential continued economic stimulus through the sales of parts and components, 

without requiring the purchase of an entirely new device. With the modular design 

strategy, the iameco D4R™ laptop strives to achieve a 30% reduction in greenhouse 

(GHG) emissions, 75% less fresh water, and a 70% overall reuse and recycling rate as 

compared to a standard laptop.62  

 

 Several other examples have emerged recently, including the PuzzlePhone, 

Google Ara, and BLOCKS, and all are slated to ship in Fall 2016 (i.e., modular 

electronics do not have a measurable fraction of today’s market share).63-65 These are 

all marketed as (a) desirable by virtue of their customizable components, cost efficacy 

over their lifetime, and implicitly enhanced durability (i.e., replaceable components) 

and (b) ecologically friendly products allowing for easy separation to enhance 
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recovery of recyclable materials.60  For example, separable touch screens and 

batteries could facilitate indium/tin (i.e., from indium tin oxide (ITO) touch screens) 

and lithium (i.e., from lithium-based batteries) recovery by reducing the complexity 

of the starting material in the recycle process (Principle 12). This contrasts current e-

waste recycling approaches, which generally rely on whole-device fragmentation 

followed by acid digestion.  This current ‘state-of-the-art’ infrastructure functionally 

creates a more complex mixture of metals and organic byproducts as a first step in a 

purification process.  While better approaches are possible, these can only be 

achieved by conscious and intentional early design for end of life management.  

 

2.2.2. Task 2: Development of materials for substitution 

 With several RESEs topping the U.S. critical elements list over the past five 

years7 (e.g., Dy, Nd, and Eu), the need to find alternative materials that can meet 

performance demands without the commensurate supply threat is urgent. Technical 

innovations to move from hazardous materials to inherently safer ones has been 

successfully demonstrated in numerous sectors through Green Chemistry (Principle 

1).66 In addition, substitution could also encourage the practice of recycling if the new 

materials are more easily reclaimed for reuse. 

 

Encouragingly, the Critical Materials Institute from the U.S. Department of 

Energy has had great success in finding two potential alternatives for materials based 

on the rare earth elements in just one year.67 These two substitutes are phosphors (one 
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red and one green) that could replace Eu, La, Y and Tb in high-efficiency lighting. 

The new designs are completely rare earth free, replacing the critical metals with 

manganese-doped nitrides. This replacement would impact many modern day 

technologies including LEDs, flat panel displays, and compact fluorescent bulbs and 

tubes, and testing is now in progress to get these devices to market.67 Note that many 

other substitution efforts have been successful, including REE-free magnet materials, 

lead-free solders, and indium-tin oxide (ITO) touch screen substitutes.68-71  

2.2.3. Task 3: Fabrication efficiency 

 The high energy and material demand in the manufacturing stage are driven by 

the need to purify products from the original ore, along with low product yields.43, 72 

Here, there is a clear opportunity to improve economic stability and reduce the 

environmental impacts associated with electronics device fabrication by improving 

material synthetic efficiencies (i.e., yield or atom economy), particularly of RESEs, 

during manufacture (Principle 4).  Note that here we focus on RESE and bulk metal 

deposition strategies, but acknowledge that environmental impacts of silicon 

processing and clean room energy demands are nontrivial and well documented.73-75 

While few metal-deposition conversion efficiencies from industrial processes are 

available in peer-reviewed literature, many advanced metal-deposition techniques are 

inherently low yield (i.e., starting material incorporated into the final product such as 

metal deposition (e.g., e-beam deposition or sputtering) or catalytic chemical vapor 

deposition). As a result, precious metals that are brought into the factory as raw 

materials often leave as solid or liquid waste that has been combined with other waste 
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and, therefore, is no longer useful as a raw material.76 (Note that specific 

compositional information of such waste streams is not available,76 but one might 

presume that it includes the materials in development and use in current electronics; 

e.g., GaAs, NdFeB, and indium tin oxides; Figure 2.1). Strategies to overcome this 

limitation, such as (a) improved synthetic efficiencies (Principle 4) or (b) recovered 

waste material for direct reuse, would reduce the reliance on primary, ore-sourced 

metals (Principle 10).  

 

 Efforts to improve synthetic efficiencies will potentially rely on novel metal 

deposition methods (i.e., printing or self-assembly rather than etching or sputtering) 

or atomic-scale control of nanoparticle formation (i.e., through tethered ligands, self-

assembling materials, or mechanistic understanding of bond-building reactions in 

organometallic syntheses).77, 78 Such research in high-throughput manufacturing of 

precision devices is the subject of entire programs at the National Science Foundation 

(e.g., Scalable Nanomanufacturing and Nanomanufacturing), and over $123 million 

has been invested over the past 8 years.79, 80 Nevertheless, these efforts are often 

focused on achieving technological goals and product performance without an 

expanded performance definition to include measures of material efficiencies 

considerations of sustainable material supply chains, and assessments of potential 

impacts to human health and the environment.  Note that the failure to report (or 

measure) synthetic efficiencies is an impediment to technological progress, as well as 
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to achieving environmental and economic goals, and efforts should be made to 

overcome any analytical limitations that prevent such measurement.  

 

 Efforts to recover waste material from synthetic processing streams (Principle 

10) accomplish the goal of improving synthetic efficiency indirectly (e.g., see Task 

7). In order to achieve this goal, the “wasted” starting materials must be recovered 

with high purity, so that they will be useful starting materials in subsequent 

manufacturing steps.  For example, a mixed metal waste stream would likely have to 

be efficiently and effectively purified for individual metals (e.g., selective 

precipitation from aqueous waste streams) (Task 8), so that each could be re-used for 

novel syntheses (see Task 6).  In addition to the reduced need for fresh materials, 

eliminating the toxic components from discharged waste would reduce the cost of that 

waste disposal and the risk of unintentional release and exposure of such materials to 

the humans and the environment (Principle 2).   Manufacturer-controlled efforts have 

the potential to be much more successful and streamlined than recovery of RESE 

after release to the consumer marketplace (see Task 5), and we encourage innovation 

in this area.  

 

2.2.4. Task 4: Manufacturing processes that enable use of recycled materials 
 
The extraction and processing of metals accounts for approximately 7% of our 

total energy use world wide.13 This large consumption of energy produces 6 billion 

metric tons of ore per year, 90% of which is solid waste after refining.13 This 
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extensive energy consumption and waste generation in the materials extraction stage 

is compounded by that in the manufacturing stage.  Together, these stages drive the 

primary environmental impact of electronics life cycle of electronic products (e.g., the 

manufacturing of small handheld electronic devices has a carbon footprint of 200-400 

kg/kg; 18-22 kg/kg of Ni-Cd batteries; 12-14 kg/kg to assembly a printed circuit 

board; or 295 to 375 kg per m2 of display81, 82; compared to 2.7 kg CO2 per book or 

roughly 28 kg per kg hamburger, as a reference83). Thus, replacing primary material 

sources presents a tremendous opportunity to minimize the overall environmental 

impact of electronics production by taking advantage of alternative material flows 

other than primary ore (Principle 10). 

 

 In Green Engineering,43 the first step in enhancing recycling, and recycled 

content of novel manufactured goods, is to encourage output “pulled” products rather 

than input “pushed” (Principle 5). In other words, to create a valuable recycled or 

secondary material supply chain, what is traditionally considered “waste” must 

instead be a sought-after commodity.43 Re-designing manufacturing schemes with the 

intent of using outputs (e.g., recycled plastics and high value metals) as part of the 

design in the new products could dramatically decrease the amount of hazardous 

waste this industry produces each year. For example, in 2013, approximately 1.8 

billion pounds of polyethylene terephthalate (PET) was recycled, and of that, 83% 

was put back into our current supply chain.84  (Note that this is for a relatively pure 

starting material.) This type of design for sustainability would enable a reduction in 
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total solid waste (from both the mining of virgin ore and the end of life waste stream), 

as well as reducing the amount of harmful chemicals used and emitted to the 

environment during the processing stage (Principle 2). With regard to electronics, 

which have short product lifetimes, it is reasonable to expect that manufacturing of 

novel devices could rely on recycled materials, components and modules, since there 

would be a relatively short delay in the time desired materials initially go to market to 

when they are returned as secondary material feedstock. Nevertheless, we note that, 

for any novel component experiencing growth, the waste-stream feedstock is unlikely 

to meet the manufacturing demands, and other waste or virgin resources would have 

to be sought in parallel. 

 

2.2.5. Task 5: Technology interventions to enable e-waste recovery 

 All environmental and economic sustainability efforts reliant on recycle 

strategies are subject to one unifying, palpable criticism: most consumers do not elect 

to recycle their possessions with rates varying for different materials and policy 

contexts.37, 81 Ashby attempted to capture this inconvenient reality by summarizing 

the recycled content in novel material streams in 2009 (not the recycle rate), which 

was as high as 55% for materials such as aluminum and steel, but was often lower 

than 20% for most other materials, such as wood, ceramics, and all polymers.81 Some 

government-sponsored incentive schemes have been able to impact consumer recycle 

rates, such as bottle bills (e.g., nearly 100% beverage container recycle in Michigan 

and 70-80% in New York, compared to an approximately 40% national average).85 
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However, other incentives have little to no impact on net recycle rates (e.g., pay-to-

throw and single-stream collection).85 Note that policy-based solutions to “the e-

waste problem” are highly heterogeneous across the globe, with aggressive device 

recovery strategies in the European Union (EU) and Japan as compared to the US.86 

In the US, several states have full bans on e-waste disposal in landfills (e.g., AK, CA, 

CT, IL, IN, ME, MA, MN, NH, NJ, NC, OR, PA, RI, WI, and New York City);18 

although, it is unclear how effectively these are enforced.  In the EU, the Waste 

Electronic and Electrical Equipment (WEEE) Directive and the closely related 

Restriction of Hazardous Substances (RoHS) Directive could potentially impact 

electronic recycle rates, although the extent of the policy’s influence is not yet 

obvious. First, recycling rates (calculated as a proportion of returned devices in one 

year as compared to devices sold during the three years prior) are highly varied in 

each country; e.g., just over 10% in Malta to nearly 80% in the Netherlands and 

Sweden in 2013.87  Second, while WEEE will undergo a stepped increase in 2016 and 

2019, early effects of the directive exhibit an improved e-waste collection aggregated 

across the EU overall (2.5 x 106 tonnes collected in 2007 and 3.5 x 106 tonnes in 

2013), albeit with large decreases in some nations. Interestingly, there was a stark 

decrease in the electrical and electronic equipment entering the EU over the same 

time period (nearly 20% reduction from 2007 to 2013, with a 10% drop in 2012 to 

2013 alone), presumably due to both the global economy and the impacts of the 

WEEE Directive itself.  In spite of potential shortcomings, roughly two-thirds of the 
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material is “recovered” EU-wide and enters novel product manufacture (i.e., is 

recycled) or is used for energy generation (e.g., in waste-to-energy incineration).87   

 

 Ultimately, the decision to recycle electronic products is directly related to 

consumer behavior, and electronics companies are challenged to find creative ways to 

improve device return rates. Hewlett-Packard™ (HP™) has attempted to achieve this 

goal by encouraging consumers to return their devices directly to the manufacturer.88 

In order to achieve this ambitious goal, for example, large printer cartridges are sold 

in pre-addressed, pre-paid shipping containers in which old printer cartridges can be 

returned, refilled, and ultimately resold. (Note that this comes with a net economic 

advantage to HP, but the extent of that advantage is unclear). HP™ has also partnered 

with companies such as Walmart™ and Staples™ to host drop-off facilities in 

consumer-frequented hubs, facilitating the return of smaller printer cartridges. 

Essentially, HP™ has operated with the perspective that their “waste” products 

belong to HP even after the consumers are finished using the products. As a result, in 

2014, HP recycled 70% of their ink cartridges and increased their total product 

recycle rate from 10% to 12%.88 This approach is not standard in the electronics 

industry, but versions of it could be easily adopted or amended to include second 

parties, such as device buy-back programs that refurbish devices for second users 

(e.g., Gazelle, Amazon, and those sponsored by Verizon and AT&T wireless carriers; 

cell phones were recycled at a rate of 11% in 2011 in the United States; or the drop 

off programs for no-value e-waste, such as those administered by BestBuy™).17 
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While not yet a reality for RESE-containing electronics in the US, ultimately, if the 

economic value of the RESE content were sufficient and recycling technologies 

became efficient and cheap (see Tasks 6 and 7), buy-back programs would augment 

device return to fuel recycled rather than more expensive and damaging virgin 

feedback streams (Principle 2, 6, and 10).   

 

 In the absence of sweeping policy changes, industry-lead consortia could 

potentially streamline international waste regulation and help mitigate some of the 

largest challenges to a circular economy in electronics, such as: (1) the lack of 

infrastructure, (2) poor communication between manufactures and recyclers, and (3) 

limited policy to control or incentivize collection for refurbishment and recycling.  To 

overcome these limitations, industry consortia would have to agree on or standardize 

RESE indexing of subcomponents to facilitate separation and RESE recovery to 

support material feedstocks (see Task 6) for enhanced supply chain stability. 21, 89  

 

2.2.6. Task 6: Methods to separate e-waste components 

 Following recovery of a device for recycle, methods to separate e-waste 

components strive to not only simplify the recycling process, but to also reduce the 

energy and materials burdens of the recycling process itself.20  However, in the US, 

there is very little formal or mandated infrastructure and no standardization to support 

such an approach to e-waste recycling and RESE recovery in particular. In contrast, 

the EU has a mandate for 50-85% device recovery and efforts are underway to 
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facilitating recycle of resources contained in the e-waste.89 Irrespective of nation-

derived mandates, there is a need for international, consensus-based infrastructure and 

management systems for disassembly and repurposing of parts, along with novel 

processes for disassembly of and materials recovery of newly designed devices that 

are compatible with the new end of life systems (Principles 2, 3, 4, and 10).  

 

 In total, the U.S. has approximately 275 certified e-waste refurbishing and 

recycling companies (i.e., so called “third parties”), most of which focus on 

dismantling and exporting. These contributed to a US e-waste recycle rate of 

approximately 40% of total e-waste in 2013; up from 20% in 2003.19,20, 21 After 

collection, separation and upgrading generally occur through physical disassembly 

targeting valuable and hazardous components via mechanical dismantling, followed 

by shredding, electrostatic separation, magnetic separation, and solvent and/or acid 

extraction.  Creating novel infrastructure for separating device components is critical 

for closing the loop in the electronics life cycle and supporting a circular economy  

(i.e., see innovations by Apple®22). However, enhancing the likelihood of separation 

of device subcomponents for materials recovery requires that advanced knowledge of 

the metal content is available to the recycler.  To reclaim metals with greater 

efficiency, subcomponents would have to be labeled with their elemental content in 

some way that does not compromise the intellectual property of the manufacturer.  

For example, RESE-containing components could be labeled with a RESE symbol, 

and this could facilitate manual harvesting and separation of those subcomponents to 
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feed the technologies described in Task 7. Better still, an electronically-readable tag 

(such as electronic indexing with an RFID, QR code, or barcode) could enable 

automated sorting of the device subcomponents.90-92 Note that labor costs largely 

dominate the cost of manual separation and dismantling of products, and are a major 

contributor to the net cost of e-waste recycle (e.g., targeted in Task 1).93 One can 

envision a future in which collection strategies are coupled with automated sorting, 

not just of bulk materials (e.g., paper from plastic from metal), but also e-waste 

indexed by specific metal content.  Further, we argue that such an indexing strategy is 

perhaps the only way that broad-spectrum electronics recycling can be achieved and 

ensure the benefits of modular design are leveraged fully (Task 4). Note that an 

ancillary benefit of such electronic indexing of electronic products could help to 

increase the likelihood that e-waste is diverted from landfills or incinerators to 

recycling centers (i.e., via RFID scanning of mixed waste trash), thus reducing the 

potential release of toxic minerals (e.g., cadmium from CdSe or arsenic from GaAs).  

As mentioned in Task 1, the greatest likelihood for success is initiated by 

incorporating these considerations into the design phase, (e.g., design for 

disassembly, Principle 3), enabling improved subcomponent separation strategies to 

support recycling processes that yield higher-purity recovered streams, allowing for 

lower energy and solvent utilization during recycle (see Task 7). 

 

 Of course, so long as secondary parties are responsible for recycling, the 

indexing described here must be (a) universal and (b) standardized via industry 
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consortia or government sanctioned. Without such indexing, the full benefits of 

modular design (Task 4) cannot be realized. Finally, overcoming the technological 

limitations of indexing device subcomponents will allow governments and businesses 

to create incentives for both the consumer and companies to recycle and reuse many 

products on the market today (as in Task 5).94,39,86  

 

2.2.7. Task 7: Develop technologies to digest and recover mixed RESE 
 
 While the design of products for disassembly can reduce the complexity of 

input waste streams (Principles 3 and 5), individual subcomponents will inevitably 

retain a high degree of complexity. In particular, (a) so long as copper is the principle 

conductive component, most waste streams will have a high copper background and 

(b) advanced electronics have become increasingly complex over the past 40 years 

and will likely continue to do so.95-97 Thus, there is a need for electronic recycling 

processes that can recover and separate metals from complex streams at reduced 

material and energy burdens.  Many current recycling systems are not capable of 

recycling the critical metals23 with high efficiency. Currently, these critical metals 

(i.e., many of the RESEs) are recycled at a rate of less than 1%23 driven by the low 

volume of materials returned by the consumer (e.g., as targeted in Task 5) as well as 

the ineffective and inefficient current e-waste recycling management strategies and 

infrastructures. Upgraded technologies that can reclaim materials at high efficiency 

and low cost could shift the economic balance and incentivize the use of recycled 

materials in novel device fabrication.93  
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 The current recycling processes occurs in three main steps: (1) disassembly and 

targeting valuable and hazardous components, (2) “upgrading” the valuable 

components via mechanical sorting processes, and (3) refining and recovering the 

materials of interest, typically via laborious solvent-extraction techniques.24 The two 

main methods used for upgrading and refining these metals in the recycling scheme 

are pyrometallurgical processes and hydrometallurgical processes, which consist of 

either melting or dissolving the waste, respectively. These two techniques work well 

for some metals but are very solvent or energy intensive.  Outside of the U.S., e-waste 

recycling, can occur via hazardous methods, such as open pit burning and acid 

leaching.98 These techniques are unregulated, which fosters hazardous and illegal 

recycling activities and large environmental and health burdens on the receiving 

country (see Grant et al. and Robinson for helpful details).94, 99 

 

 Two additional techniques used to recovery metals are electrometallurgy and 

biohydrometallurgy.24 Biohydrometallurgy involves using different cultures of 

bacteria to leach the metals out of the waste and electrometallurgy uses ion exchange 

or solvent extraction to concentrate metals down into their purest form. While both 

techniques are effective, biohydrometallurgy is difficult to bring to scale and 

electrometallurgy typically involves enormous electrode surface areas for large-

volume waste processing.24, 25  
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The company HydroWEEE provides a promising example of an electronics 

recycling strategy that relies on inputs of specific separated waste streams (i.e., the 

outputs of Task 6; e.g., cathode ray tubes, spent batteries, and liquid crystal displays). 

The company’s main goal is to recover rare and precious metals from waste electrical 

and electronic equipment (WEEE) using hydrometallurgical processes.100 In 

particular, they employ 4N sulfuric acid and oxalic acid, they can recover 90% of the 

Y out of fluorescent lamps as yttrium oxalate (Y2(C2O4)3).101 With their stationary 

units, the company reports the ability to recover 165 tons of rare earth oxalate mix per 

year with high purity (96% metal oxalates). The company is also developing full-

scale mobile recycling plants, which helps tackle the issue of waste collection and low 

waste volumes. Innovative recycling processes like these could have many 

advantages across the life cycle including reduced dependence on virgin production 

and the subsequent lowered toxic emissions associated with refining2 as well as 

diverting the “waste” stream from an end of life disposal scenario (Principle 2). 

 

Last, if techniques are developed that can recover RESE metals with high 

efficiency and at a rapid rate (i.e., to allow for high volume flux of an aqueous or acid 

waste stream), then the recovery strategy could be paired inline with the 

manufacturing process (see Task 4).  For example, diverting liquid waste76 through 

the metal recovery device could enable the recovery and reuse of materials onsite, 

without ever leaving the manufacturing plant.  In addition to improving atom 

economy (Principles 1 and 4), the environmental, human health, and economic costs 
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associated with waste discharge could decrease, potentially dramatically. However, in 

spite of these clear benefits, in order for a RESE recovery and recycling system to be 

attractive to a manufacturer (Principle 10), it must not disrupt the fabrication process 

itself or require the acquisition of an entire waste treatment facility onsite or co-

located with the fabrication center (see example cost-benefit analyses),102-104 and the 

recovered material must meet the quality standards of the virgin resource. Thus, 

compact, high throughput technologies that render metals in immediately useful 

forms are sought (see Task 8).  

 

2.2.8. Task 8: Technologies to separate commercially desirable, high-purity 
outputs 

 
 In addition to developing efficient technologies to recycle RESEs as mixed 

materials (Task 7), we need methods that can separate RESEs from one another once 

they are recovered so they can be easily reinserted in the manufacturing process. Note 

that this is an important technology that can be used upstream for the mining and 

processing of virgin RESEs as well. As mentioned earlier, current refining techniques 

are solvent intensive, tend to be harmful to the environment via emissions to air, 

water, and solid residue accumulation, and yield RESE oxides rather than pure 

metals. As most manufacturers demand RESE metals, the development of novel 

technologies for separation and conversion of oxide to zero-valent metal would 

facilitate a circular economy.  
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The Critical Materials Institute of the US DOE has listed this issue as one of 

its grand challenge problems.105 Resolving this will play a big role in guaranteeing 

control of the RESE supply-chain. In order for this research to be successful, the 

technologies need to be economically feasible and have low energy requirements and 

environmental risks. REE purifications typically leverage differences in the ionic 

radii, solubility, and sometimes reduction potential.106 Currently, there are few 

techniques that can do this at the high volume and process rates needed for recycling 

plants. One example comes from the Critical Materials Institute itself, where they 

have developed a membrane solvent extraction system.107 This innovative technology 

uses hollow fiber membranes with organic solvents (exact compounds not reported) 

to selectively recover Nd, Dy, and Pr. The lab scale system presently reports ~90% 

recovery of these elements from a scrap Nd magnet.107 However, it is unclear if this 

membrane and associated solvent-dependent processing is environmentally 

sustainable itself and the critical task of performing a comparative assessment across 

the life cycle has not yet been conducted. Nevertheless, such research on approaches 

to recovering RESE’s and the other critical elements and is a necessary step to close 

the loop back to the manufacturing stage.  

 

2.3. Enabling Green Electronics through Green Engineering and a 
Circular Economy 
 

 Comprised of some of the fastest growing industries in the history of the 

industrial era, the electronics sector is susceptible to material supply threats, 
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especially related to RESE, and there are few manufacturing and waste management 

strategies to mitigate these issues.5 While recycling seems to be one of the most 

obvious solutions, it is difficult to execute in practice.  Here, we seek to empower 

innovators by outlining the technological achievements needed to secure and sustain 

RESE-enabled products by applying the Principles of Green Engineering to facilitate 

a circular economy in the electronics sector.  Further, we call on industry and 

academic researchers alike to undertake the fundamental research required to meet 

these technological achievements, and we call on governments to support and 

facilitate these efforts where possible.  Last, an industry-led consortium should 

initiate efforts to begin a systematically index all electronics components such that e-

waste is instead regarded and treated as a valuable, critical e-resource.  It is with this 

guiding vision that we strive to establish a sustainable future by decreasing the 

environmental impact and enhancing the economic stability of the electronics 

industry, an industry that is and will continue to be critical to enhanced social 

wellbeing and global economic development. 
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Chapter 3 
 
 

Electrochemical deposition for the separation and recovery 
of metals using carbon nanotube-enabled filters 

 

 

3.1. Introduction 
 

 The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment 

Report (AR5) recommended a shift away from carbon-based fuels to renewable 

energy sources in order to diminish anthropogenic CO2 emissions, which reached a 

record high of 49 ± 4.5 GtCO2 eq.108 Resoundingly, this transition to renewable 

energy will rely on technologies that require rare earth and specialty elements (RESE; 

e.g., in permanent magnets, batteries, and catalysts for the wind, solar, and 

automotive industries).3 However, the U.S. Department of Energy (DOE) and 

European Commission have labeled some RESE as “critical” (i.e., there is an 

imbalance wherein there is a large demand for and insufficient supply of the metal).7  

 

The criticality designation is estimated based on the metal’s supply risk 

coupled with its importance to the technical objective (e.g., the clean energy sector),7 

considering demand, possible substitutions, competing technologies, and political, 

social, and regulatory factors. The critical status of many RESE stems from recent use 

of and increasing reliance on them in developing technologies and an emergent 
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bottleneck effect, where the primary supply of these metals can no longer support 

demand.5 (For example, Molycorp, Inc. announced closure of the only rare earth 

element (REE) mine in the United States, the Mountain Pass Mine, in August 2015, 

promoting a transition to Estonian and Chinese source materials).109 Without 

intervention, the supply chain imbalance and/or instability could be exacerbated as 

clean energy technologies continue to grow.110 In order to create a secondary supply 

of these metals, a novel materials management strategy and supporting technologies 

will be needed,3 where there is enhanced reuse and recycling at the end-of-life and in 

the manufacturing stages (i.e., “closing the loop” from end-of-life to manufacturing 

and within the manufacturing stage itself to reduce material losses during 

manufacture). Such systematic changes will not only secure the supply of metals for 

the requisite technologies, but also have the ancillary benefit of further reducing GHG 

emissions by reducing mining and refining of primary metal. 

 

 While there are no standard recovery technologies (e.g., commercialized and 

readily integrated onto an assembly line) available to manufacturers seeking to 

remove valuable materials from their own waste streams, end-of-life waste 

management strategies currently recycle 20% of global municipal solid waste and less 

than 1% of RESE (circa 2010 and 2008, respectively).23, 108 These low recycling rates 

result from many interrelated factors including consumer behavior, government 

policy, and lack of infrastructure; these have been reviewed elsewhere.20, 39, 46 In 

addition, there are few recycling technologies able to reclaim the critical materials or 
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separate the metals from one another for reuse.7, 23 Present solid waste recycling 

techniques include: disassembly and targeting of valuable and hazardous components, 

upgrading the valuable components via magnetic and mechanical sorting processes, 

and finally, refining. Refining is used to recover the materials of interest, typically via 

pyrometallurgical and hydrometallurgical processes, which consist of either melting 

or dissolving the waste.24 Both hydro and pyrometallurgical approaches work well for 

bulk metals (e.g., Cu, Ni, and Zn, all with recycling rates above 50%),23 but neither 

can capture all RESE.24  

 

 Following acid digestions, several recovery strategies for bulk metals are 

possible, including electrowinning, which involves applying a voltage to a cathodic 

material in a large tank of metal-rich waste, where the metal of interest is reduced out 

of solution onto the cathode surface. The cathode is generally made out of large 

stainless steel or aluminum sheets and the anode is an inert metal, such as titanium or 

lead. This electrodeposition technique yields high recovery for bulk metals (e.g., Cu, 

Ni, and Co24, 111) but suffers high space requirements due to the large surface area of 

smooth cathodic material needed. This limitation makes the recycling method 

impractical for the low concentrations of RESE metals found in many waste streams 

and smaller processes important for clean energy and nanotechnologies (i.e., 

advanced metal-deposition techniques such as e-beam sputtering, lithography, and 

printing in semiconductors).3  
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High surface area, conductive materials could enable adaption of the basic 

principles of electrowinning to a broader range of elements and at lower area and 

volume requirements. Recently, carbon nanotube (CNT) membranes and filters with 

high surface area-to-mass ratios and excellent conductivity have been developed for 

water treatment technologies. These research endeavors are well documented, with 

significant efforts in anti-fouling membranes,26 virus inactivation112 and the oxidative 

treatment of organic matter,27, 28 but few studies explore metal recovery on CNT-

enabled filters.30, 31  

 

Here, we seek to utilize the concept of electrochemical precipitation and the 

exceptional properties of conductive CNT filters as a cathode material to exploit 

differences in reduction potentials and/or solubility to recover metals of interest.28 In 

particular, we explore the possibility of selective recovery and separation of metals 

out of mixed metal streams using case studies of six metals/metalloids, each 

representative of different industrial materials in clean energy applications, including 

copper (Cu), europium (Eu), neodymium (Nd), gallium (Ga), scandium (Sc), and 

arsenic (As). Broadly, this work aims to develop a new method to reclaim and 

separate valuable materials from industrial waste streams (e.g., e-waste and 

manufacturing process waters), facilitating closed loop manufacturing and decreasing 

losses from the material supply chain at a product’s end-of-life.  
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3.2. Experimental Methods 

3.2.1. Materials 

Copper chloride (CuCl2; 99.999% trace metals basis (TMB)), europium 

chloride (EuCl3; 99.99% TMB), scandium chloride (ScCl3; 99.99% TMB), 

neodymium chloride (NdCl3; ≥99.99% TMB), gallium chloride (GaCl3; ≥99.99% 

TMB), arsenic chloride (AsCl3; 99.99% TMB), sodium hydroxide (NaOH; 99.99% 

TMB), hydrochloric acid (HCl; TraceSELECT®), and sodium chloride (NaCl; ≥99%) 

were all purchased from Sigma-Aldrich (St. Louis, MO). Multi-walled carbon 

nanotube buckypaper filters encapsulated in polyvinyl alcohol were custom-made by 

NanoTech Labs (Yadkinville, NC; see Figure A1). Hydrophilic 

polytetrafluoroethylene (PTFE; 5mm pore size) membranes and sodium sulfate 

(Na2SO4; GR ACS grade) were purchased from EMD Millipore (Darmstadt, 

Germany).  

 

3.2.2. Filter Design and Operation 

The electrochemical filter device (adapted from Schnoor et al.28),was 

constructed from a modified 47-mm polycarbonate filter housing (Whatman) with 

perforated Ti shims acting as the mechanical contact for both the anode and the 

cathode. Two, 47-mm CNT filters were inserted, one as the cathode and one as the 

anode, with PTFE insulation between (Figure 3.1a). The mechanical contacts were 

attached to a DC power supply (Agilent E3631A) and test solutions were delivered 
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via a peristaltic pump to maintain a constant flow (Cole-Parmer Masterflex L/S 

EasyLoad Pump).  

 

3.2.3. Experimental Procedures 

All solutions for the electrochemical experiments were prepared in acid 

washed glassware (washed for at least one week in 25% v/v HCl followed by one 

week in 50% v/v HNO3), with 1 mM metal/metalloid and 100 mM Na2SO4 (to 

normalize the ionic strength; Ga was prepared with 100 mM NaCl to avoid 

precipitation of gallium sulfate (Ga2(SO4)3), and tested in triplicate unless otherwise 

noted. Effluents were collected and quantified for each metal using inductively 

coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer ELAN DRC-e). Filters 

were characterized using scanning electron microscopy (SEM-EDX; Hitachi SU-70 

and Hitachi SU-8230 with a BRUKER XFlash 5060FQ Annular EDS detector) and 

analyzed with x-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra DLD) for 

elemental and metal speciation identification. 

 

3.2.3.1. Recovery Optimization: Voltage, Flow Rate, and pH 

The metals and metalloids tested in this study include: Cu, Eu, Sc, Nd, Ga, 

and As. All metals were tested over a range of voltages and pH, and three of the five 

metals (Cu, Eu, Sc) were tested over a range of flow rates to determine the optimum 

operating parameters to achieve the highest recovery. Note that not all metals were 
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tested across the range of flow rates due to the limited sensitivity to flow rate 

exhibited by Cu, Eu, and Sc. 

 

Applied voltage ranged from 0.1 V to 3.0 V (depending on the metal) while 

flow rate and pH were kept constant. Keeping flow rate and voltage constant, a wide 

range of pH values (pH 2-10) were tested, to both ascertain the potential mechanisms 

of removal and define ranges of function for the device across a range of waste 

streams with variable pH. Finally, flow rate was tested to determine if typically slow 

redox kinetics were a limiting step in the recovery process (i.e., if bulk transport past 

the filter was too fast to allow for metal reduction or precipitation and capture). Here, 

flow rates ranged from 1 – 5 mL min-1 while pH and voltage were held constant. 

When relevant, experimental parameters are listed in each figure caption or image. 

 

3.2.3.2. Selective Recovery from Mixed Stream 

After assessing the behavior of single-metal solutions, a two-stage filter 

device was assembled to determine whether or not multiple metals could be purified 

and separated using this technology (Figure 3.1b). Cu and Eu were prepared together 

and the mixed influent solution was pumped into the system containing two filters in 

series. The upstream filter had an applied voltage of 1.5V to select for Cu and the 

downstream filter had an applied voltage of 3.0V to select for Eu. The flow rate was 

held constant at 1 mL min-1 and pH was not adjusted (measured pH: 5.4). In this 

study, effluent was collected and quantified from both filters to calculate recovery. 
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3.2.3.3. The Role of Oxygen in RESE Capture 

To elucidate the mechanism of electrochemical deposition, a single-metal 

experiment for Eu was conducted without the presence of dissolved molecular 

oxygen (O2 (aq)). To achieve this, 500 mL of test solution was purged with nitrogen 

at 200 mL min-1 in a 500 mL Erlenmeyer flask with an aeration stone for 90 min 

before the experiment to ensure no oxygen was present. During the experiment, 5 mL 

min-1 Eu was delivered to the filter at 3.0 V while a constant flow of N2 was pushed 

into the vacated headspace at 5 mL min-1 to maintain neutral pressure and an oxygen-

free environment for the duration of the experiment (see Figure A2). 

 

 

Figure 3.1. CNT filter schematic. (a) Exploded view of the electrochemical 
filtration system. Top to bottom: Polypropylene filter casing, perforated cathodic Ti 
shim, cathodic CNT filter, PTFE insulating layer, anodic CNT filter, perforated 
anodic Ti shim, polypropylene filter casing. (b) Schematic of multiple 
electrochemical filters in series. A mixed metal stream is pushed through the system 
where the top and bottom filters are set at V1 and V2, selecting for metal 1 and metal 
2, respectively, and where V1< V2.  
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3.3. Results and Discussion 

3.3.1. Parameter Optimization 

3.3.1.1. The Effect of Voltage 

Out of the six metals and metalloids tested here, Cu (reduction potential of 

0.13VAg/AgCl) had the highest recovery at 2.0V (87 ± 0.6%), while Ga, Nd, Eu and Sc 

all exhibited the highest recoveries at 3.0V (in decreasing order: 77 ± 0.4, 72 ± 0.2, 

65 ± 0.6, 43 ± 2.8% recovery, respectively (Figure 3.2a)). Arsenic was unrecovered at 

all voltages (and pHs; see discussion below and Figure A3) Critically, we note that 

Ga, Eu, Sc, and Nd did not behave according to their standard reduction potentials to 

zero-valent metals (Ga: -0.76 VAg/AgCl, Eu: -2.20 VAg/AgCl, Sc: -2.29 VAg/AgCl, Nd: -

2.53 VAg/AgCl), where one would anticipate Ga to show the highest recovery at the 

lowest potential, followed by Eu, Sc, and, finally, Nd.  Nevertheless, a zero-voltage 

control showed no retained metal on the filters (by SEM, XPS, and confirmed with 

ICP-MS), indicating electrochemical activity was responsible for metal recovery 

rather than passive collection of natively formed precipitates. 

 

The crystallinity and speciation of the recovered material varied with metal 

type and, for Cu, as a function of voltage.  Crystalline Cu was recovered at 1.5 and 

2.0 V (consistent with Vecitis et al.’s previous finding113), as Cu2O; i.e., Cu(II) was 

electrochemically reduced to Cu(I) (Figure 3.3; Figure A4). In contrast, Ga, Eu, Sc, 

and Nd formed large plates of amorphous material, rather than individual metal 

crystals (Figure 3.3; Figure A5). The RESEs were recovered in their trivalent forms 
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as Ga2O3, Eu2O3, Sc2O3, and Nd2O3. Thus, a mechanism that promoted metal oxide 

deposition controlled the recovery process, and recovery efficiency would not 

necessarily improve with increasing standard reduction potential (i.e., that which 

would be expected if zero-valent metals were collected), as observed.  Further, we 

note that metal oxide formation is inconsistent with the anticipated mechanisms for 

electrosorption,114 a process in which ions are electrochemically neutralized and 

consequently destabilized in solution (thereby promoting sorption to nearby surfaces, 

as in capacitive deionization.114 Instead, if electrosorption were the dominant removal 

mechanism, zero-valent metals/metalloids would have been recovered and the 

elements should be preferentially neutralized in order from highest to lowest 

integrated ionization energy (i.e., highest to lowest recovery would proceed Ga ≈ As> 

Sc > Eu > Nd >> Cu assuming complete neutralization; see Table A2), which was not 

observed.  

 

In the absence of pure, zero-valent metal recovery, these data remain 

encouraging for selective recovery among these metals, especially between copper 

and the four RESE based on voltage alone. For example, at 3 mL min-1 and 1.5 V, Cu 

was efficiently retained (76 ± 1% recovery) while Eu recovery was minimal (5 ± 1%), 

indicating an ability to capture Cu on an early, low voltage stage and Eu on a later, 

high voltage stage. This could be very useful, especially in the electronics industry, 

where most metal-rich waste streams have high Cu levels, making it difficult to 

capture the proportionately small amount of RESE.96, 97, 115  
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Figure 3.2.  Recovery of Cu, Sc, Eu and Nd as a function of (a) applied voltage 
(range 0.1-3.0 V), (b) pH (range 2-10), and (c) flow rate (1-5 mL min-1). Blue circles 
represent Cu, red squares represent Eu, black triangles represent Sc, and green 
diamonds represent Nd. Note that only one parameter was varied at a time where 
others were fixed (see legends for details); for (a) the pH was measured after solution 
preparation rather than titrated to a controlled value. Arsenic (As) was unrecovered at 
all test voltages and pHs (see Fig A3). Error bars represent standard deviation on 
triplicate measure and are smaller than the symbol and/or line when not visible.  
 

 
Figure 3.3. Representative scanning electron micrographs of (a) Cu, (b) Sc, (c) Eu, 
(d) Nd, and (e) Ga at reported voltages. Flow rate was held constant at 3 mL min-1 for 
each metal and pH was 5.6, 4.5, 5.7, 5.5, and 3.3, respectively. SEM at all voltages 
for all recovered metals are available in Figure A5.  
 
 
3.3.1.2. The Effect of pH 

Generally, the recovery of Nd, Eu, Sc, and Cu increased as a function of pH 

(Figure 3.2b), except for Ga, which exhibited maximum recovery around neutral pH. 

While one might anticipate these recoveries to reflect changes in solubility (e.g., 

enhanced formation of metal hydroxides at high pHs), metal hydroxides were not 

recovered (see XPS spectra, Figure A4). In contrast, all RESE were recovered as rare 
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earth or specialty element oxides (RESEOs; Ga2O3, Eu2O3, Sc2O3, and Nd2O3) 

irrespective of pH (at the extrema of pH 4 and 10; Figure A4; Table A1). Note, that 

XPS suggested all RESE were captured as RESEOs, although with the limited sample 

area of and standards available for this technique, it is possible some amount of REE 

could be present as hydroxide. (Further investigation using X-ray absorption 

spectroscopy (XAS) may help reduce the uncertainty of the identification). Note that 

this does not rule out the possibility that RESEOs were formed through some rare 

earth hydroxide intermediate (see 3.4.1.4. Mechanism of Recovery). As observed 

with the voltage sweep, these RESEOs were recovered in the form of large platelets 

with no discernable morphological change from acidic to basic conditions (Figure 

A6).  Interestingly, a change in Cu crystal morphology was observed and 

corresponded to a change in Cu speciation from Cu2O at the low end of the pH range 

and CuO at higher pH (Figure A4; Figure A6). This reflected a shift in a partial 

reduction mechanism at low pH, to a metal-oxide formation trapping mechanism at 

high pH, similar to that observed for the RESEs. Further investigation was performed 

to detail this mechanism of recovery (see 3.4.1.4. Mechanism of Recovery).  

 

3.3.1.3. The Effect of Flow Rate 

Cu displayed a sensitivity to flow rate with 97 ± 0.3% recovery at the slowest 

flow (1 mL min-1) and 62 ± 3% at the highest flow (5 mL min-1), whereas there was 

no obvious trend for Eu or Sc (Figure 3.2c). This suggested a possible mass transfer 

limitation for Cu, where reduction-mediated trapping was slow compared to bulk 
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fluid transport past the filter at high flow rates. (Note that the flux per unit area was 

not diminished at higher flowrates; Figure A7).  This was reflected in the Cu crystal 

morphology; near perfect Cu crystals formed at low flow and became less crystalline 

as flow rate increased (all forms were Cu (I) as Cu2O (Figure A4; Figure A8)). Eu 

and Sc exhibited no visible change in the platelet formation (all forms were trivalent; 

e.g., Eu2O3 and Sc2O3, respectively). The minor or negligible sensitivity to flow rate 

indicated that the redox kinetics were not severely limiting in this recovery process 

over the tested range. This is promising, as it implies more industrially relevant flow 

rates could be achieved without a significant compromise in recovery. 

 

3.3.1.4. Mechanism of Recovery 
 

While partial reduction from dissolved Cu (II) to Cu (I) oxide was achieved at 

low pH, recovery of all RESEs was in an unreduced (trivalent; e.g., Eu(III)), oxide 

form, irrespective of pH.  Oxides could form via two possible electrochemically-

dependent routes with distinct oxygen sources: (a) dissolved molecular O2 that is 

electrochemically activated, or (b) electrochemical water splitting to form O2. To 

determine the contribution of each, we conducted two unconventional filtration 

experiments: one purged of dissolved O2 (where oxide formation would be solely due 

to water splitting), and one purged of O2 with the leads reversed (i.e., where the O2 

formed from water splitting, which occurs at the anode, would exhibit enhanced 

transport to the metal-capture surface at the cathode) (Figure 3.4).  
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Figure 3.4. Schematic of oxygen purge lead arrangement and confirmation of Eu2O3 
formation via x-ray photoelectron spectroscopy. (a) Deaerated experiment with 
normal leads (i.e., cathode on top) with 34±1% recovery, compared to 86 ± 0.4% in 
the aerated system, suggesting that nearly 60% of the total recovered in an unaerated 
sample was due to the presence of dissolved molecular oxygen. (b) Deaerated 
experiment with reverse leads (i.e., anode on top; enhanced O2 transport) with 56±1% 
recovery. Note: XPS is a surface technique, so the intensity in spectrum (b) is lower 
(with a correspondingly higher signal-to-noise ratio) due to metal deposition within 
the filter compared to surface deposition seen in (a).  
 
 

Eu recovery decreased in the absence of O2 from 86 ± 0.4%, to 34 ± 1%, 

indicating that dissolved molecular oxygen is an important source of O2, but also that 

the back diffusion of O2 derived from water splitting at the anode was also substantial 

(i.e., 40% of the total observed in normal operation) (Figure 3.4a). To confirm the 

importance of the latter, we qualitatively confirmed the presence of H2 (a necessary 

co-product of water splitting) through the observation of ignitable H2 (g) evolution 
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and quantitatively determined there was enhanced recovery when the leads were 

flipped (i.e., the anode on top and the cathode on the bottom to test for enhanced 

oxygen transport in the direction of the bulk fluid flow; Figure 3.4b). Indeed, 

recovery of Eu was 56 ± 1% (compared to the 34 ± 1% with normal leads), further 

supporting the importance of water splitting as a source of O2 for oxide formation and 

recovery. 

In order to form the oxide, we propose the oxygen and water are being 

reduced in solution to hydroxide, forming metal hydroxide species and then 

dehydrating to the insoluble metal oxide116 (Figure 3.5).  Our logic follows: previous 

work has shown that oxygen and water can be reduced in aqueous systems at the 

cathode (Equations 1 and 2),32, 33, 116 occurring at 0.19 VAg/AgCl and -1.0 VAg/AgCl, 

respectively.117, 118 

Cathodic sources of OH– :  

O2 + 2H2O + 4e- ! 4OH-  (1) 

       2H2O + 2e- ! H2 + 2OH-  (2) 
 

Note that molecular O2 (Eqn 1) can be sourced from both dissolved O2 as well as 

back-diffusion of O2 formed at the anode (Eqn 3).  

Anodic source of O2:  

2H2O ! O2 + 4H+ + 4e-  (3) 
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This O2 is sourced from the oxidation of water (-1.44 VAg/AgCl; Eqn 3). Here, we 

propose oxygen formed via water oxidation back-diffuses to the cathode, contributing 

to further hydroxide formation via oxygen reduction (Eqn 1). This hydroxide could 

encourage the formation of insoluble metal hydroxides, which could subsequently 

dehydrate to the observed metal oxides (Figure 3.5). Note that a similar metal oxide 

formation mechanism has been described superficially, but not rigorously 

demonstrated or detailed, in battery systems were water splitting is known to occur.119  

 
Figure 3.5. Proposed mechanism for electrochemical deposition of metal oxides (e.g., 
M2O3) via a metal hydroxide intermediate (e.g., M(OH)3 for trivalent RESEs).  
Molecular oxygen (O2) can form hydroxide at the cathode through (a) oxygen 
reduction or (b) water splitting. Note that water splitting contributes additional 
molecular oxygen (O2) via anodic water splitting.  
 
 

The pH dependency supports this hypothesis: in general, RESE recovery 

behaved according to hydroxide solubility (e.g., Ga has high recovery at pH 6 and Eu 

at pH 10, where the hydroxide forms dominate; see Figure A9),120-122 consistent with 
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metal hydroxides (and only very soluble oxides), was not recovered at any pH or 

voltage. Interestingly, the reduction potential of Cu(II) to Cu(0) is similar to the 

reduction potential for O2 (Eqn 1), 0.13 VAg/AgCl and 0.19 VAg/AgCl, respectively. In 

this case, there are competing processes:  Cu (II) to Cu(I) reduction, followed by 

oxide formation, prevailed at low pHs, but the oxygen-mediated mechanism 

outcompeted this reduction at high pH, where OH- was abundant and anodic water 

splitting would be enhanced.  

Many applications utilize metal oxides as starting materials and critical 

components; e.g., Eu2O3 is used a phosphor in electronic screen displays, Nd2O3 is 

used as a catalyst, and Cu2O and Ga2O3 are proposed for potential use in the 

semiconductor industry.123-125 Thus, the recovery of metal oxides across the entire pH 

range could be encouraging for direct reuse in manufacturing processes. Further, 

while recovery changed over the range tested, the metal speciation did not. This is 

uncommon in traditional metal recovery systems: pH greatly affects metal speciation 

and usually requires further purification processes to change the metal into a 

homogeneous, consistent, single form. While promising, manufacturing process 

streams and end-of-life waste streams are comprised of multiple metals of interest, 

and the selectivity of this system for individual metals (i.e., separation) remains to be 

shown. 
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3.3.2. Mixed Metal Separation and Recovery 

The prior optimization exercise using pure, single-metal solutions informed 

the possibility of selective recovery of two metals from a mixed metal solution, which 

is necessary for relevant process wastes, as in semiconductor manufacturing, or e-

waste treatment.  In this study, a mixed metal solution of Cu and Eu was prepared and 

tested in a stacked-filter apparatus with two filters in series (Figure 3.1b), where the 

upstream filter was set at 1.5V, selecting for Cu, and the downstream filter was set at 

3.0V, selecting for Eu. 

For these metals, separation and retention was achieved: 97 ± 0.1% Cu was 

retained on the first stage and 65 ± 0.3% Eu was retained on the second filter (Figure 

3.6). Characterization of the recovered material revealed almost full separation of the 

deposited Cu and Eu (with EDX mapping (Figure 3.6); quantitative measures of Cu 

purity are unavailable at this time, but are qualitatively high according to the EDX 

color map (Figure 3.6b). Note that the EDX spectra (Figure 3.6c) indicate some 

contribution of Eu on Filter 1 and Cu on Filter 2).  
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Figure 3.6. Characterization of materials collected on a dual filter stage arranged in 
series from a mixed metal medium containing Cu and Eu: (a) SEM, (b) SEM-EDX 
mapping, and (c) EDX spectra. The influent solution was prepared with 1 mM Cu, 1 
mM Eu, and 100 mM Na2SO4.  
 
 

As observed for the high purity solutions of a single target metal, Cu crystals 

were deposited across the upstream filter surface and layered amorphous Eu was 

observed on the downstream filter (Figure 3.6a). Elemental mapping (Figure 3.6b) 

revealed almost full separation of Cu (green) and Eu (red), with only a small amount 

of Eu on the first filter. Counter ions were also captured on the filter (Figure 3.6c), 

which included sulfur and chlorine (likely as sulfate and chloride, respectively) from 

the electrolyte and metal salts. Again, the metals were recovered as metal oxides, and 

the proposed mechanism of oxide formation via hydroxide intermediates prevailed in 

the mixed solution.  
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At high voltages (e.g., those needed for any metal with a high reduction 

potential), where both water splitting and oxygen reduction generate hydroxide ions, 

the application of the method will be limited to those materials that form stable, 

insoluble hydroxides.  Since no such hydroxides are formed for arsenic (neither 

As(III) nor As(IV)), it is unsurprising that As was unretained at all tested pHs and 

voltages (Figure A4).  Nevertheless, GaAs is commonly used in the semiconductor 

industry in a variety of applications including integrated circuit chips, diodes, and 

solar cells, and separating Ga from As could be of value for both commercial and 

environmental objectives.126 Ga could be effectively retained using electrochemical 

precipitation, but As would remain solubilized and pass with the permeate. 

Subsequent treatment methods to remove As could then be used for the purification 

of As from the waste stream.127 

 

3.4. Implications 
 

Here, we successfully recovered single metals out of solution with a novel 

electrochemical deposition method, forming micro crystals and large-area platelets, 

and importantly, recovered and separated two metals out of a mixed metal stream in a 

proof-of-concept case. Due to similarities in their reduction potentials and hydroxide 

solubilities, RESE are likely to be recovered as a mixed cake of oxides, unless further 

optimization is undertaken to exploit the subtle differences in their metal solubility. 

Indeed, while some information is available regarding RESE hydroxide and oxide 

solubility, relatively little is known regarding their thermodynamically favored 
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speciation. Similarly, the behavior of the system with variable electrolytes (e.g., 

carbonate or bicarbonate) will be important if the wastewaters targeted for treatment 

represent some combination of natural and industrial wastes.  Such studies will be 

critical to deployment of this technology for individual RESE separation. 

Nevertheless, the ability to separate easy-to-reduce bulk metals from RESE is 

remarkable in and of itself and presents an encouraging new route for metal recovery.  

This could be commercially important, particularly in nanomanufacturing waste 

streams where small, but valuable levels of metal are being lost with current recycling 

technologies.96, 97, 115 In addition, the technology might be useful for the treatment of 

high volume legacy wastes rich in metals, such as coal combustion residues.  

 

  Under current recycling and end-of-life management practices, RESE have 

low to zero percent recoveries.23 With many of these elements topping the critical 

elements list, a technology that is capable of reclaiming these metals will provide not 

only environmental benefit, but also enhance political and economic stability 

associated with abundant resource availability.  

 

 

 

 

 

 



	 65 

Chapter 4 
 
 

Influence of Electron Mediators 
 
 

4.1. Introduction 

 The current state of metal recycling has been described as a “challenging but 

necessary” area of research.23 Recently, the United Nations quantified recycling rates 

for 60 elements commonly found in waste from various industries;23 the base metals, 

such as iron, copper, and zinc, are being recycled at rates as high as 50%, whereas the 

rare earth and specialty elements (RESE)3 have a recycling rate of much less than 1%, 

or are never recycled at all.  

 

 The Critical Materials Institute of the US DOE has listed the recycling of 

RESE as one of its Grand Challenge problems.105 More specifically, they state that 

developing a method that can recycle RESEs in a form that can be reused directly in 

industry, without the need for additional purification processes, would be most 

valuable and afford the lowest environmental impact. Recently, O’Connor et al. was 

able to recover RESE from synthetic metal streams as metal oxides using a novel 

electrochemical filter (Chapter 3). The oxygen-mediated capture of metal oxides 

through metal hydroxide intermediates dictates that many metals will be separated on 

the basis of hydroxide stability rather than reduction potential. To take full advantage 

of the differences in reduction potentials, I will investigate a novel strategy for 
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conversion of oxide to zero-valent metal within the technology. Here, I strive to 

provide a technology where differences in RESE reduction potentials can be used as a 

basis of separation.			

 

Currently, the main mechanism of recovery in this filter technology is an 

oxygen reduction mechanism, which is augmented by both dissolved molecular 

oxygen and oxygen derived from water splitting. These two reduction reactions occur 

at high applied voltages (>1.5 V in our system) and might be avoided if electron 

transfer were possible at lower voltages. In other words, if electrons could be carried 

through the solution to the RESEs prior to hydroxide-trapping, then they might be 

reduced to their zero-valent forms. To overcome this challenge and reclaim zero-

valent metals instead of metal oxides, we propose the use of molecular additives, 

hypothesizing that the addition of these compounds will increase collection efficiency 

by facilitating faster electron transfer via a mediator molecule. We will investigate a 

class of additives called redox mediators128, or electron-shuttling molecules (Table 

4.1). Note that some of these mediator molecules also act as metal ligands, but would 

not necessarily interact with dissolved molecular oxygen, and so they might be able to 

facilitate direct electron transfer to the desired metals.  
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Table 4.1. Electron mediator structures, reduction potentials vs standard hydrogen 
electrode (SHE), and number of electrons transferred. (A full list of water-soluble 
redox mediators are listed Table 1 in Appendix B). 

 

 

Briefly, redox mediators are small, often biologically-derived organic 

molecules that facilitate redox processes away from the surface of an organism in the 

liquid phase, increasing the rate at which the reaction can occur.128 Similarly, in our 

system, we seek to use these molecules to carry the reduction from the filter surface 

to the bulk fluid to increase the rate of reduction, thus increasing metal recovery. 

These compounds have been used across many disciplines in applications such as 
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lithium air batteries, dye-sensitized solar cells, and remediation/degradation of 

various organic pollutants present in industrial wastewaters.129-131  

 

Here, I will add redox mediators to a previously described (O’Connor et al.; 

Chapter 3) system to encourage solution-phase reduction in order to increase the rate 

of reduction and potentially select for direct metal reduction, rather than oxide-

mediated precipitation (Figure 4.1). This modification may exert an influence by 

enhancing electron transfer between the metals and the filter surface via the solution, 

therefore enhancing zero-valent metal recovery.  

 

 

Figure 4.1. Comparison of non-mediated and mediated metal capture. (a) Non-
mediated electrochemical metal capture through a dissolved oxygen and oxygen 
derived from water splitting reduction mechanism (O’Connor et al.; Chapter 3) (b) 
Hypothesized mediated electrochemical metal capture with redox mediator BEBP. 
Here, the water-soluble redox mediator BEBP is added to solution to facilitate direct 
electron transfer to the metals in order to outcompete the oxygen mechanism for 
enhanced zero-valent metal capture. Figure 4.1b adapted from Sander et al.128 
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4.2. Experimental Methods 

4.2.1. Materials 

Copper chloride (CuCl2; 99.999% trace metals basis (TMB)), europium 

chloride (EuCl3; 99.99% TMB), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (ABTS; ≥98%, HPLC Grade),  2,6-dichloroindophenol 

sodium salt hydrate (DCIP; BioReagent Grade), ethyl viologen dibromide (BEBP; 

99%), and riboflavin 5′-monophosphate sodium salt (RMP; tested according to 

Ph.Eur.132) were all purchased from Sigma-Aldrich (St. Louis, MO). Multi-walled 

carbon nanotube buckypaper filters encapsulated in polyvinyl alcohol were custom-

made by NanoTech Labs (Yadkinville, NC). Hydrophilic polytetrafluoroethylene 

(PTFE; 5µm pore size) membranes and sodium sulfate (Na2SO4; GR ACS grade) 

were purchased from EMD Millipore (Darmstadt, Germany).  

 

4.2.2. Experimental Procedures 

Filter design and operation is described in Chapter 3 Section 3.2.2 (O’Connor 

et al.). All solutions for the electrochemical experiments were prepared in acid- 

washed glassware (washed for at least one week in 25% v/v HCl followed by one 

week in 50% v/v HNO3), with 1 mM metal and 100 mM Na2SO4 (as an electrolyte) 

for Cu and Eu with BEBP, and 1uM and 100uM for Cu and Eu with RMP, DCIP and 

ABTS. Note that the lower metal concentration for RMP, DCIP, and ABTS 

experiments were necessary due to the visible decrease in optical clarity when Cu and 

Eu were added to solution at the 1 mM concentration, and a desire to keep the 
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metal:mediator ratio consistent (1:1, following Sander et al.128, or 1:10 to investigate 

an excess-mediator case; the optical clarity of 1mM:1mM and 1mM:10mM Cu:DCIP 

and Cu:RMP are shown in Figure B1 in Appendix B). The BEBP study was tested in 

triplicate, and the RMP, DCIP and ABTS studies were performed in duplicate. 

Effluents were collected and quantified for each metal using inductively coupled 

plasma mass spectrometry (ICP-MS; Perkin-Elmer ELAN DRC-e), absorption 

measurements were performed using a UV−visible spectrophotometer (UV-Vis; 

Agilent 8453) and cyclic voltammetry experiments were performed using an 

electrochemical potentiostat (CHI604E) with a glassy carbon working electrode, a 

platinum counter electrode, and a silver-silver chloride (Ag/AgCl) reference electrode 

(BASi). 

 

4.2.2.1. Mediator-amended metal capture 

Recovery experiments were performed across a wide voltage range with the 

electron mediators BEBP, RMP, DCIP and ABTS to determine if enhanced metal 

capture was possible in the presence of mediator molecules. Cu and Eu were tested 

with 1:1 and 1:10 molar ratios with each mediator added to solution. The voltage 

range tested was 0.0 V - 2.0 V and 0.0 V - 3.0 V, respectively. In addition, cyclic 

voltammetry experiments were performed with Cu at 1:1 and 1:10 molar ratios with 

each of the mediators. Here, the metal and mediators were tested in a conventional 

three-electrode system with 100 mM Na2SO4 and performed at a scan rate of 0.1 V/s 
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and at a potential range of -1.5 V to 1.5V for BEBP and -1.0 V to 1.0V for RMP, 

DCIP, and ABTS. 

 

4.2.2.2. Mediator sorption to CNT filters and electrochemical breakdown  
 

To determine if the mediators were physically absorbing to the CNT filter 

and/or if the high voltages used in the system were degrading the mediators, UV-Vis 

absorption measurements were taken of each influent and effluent solution from the 

mediator-amended capture recovery experiment and pre- and post-sorption samples.  

For the sorption experiment, 1:1 and 1:10 molar ratios of metal:mediators in 

biological oxygen demand (BOD) bottles were prepared with one, pre-wet (i.e., 

soaked in milliQ water for at least two weeks) CNT filter added to each. These 

solutions were capped with no headspace, stored under a water layer and wrapped in 

parafilm, and left in the dark for 16 days until equilibrium was established. All 

absorbance measurements were taken in a quartz cuvette with a 1 cm path length 

across the UV and visible range (i.e., 200 – 800 nm).  

 

4.3. Results and Discussion 

4.3.1. Influence of electron mediators on Cu capture 

 Here, I tested four mediators (Table 4.1), all with unique reduction potentials 

(ranging from +0.70 VSHE to -0.45 VSHE) and number of electrons transferred (1 or 2) 

to try and facilitate faster or more efficient reduction between the metals and the CNT 

surface to enhance metal capture.  
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 Of the four molecules tested here, ABTS is the mediator with the highest 

reduction potential at 0.49VAg/AgCl and has a one-electron transfer. When added to 

solution with Cu and tested across the voltage range, the metal capture increased 

slightly at 2.0V for the 1:1 Cu:ABTS ratio to 87 ± 0.2% compared to 83 ± 0.3% as 

seen with no mediator. Increasing the mediator abundance to 1:10 metal:mediator 

ratio gave slightly lower recovery at 78 ± 0.4% (Figure 4.2a), consistent with a 

mechanism wherein the mediator is not limiting (i.e., electrochemically destroyed or 

present in insufficient molar equivalence). At lower voltages, Cu with no mediator 

outcompetes both the 1:1 and 1:10 ratio from 0.1 – 1.0V, but then all three have 

similar recoveries between 1.0 – 1.5V. Overall, there was no mediator-based 

enhanced recovery of Cu for the ABTS system at any voltage or mediator loading.  

 

 Following ABTS, DCIP, and RMP have the second and third highest 

reduction potentials at 0.04 VAg/AgCl and -0.39 VAg/AgCl, both with a two-electron 

transfer, respectively. Here, a very similar trend to ABTS is shown for the mediators 

where the recovery is lower for both 1:1 and 1:10 ratios compared to the non-

mediated case from 0.1 – 1.0 V (Figure 4.2b,c). At 1.0 V, the recovery increased to 

91 ± 0.2% and 90 ± 0.2% for 1:1 and 1:10 Cu:RMP, as well as with the 1:1 and 1:10 

DCIP resulting in 79 ± 0.5% and 82 ± 0.6% recovery, both against the non-mediated 

case at 75 ± 0.5%.  The recovery then levels out or is slightly lower at the highest 

voltages, 1.5 and 2.0 V. Thus, the minor recovery enhancement provided by the 

mediator is only discernable over a narrow voltage range (1.0-1.5 V).   
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 The final mediator tested was BEBP with a reduction potential of -0.66 

VAg/AgCl and a one-electron transfer. Both the 1:1 and 1:10 ratios resulted in unique 

trends compared to the other redox mediators. Here, recovery was enhanced in the 

presence of the mediator at the lowest voltages (i.e., 0.1 – 1.0 V), then rapidly 

decreased at 1.5 V to 43 ± 1.3% and 37 ± 1.4%, compared to the non-mediated case 

of 76 ± 1% recovery. The 1:10 Cu:BEBP then surpasses the non-mediated case again 

at 2.0V, with 99 ± 0.02% to 87 ± 0.6%, respectively, while the 1:1 case remained low 

at 64 ± 0.7% (Figure 4.2d).  Note that the significantly higher recovery of metal in the 

presence of 1:10 Cu:BEBP as compared to 1:1 Cu: BEBP was also observed at 1.0 V. 

This non-monotonic behavior of BEBP (and all of the other mediators) was further 

investigated by standard control experiments, such as cyclic voltammetry, sorption, 

and mediator destruction tests (as assayed by UV-vis spectrophotometry).  These 

results are all described in sections below.  

 

Note that in the 1 uM solutions, significant passive removal of the Cu was 

observed at zero voltage with the mediators and in the non-mediated case, and this 

was likely due to coordination of the Cu2+ ions with the surface chemical 

functionality of the PVA-amended CNTs. (In the 1 mM Cu2+ case (Figure 4.2d), the 

removal is trivial relative to the starting concentration). Nevertheless, voltage still 

enhances recovery via some electrochemically-mediated mechanism.  

 

 



	 74 

 

Figure 4.2. Mediator-amended and mediator-free recovery of Cu.  (a) ABTS with 
1 uM Cu2+;, (b) DCIP with 1 uM Cu2+, (c) RMP with 1 uM Cu2+; and (d) BEBP with 
1 mM Cu2+.  All ratios are molar ratios and all experiments were conducted over 0.0-
2.0V.  Error bars represent standard deviations on triplicate (BEBP) or duplicate 
(ABTS, RMP, and DCIP) measurements.  
 
 
4.3.2. Electrochemical behavior of Cu:mediator pairs 
 

To elucidate the underlying mechanisms for the irregular voltage dependence 

of the recovery profiles in the presence of mediators, cyclic voltammetry was 

performed for 1:1 and 1:10 molar ratios for Cu:ABTS, Cu:DCIP, Cu:RMP , and 

Cu:BEBP (Figure 4.3). For ABTS, a redox potential of 0.49 VAg/AgCl was evident in 
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the ABTS-only case, agreeing with the theoretical value,128 as well as in the 1:1 and 

1:10 Cu:ABTS mixtures. Notably, the Cu reduction peaks (corresponding to the one 

and two electron reduction of Cu at -0.05 VAg/AgCl and 0.11 VAg/AgCl, respectively) 

were present in the Cu only case and remained apparent in the 1:1 Cu:ABTS case. 

However, they were not evident in the 1:10 Cu:ABTS solution (Figure 4.3a). This is 

due to the difference in starting concentration of the Cu in the 1:10 case compared to 

the 1:1 ratio, where the ABTS peak obscures the Cu reduction peak due to the 

differences in abundance. 

 

 

 



	 76 

 

Figure 4.3. Cyclic voltammograms with 1:1 and 1:10 molar ratios of (a) Cu:ABTS, 
(b) Cu:DCIP, (c) Cu:RMP, and (d) Cu:BEBP. All experiments performed over the 
range of potentials -0.5 to 0.5V, -1.0 V to +1.0 V or -1.5 to +1.5 V with 100 mM 
Na2SO4 and at a scan rate of 0.1 V/s. 
 
 
 The DCIP and RMP cyclic voltammograms (CVs) reveal potentials at 0.048 

VAg/AgCl and -0.43 VAg/AgCl, respectively, both in accordance with expected values. 

Here, in the presence of Cu, DCIP shows an interesting peak shift at 0.5 VAg/AgCl  for 
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disappears at the 1:10 ratio due to the difference in starting concentration (Figure 

4.3b,c). Overall, all three redox mediators show alike behavior where the Cu peaks 

are (a) either shifting in the presence of mediator at both molar ratios or (b) the 

disparity in peak height due to concentration differences makes it difficult to interpret 

the behavior. This observed peak shift is consistent with Cu binding with these 

organic molecules (See Section 4.3.4 for further evidence of this phenomenon). Note 

that the scan rate for all CVs was the same, but the potential range was not. The 

potential range would have to be the same to draw accurate intercomparisons. 

Nevertheless, I suspect the shifts will persist when the experiments are repeated over 

the same potential range. 

 

 BEBP gives rise to an entirely different behavior compared to the other three 

mediators. The BEBP-only and Cu-only CVs show expected reduction potentials 

corresponding to the one electron reduction of BEBP at -0.65 VAg/AgCl and the two-

electron reduction of Cu at 0.10 VAg/AgCl. When 1mM Cu was added to 1 mM BEBP, 

the BEBP and Cu peaks are still evident, in addition to two new peaks with reduction 

potentials of -0.25 VAg/AgCl and 0.84 VAg/AgCl. I rationalize this as follows: previous 

work has shown that methyl viologen (MV) produces a radical upon reduction133 and 

that the reduction of ethyl viologen (EtV; i.e., BEBP) is analogous to the reduction of 

MV129 (Equation 1): 

    EtV2+ à EtV + .  (1) 



	 78 

Further, oxygen has also been shown to react with viologen cation radicals to 

form superoxide134, 135 (Equation 2) and mediate the reduction of superoxide to 

peroxide (Equation 3)136: 

 

2MV + .  + O2 + H2O à 2MV2+ + HO2. + HO-  (2) 

      EtV + .  + HO2. + H+ à EtV+ + H2O2   (3)  

Here, the two peaks that emerged in the CV of 1:1 and 1:10 Cu:BEBP 

corresponded to the one electron reduction potential for O2/HO2. and the two electron 

reduction potential for HO2./H2O2, consistent with the onset of the mediated reduction 

of oxygen to superoxide and superoxide to peroxide (Eqns 2 and 3). One additional 

peak was seen in the 1:10 Cu:BEBP CV scan, at a reduction potential of -0.91 

VAg/AgCl, corresponding to the reduction of water to hydrogen.33 Taken together with 

the results of O’Connor et al. (Chapter 3), one might expect augmented formation of 

rare earth and specialty element oxides (RESEOs) with the enhanced production of 

excess electrochemical hydroxides. This was confirmed via visual observation and 

XPS, indicating we are capturing a mix of Cu2O, CuO, and Cu(OH)2 (Figure B2 in 

Appendix B). 
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4.3.3. Influence of electron mediators on Eu capture 

 When adding ABTS to a solution of Eu, the recovery was lower at 3.0 V for 

both the 1:1 and 1:10 Eu:ABTS ratios to 91 ± 0.6% and 86 ± 1% at 3.0V, 

respectively, compared to 98 ± 0.1% without a mediator. For the lower voltages, the 

1:10 ratio has higher recovery than 1:1 from 1.0 – 2.5 V, but similar recovery to the 

no mediator result (Figure 4.4a). DCIP and RMP showed the same trend, where there 

was a lower recovery at the lower voltages and the 1:10 recoveries are enhanced 

relative to those in the 1:1 cases, and nearly the same recovery was observed at the 

highest voltages, compared to the non-mediated cases. (Figure 4.4b,c) 

 

 As was the case for Cu, BEBP had very different behavior than ABTS, RMP, 

and DCIP. Here, the recovery was enhanced at 1.5 V, to 19 ± 1% and 30 ± 1% for the 

1:1 and 1:10 ratios, compared to only 5 ± 1% with no mediator added. A slight 

decrease is seen at 2.5 V for both ratios, but the 1:10 Eu:BEBP  molar ratio exhibited 

systematically higher recovery over all voltages above 1.0 V (Figure 4.4d). XPS data 

indicates that we captured Eu2O3 at 2.0, 2.5, and 3.0 V for both 1:1 and 1:10 

Eu:BEBP (Figure B3 in Appendix B). Note that CVs are not shown due to Eu’s low 

reduction potential (-2.20 VAg/AgCl), where water splitting obfuscates any visible Eu 

peaks.  
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Figure 4.4. Mediator-amended and mediator-free recovery of Eu.  (a) ABTS with 
1 uM Eu3+, (b) DCIP with 1 uM Eu3+, (c) RMP with 1 uM Eu3+; and (d) BEBP with 1 
mM Eu3+. All ratios are molar ratios and all experiments were conducted over 0.0-
3.0V at 0.5 V intervals.  Error bars represent standard deviations on triplicate (BEBP) 
or duplicate (ABTS, RMP, and DCIP) measurements.  
 
 
4.3.4. Sorption and breakdown of mediators 
 

To determine whether or not there were significant losses due to sorption of 

the mediator or mediator-metal complex or electrochemical breakdown of the 
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solution, the effluent from the sorption experiment, and the effluents from each of the 

different voltages tested at both the 1:1 and 1:10 ratios, including the 0 V control case 

(Figure 4.5). From these absorbance spectra, I determined the λmax values for each 

mediator (Figure B4 in Appendix B). 

 

First, I note the observation of a peak shift for ABTS, RMP, and DCIP when 

Cu and Eu are added to solution, compared to the free redox mediator signal (Figure 

B4 in Appendix B). These data suggest both metals could be binding to these redox 

mediators, further supporting the Cu CV data and interpretation (Figure 4.3.). In 

contrast, the BEBP signal does not shift, reinforcing the interpretation of the 

electrochemical behavior with Cu seen in the CV, which is consistent with no metal 

complexation, but the formation of an ethyl viologen (BEBP) radical promoting 

superoxide and peroxide formation. While these shifts in λmax do suggest metal 

complexation for ABTS, DCIP, and RMP, I would like to note that all of these peaks 

are ambiguous (i.e., the peaks represent both the free mediator and the metal-mediator 

complex combined, making it difficult to interpret with complete confidence). 

 

For ABTS, we see evidence of sorption after 16 days, especially in the 

Eu:ABTS solutions (11% and 6% absorbance signal loss compared to the original 

solution for 1:1 and 1:10, respectively), but no evidence of sorption in the no voltage 

case (Figure 4.5a). This suggested that the bulk fluid flow transit times past the filter 

were fast relative to sorption, which should occur over longer time scales (e.g., at 
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least 3 days for a compound the size of toluene). Over the tested voltage range, the 

absorbance at 340 nm (the peak corresponding to the free mediator and the Eu- or 

Cu-bound mediator) drops dramatically from 1.0 V to 2.0 V for both Cu and Eu, and 

this starts to increase again from 2.0 V to 3.0 V for Eu. In contrast, the absorbance at 

225 nm remains the same over the entire range, indicating the mediator itself is not 

breaking down. Here, I hypothesize the Cu:ABTS and Eu:ABTS metal-ligand 

complexes are captured on the filter surface where the mediator absorbance decreases 

(i.e., is captured on the filter when the mediator is turned “on” or in its reduced form), 

until the oxygen mechanism starts to outcompete the mediator, thereby separating the 

metal from the mediator.  

 

The DCIP results show no evidence of sorption in the no voltage flow-through 

case or in the 16-day batch equilibrium experiment (Figure 4.5b). As a function of 

voltage, the observed trend was similar to ABTS, where the absorbance drastically 

decreases at 1.0 V and then starts to increase again at 1.5 V – 3.0 V for Eu and Cu, 

indicating that no electrochemical breakdown of the mediator itself occurred. These 

data, combined with the peak shift in the absorbance spectra and the CV in the 

presence of metal, imply that the Cu and Eu are captured as the metal-mediator 

complex when the mediator is turned on at 1.0 V, but are then outcompeted by the 

previously demonstrate oxygen-capture mechanism (Chapter 3) at higher voltages.  

XPS might be able to corroborate the change in captured metal speciation from 1.0 V 

to 1.5 V and above, but the metal mass and deposition horizon (i.e., within the filter 
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as opposed to on the surface of the filter) prohibits direct interrogation of the captured 

metal material due to mass and access limitations.  

 

 
 
Figure 4.5. Mediator-amended absorption measurements.  (a) ABTS with 1 uM 
Eu3+ and 1 uM of Cu2+, (b) DCIP with 1 uM Eu3+ and 1 uM of Cu2+, (c) RMP with 1 
uM Eu3+ and 1 uM of Cu2+; and (d) BEBP with 1 mM Eu3+ and 1 mM of Cu2+. 
Sample include initial concentration, effluent from the sorption experiment, and 
effluents from across the range of voltages 0.0 – 3.0V. Error bars represent standard 
deviations on duplicate measurements.  
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The data for RMP suggest sorption is occurring over 16 days and in the no 

voltage case (Figure 4.5c).  Here, I note that the solubility of RMP is 100 g/L and the 

concentration was 0.005 g/L in the 1:10 solution (i.e., the experiment was operating at 

0.005% saturation, so losses at this concentration should not be expected; solubility 

values for ABTS, RMP, and DCIP are listed in Table B2 in Appendix B) Here, I 

suspect this loss at the no voltage stage is due to RMPs possible stronger affinity for 

Cu and Eu compared to ABTS and DCIP, confirmed through visual observation 

during the solution prep of 1mM:1mM Cu:RMP where immediate precipitate was 

formed (Figure B1 in Appendix B. Note: even at the higher concentration of 1mM Cu 

and 10mM BEBP, we are still only at 5% BEBP aqueous saturation). Similar to 

ABTS and DCIP, the RMP voltage absorbance data exhibit a (less drastic) decrease in 

mediator signal around 1.0 V, and then a steady increase from 1.0 V to the highest 

voltages. These data suggest the Cu and Eu are being captured as a metal complex 

with RMP when the mediator is reduced (i.e., “turned on”), but is competing with the 

oxygen mechanism at higher voltages. Recall that in mediator-free experiments 

(Chapter 3; O’Connor et al.), RESEOs were observed starting at 1.5 V, confirming 

this region of applied voltages is consistent with a predominant oxygen capture 

mechanism.  These data also imply no electrochemical breakdown is occurring across 

the voltage range tested. 

 

BEBP absorbance data indicate high sorption is occurring over equilibrium 

timescales (i.e., in the 16-day experiment), but there is no evidence of sorption when 
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transport past the filters is fast (i.e., in the no voltage control experiment). This is 

similar to ABTS, where sorption is only evident over longer time scales. Although 

BEBP has the lowest molecular volume of the four tested mediators, the strongest 

sorption is likely driven by the lack of polar moieties (i.e., no permanent dipole, 

discouraging favorable interactions with water) and lower polarizability of BEBP. 

The absorbance over the voltage range did not indicate any mediator was being 

captured on the surface or that there was a transition to an oxygen-dominated capture 

mechanism, supporting the hypothesis of the radical enhanced oxygen mechanism is 

responsible for the recovery of Eu and Cu, discussed in Sections 4.3.2 and 4.3.3. 

Further, I note here that BEBP has no free lone pair electrons centered on sterically 

available heteroatoms, and thus, should not be able to coordinate a metal. 

 

4.3.5. Overall influence of electron mediators on metal capture 
 

Overall, while not immediately obvious, the recovery trend for Cu:BEBP can 

be explained jointly considering radical formation and electron transfer reactions 

(Figure 4.6a). Here, we saw an increase at 1.0 V for both 1:1 and 1:10 molar ratios, a 

decrease at 1.5 V for both ratios, and then an increase at 2.0 V for the 1:10 Cu:BEBP 

molar ratio only. From the radical enhanced oxygen reduction mechanism described 

in section 4.3.2. (Eqns 1-3), I expect the mediator is enhancing oxygen reduction at 

1.0 V. At this same voltage in the non-mediated case, there was no recovery of Cu 

because the oxygen reduction was not yet active, suggesting BEBP is indeed 

increasing recovery through the radical enhanced mechanism. To explain the decrease 
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in recovery at 1.5 V, my logic follows: at 1.5 V, the Cu reduction mechanism is 

turned on (i.e., reduction of Cu (II) to Cu (I) or Cu (0); as shown in Chapter 3 where 

we start to see recovery of Cu in the non-mediated solution). Here, it is also still 

competing with the ongoing radical initiated oxygen mechanism, likely yielding a 

mix of Cu oxide and reduced Cu, the latter being a kinetically limited or slower 

process, which led to the decrease in recovery. Taken together, the competition 

between the reduction of Cu and reduction of oxygen was likely responsible for the 

decrease in overall recovery. 

 

The 1:10 ratio then shows an increase at 2.0 V where the mediated oxygen 

reduction mechanism dominates again with help from water splitting (only occurring 

at high voltages, Chapter 3). This is supported by reduction of hydrogen seen in the 

1:10 Cu:BEBP CV (Figure 4.3d). The systematic lower recovery at the 1:1 ratio at 1.0 

V and 2.0 V is likely a result of insufficient molar equivalence, where not enough 

mediator was present to support high recovery, as was achieved at the 1:10 molar 

ratio. 

 

Eu:BEBP shows a very similar trend to Cu:BEBP, indicating the same 

phenomenon is occurring where the mediator is enhancing oxygen reduction at the 

lower voltages (compared to the non-mediated case), and the 1:10 molar ratio 

outperforms the 1:1 ratio due to an insufficient amount of mediator in the 1:1 case. 

Unfortunately, as mentioned earlier, these data cannot be supplemented by CV data as 
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water splitting obstructs any Eu peaks in the voltammograms. Nevertheless, the 

voltage data combined with the UV-vis data suggest the same radical enhanced 

oxygen mechanism is at play as shown with Cu. 

 

 

Figure 4.6. The influence of BEBP, RMP, DCIP, and ABTS on metal capture. (a) 
BEBP facilitates a radical enhanced oxygen reduction mechanism, capturing Cu as 
Cu oxides. Higher metal capture is seen at lower voltages for Cu and Eu with this 
mediator added compared to the non-mediated case. (b) (1) ABTS, DCIP, and RMP 
facilitate metal-mediator capture at lower voltages due to metal complexation when 
the mediators are “turned on”, or in their reduced state. (2) The oxygen reduction 
mechanism (O’Connor et al.; Chapter 3) outcompetes the mediator capture at higher 
voltages, thus rendering the mediators ineffective. 
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As for ABTS, RMP, and DCIP, the combined data suggest that these 

mediators are binding to both Cu and Eu, supported by the shifts we see in the CVs 

and λmax values in the UV-vis spectra. This helps explain the behavior across the 

voltage ranges (Figure 4.6b): the decreased recovery at lower voltages with the 

mediators added, compared to the non-mediated cases, is likely due to the mediators 

binding to the metals, thus inhibiting metal capture until these mediators are activated 

around 1.0 V, where I hypothesize metal capture then increases due to metal-mediator 

precipitation on the filter surface (Figure 4.6b (1)). This is supported by the decrease 

observed in mediator concentration in the UV-vis data (Figure 4.5). We then see a 

rebound in mediator concentration at the highest voltages, where we suspect the 

oxygen mechanism starts to dominate, capturing the metals as metal oxides (Figure 

4.6b (2)). 

 

Unfortunately, I was unable to calculate stability constants for the Cu 

complexes because the Cu peaks were obstructed by mediator peaks in some of the 

1:10 CVs. In addition, chemical speciation studies (e.g., via x-ray photoelectron 

spectroscopy (XPS)) on these precipitates have not yet been conducted, primarily 

because the formation of precipitates in these experiments was on the internal surface 

of the filter (e.g., co-located with the electrochemical production of hydroxide) and/or 

because in all 1 uM Eu and Cu experiments, the amount of solid formed was 

insufficient to allow for targeting of the precipitate via XPS.   
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4.4. Conclusions  

The addition of electrochemical mediator molecules did not result in recovery 

of metals in their reduced, zero-valent forms, nor did it systematically reduce the 

onset oxide recovery voltages. For BEBP, the addition of redox mediators was 

partially successful with enhanced capture seen with Cu and Eu at lower voltages 

through a radical enhanced oxygen mechanism; i.e. a third pathway to generate 

reactive oxygen, in addition to those identified in Chapter 3, was likely and is 

consistent with literature observations. Even with the mild success of BEBP at lower 

voltages compared to the non-mediated recovery, this mediator would not be feasible 

for use in a real application. For example, the price for BEBP for one Eu experiment 

(i.e., 150 mL at the 1:10 ratio) is approximately $13 for an additional 5 mg of Eu 

oxide recovered, which would only be worth 1¢ (using REE prices from 2013137). 

Even scaled up to larger volumes, the price of redox mediators would not be worth 

the slight increase in recovery. The other three mediators, ABTS, DCIP, and RMP, 

did show some enhanced metal capture with Cu, but the data suggest that the 

enhanced capture was due to the metal binding to the mediators themselves, not from 

direct electron transfer as expected.  
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Chapter 5 
 
 

Recovery Methods 
 
 

5.1. Introduction 

 After the REE supply crunch in 2011,138 businesses, government, and industry 

have highlighted the fact that novel recycling management practices are needed in 

order to meet clean energy and advanced electronics goals. Most recently, end-of-life 

(EoL) recycling has been deemed one of the most promising strategies to overcome 

this obstacle139 and the US Department of Energy has invested substantial resources 

(estimated $120 million140) in rare earth extraction from waste resources, such as coal 

ash residuals. Two of the most difficult challenges associated with this are (1) current 

metal recovery methods cannot capture rare earth and specialty elements (RESE), and 

(2) these metals need to be captured in a form that can be used directly in industrial 

manufacturing (e.g., relatively pure oxides or zero-valent metal solids).  

 

Current solid waste management techniques for the clean energy and 

advanced electronics industries include both landfilling and recycling. The recycling 

process occurs in three main steps: (1) disassembling and targeting valuable and 

hazardous components, (2) “upgrading” the valuable components via mechanical 

sorting processes, and (3) refining and recovering the materials of interest, typically 

via laborious solvent-extraction techniques. The two main methods used for 



	 91 

upgrading and refining these metals in the recycling scheme are pyrometallurgical 

processes and hydrometallurgical processes, which consist of either melting or 

dissolving the waste. While these approaches are robust for metals like zinc and 

nickel, they are not able to reclaim RESE. 

 

 Recently, O’Connor et al. (Chapter 3; and Chapter 4) showed promising 

results for a novel electrochemical filter technology that can separate bulk metals 

from RESE and capture more than 65% of those separated metals on individual filters 

as solid metal oxides. However, it remains to show whether or not those materials can 

be recovered for direct manufacturing processes (i.e., supplanting the need for 

primary metals by substituting secondary sources). If the recovered metals can be 

effectively removed from the filters as solid targets by mechanical scraping (e.g., if 

sufficient material is collected on the top surface of the filters and mechanical 

integrity of the filter allows repeated scraping events) or combustion of the filters, it 

may enable such direct reuse. In contrast, metals deposited on interior filter surfaces 

(e.g., on the internal surface of the filter but outer surface of the CNTs) may require 

acidic flushing of the filter in order to recover the metals in a concentrated aqueous 

stream.  

 

Here, we aim to identify the most effective method to recover these metal 

oxides off the CNT filters to produce usable material for industrial manufacturing, 

exploring the effect of acid concentration and counter ion choice, as well as total 
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combustion approaches. With these combined results, this work seeks to provide a 

secondary source of RESE for the critical applications in the clean energy and 

electronics sectors, helping mitigate the issue of material criticality to enable a 

closed-loop economy in the electronics sector. 

  

5.2. Experimental methods 

5.2.1. Materials 

Copper chloride (CuCl2; 99.999% trace metals basis (TMB)), europium 

chloride (EuCl3; 99.99% TMB), hydrochloric acid (HCl; TraceSELECT®), nitric acid 

(HNO3; TraceSELECT®) and acetic acid (CH3COOH; ReagentPlus®, ≥99%) were all 

purchased from Sigma-Aldrich (St. Louis, MO). Multi-walled carbon nanotube 

buckypaper filters encapsulated in polyvinyl alcohol were custom made by NanoTech 

Labs (Yadkinville, NC). Hydrophilic polytetrafluoroethylene (PTFE; 5um pore size) 

membranes and sodium sulfate (Na2SO4; GR ACS grade) were purchased from EMD 

Millipore (Darmstadt, Germany).  

 

5.2.2. Experimental procedures 

Filter design and operation can be found in Chapter 3 Section 3.2.2. All 

influent solutions for the electrochemical experiments were prepared in acid washed 

glassware (washed for at least one week in 25% v/v HCl followed by one week in 

50% v/v HNO3), with 1 mM metal and 100 mM Na2SO4 (to normalize the ionic 

strength). All filters tested for recovery with these influent solutions were prepared at 
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the same conditions to reduce inter-filter variability in the metal deposition. These 

conditions were: 150 mL total volume at 5 mL/min with 1.5 V for Cu and 3.0 V for 

Eu. Effluents were collected and quantified for each metal using inductively coupled 

plasma mass spectrometry (ICP-MS; Perkin-Elmer ELAN DRC-e) to obtain overall 

capture. After the initial metal capture, the filters were left to dry in individual petri 

dishes on the bench top for at least 24 hours, and were then tested using the different 

recovery methods that include acid flushing and surface washing with three different 

acids, total filter digest, and mechanical removal. Liquid extracts and solid digests 

(details to follow) from these experiments were quantified using ICPMS. 

 

5.2.2.1. Acid flushing and surface washing 

The solution-based extraction techniques experimental matrix included HCl, 

HNO3, and CH3COOH at three different “rates” (1 mL/min, 5 mL/min, and surface 

washing), and three different concentrations (1%, 10%, and 50%) of acid. The acid 

flushing experiments were performed with each sample’s original cathode and anode 

at either 1 or 5 mL/min and 150 mL of acid at the specified concentration. The 

surface washing experiments were performed with 150 mL of acid poured over the 

surface of the filter manually from a beaker into a plastic effluent bottle. The pH of 

each starting acid solution was measured using a Hanna Instruments field probe (pH 

measurements ranged from 0 – 1 for HCl and HNO3 and 1.5 - 2.5 for CH3COOH) 
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5.2.2.2. Total filter digest and mechanical removal 

 The total filter digest samples were folded and placed into 10 mL quartz 

beakers and oxidized in a small muffle furnace under a low constant flow of 

compressed air (estimated 10 mL/min) over the following temperature program: 

450°C for 3 hours, ramped to 550°C for 3.75 hours, followed by 650°C for 30 

minutes. Filters were allowed to cool overnight and then refluxed with 1 mL 16M 

HNO3 for 30 minutes, followed by 5 mL of 12M HCl for 30 mins. The mechanical 

removal experiment was performed with the dull edge of a metal razor blade. The 

razor blade was used to gently scrape the filter to remove the metal deposited. 

Records of the filters’ mechanical integrity were noted in response to the manual 

scraping event.  

 

5.3. Results and Discussion 

5.3.1. Solution-based recovery 

 Out of the three acids used to recover Cu from the CNT filters, HCl was the 

most effective at 1% and 10% v/v at 1 mL/min, recovering over 95 ± 3%. HNO3 and 

CH3COOH also worked well at this flow rate, recovering greater than 88 ± 3% of Cu 

at the highest concentration of both acids (Figure 5.1). Notably, the recovery of Cu 

with HCl remained high (101 ± 2%) at the faster flow rate, indicating recovery off the 

filters with this acid would remain high if scaled to faster flow rates. Results were 

similar for HNO3 and CH3COOH, with more than 82 ± 3% recovery at 5 mL/min. 

Interestingly, surface washing did not work well, resulting in only 4 ± 0.09 – 44 ± 
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0.8% recovery for the three acids (Figure 5.1). We postulate this is due to metal 

depositing within the filter itself, where surface washing could not reach it, and is 

potentially influenced by the low contact time of the surface-deposited metals with 

the acid being poured over the filter surface (estimated pour rate of 75 mL/min). This 

further supports the mechanism described in Chapter 3, wherein a mixture of Cu(I) 

and Cu(II) deposit and the reduction would likely occur within the filter, whereas the 

oxide deposition might occur preferentially on the surface of the filter when oxide 

precipitates are formed in the bulk solution and deposited in the direction of flow. 

(Note that oxide precipitates could also be generated on the internal CNT fibers, 

which are not accessible to surface washing). Overall, high recovery of Cu was 

obtained with all three acids, with HCl being the most efficient at the lowest 

concentration (where concentration is a driver for cost; full matrix of results in 

Appendix C). 
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Figure 5.1. Copper recovery with HCl, HNO3 and CH3COOH at (a) 1 mL/min and 
three concentrations of acid and (b) 10% acid at the three different rates. Note: The 
error bars represent analytical error.  
 
 
 
 Eu recovery exhibited a higher dependence on the type of acid than Cu, with 

highest recovery obtained for CH3COOH and HNO3. Here, more than 71 ± 2% of Eu 

was recovered off the filters at the lowest concentration of both acids, whereas only 

33 ± 1% was recovered with HCl (Figure 5.2). Encouragingly, CH3COOH, a 

potentially more environmentally benign alternative to HCl or HNO3, gave us the best 

results with more than 70% recovery at both 1% v/v at 1 mL/min and 50% v/v at 5 

mL/min (Appendix C). Again, surface washing gave the lowest recovery with HCl 

and CH3COOH, but was similar to 1 and 5 mL/min for HNO3, recovering 60 ± 2% of 

the Eu.  
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Figure 5.2. Europium recovery with HCl, HNO3 and CH3COOH at (a) 1 mL/min and 
three concentrations of acid and (b) 10% acid at the three different rates. Note: The 
error bars represent analytical error.  
 
 
 

The acid-ligand dependent recoveries are consistent with the stability 

constants for Eu and Cu (Table 5.1). In general, Eu has a stronger affinity for NO3
- 

and CH3COO- (log K values of 1.22 and 2.13, respectively), agreeing with the data, 

showing higher recovery for Eu with these two acids compared to HCl (log K value 

of -0.15). The Cu data also agree, showing high recovery with all three acids, but the 

highest recovery with HCl. Here, Cu (II) only has a log K value of 0.41, but Cu (I) 

has a value of 2.7. O’Connor et al. (Chapter 3) showed evidence of the half-reduced 

form of Cu deposited on the surface, agreeing with the high recoveries we see with 

HCl, and the high affinity Cu (I) has for the chloride ion.  
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Table 5.1. Stability constants for acid ligands.  
Note these are the binding constants for the  
formation of the 1:1 metal:ligand complex.141 

Stability Constants 
 Cl- NO3

- CH3COO- 

Cu+ 2.7   

Cu2+ 0.41 0.5 1.83 

Eu3+ -0.15 1.22 2.13 

Fe3+ 1.48 1.00 3.38 
 

A few notable results from these acid flushing and surface washing 

experiments include: (1) The selectivity shown with HCl and Cu, compared to HCl 

and Eu. Here, this could be used for enhanced selectivity or purification of products 

when separating Cu and Eu, applying HCl to recover Cu, and CH3COOH to recover 

Eu. Note, this separation based on acid alone would not be perfect, but on CNT filters 

that already have predominantly separated product on them, this could further purify 

the final product by removing any residual unwanted metal. (2) The leaching of iron 

(used as catalyst for the production of CNTs and present at approximately 4 wt % in 

the filter material) from the CNT filters. Here, iron (Fe) leached out at every acid 

concentration, regardless of which acid was being used (Figure 5.3). Encouragingly, 

CH3COOH recovered the lowest amount of Fe at 10% acid and 5 mL/min, where we 

saw the high Eu recovery, suggesting CH3COOH would yield optimum recovery of 

Eu with minimal Fe contamination. Future design of the CNTs used for the filters 

should avoid the incorporation of Fe-metal in the starting materials (see Chapter 6).  
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Figure 5.3. Iron recovered with HCl, HNO3 and CH3COOH at (a) Cu samples, 1 
mL/min, (b) Eu samples, 1 mL/min and (c) Cu samples, 10% acid, and (d) Eu 
samples, 10% acid. Note: The error bars represent analytical error. 
 

 Very generally speaking, CH3COOH minimized contamination of the leachate 

with filter-derived Fe. For example, for 10% v/v concentrations, over 2 mg of Fe 
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0.01 mg Fe in the case of the Cu filter experiments). Here, I note that the same 

conditions can yield a wildly variable amount of Fe: for the Cu and Eu filters flushed 

with 10% CH3COOH at 1mL/min, Fe recovery was 0.8 ± 0.01 mg or 2.5 ± 0.05 mg, 

respectively. This high degree of heterogeneity is not uncommon in CNT fabrication 

of powdered CNTs (the starting materials used for the CNT polymer filter), where 

there is a heterogeneous distribution of metal catalyst within the powder itself. While 

this high degree of variability in background Fe limits my confidence in the Fe 

extraction results, it is generally held that Cl- is a better ligand for Fe than NO3
- 

(Table 5.1). The use of CH3COOH to leach the target metals will come at a small 

sacrifice of Cu recovery (reduced from 99 ± 2 to 83 ± 2% as compared to HCl), but is 

optimal for Eu recovery (improved from 43 ± 2 to 73 ± 3% as compared to HCl). The 

choice of CH3COOH brings other advantages; HCl and HNO3 slightly damage the 

filters at 10% and severely damaged the filters at high acid concentrations (i.e., 50%) 

in the 1 mL/min and 5 mL/min cases, and completely destroyed the filters during 

surface washing at that concentration (Figure 5.4). 
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Figure 5.4. (a) Cu filter destroyed by 50% HNO3 during surface washing, (b) Eu 
filter destroyed by 50% HNO3 during surface washing. In normal surface washing 
experiments, the filter was rinsed with acid over the effluent bottle and effluent was 
analyzed via ICPMS to calculate metal recovery for this method (i.e., no CNT filter 
was in the bottle). Here, the filters were held over the plastic effluent bottles and 
rinsed with 50% HNO3 and were instantly degraded, falling into the effluent bottle 
before the experiment was complete. 
 

5.3.2. Solid-based recovery 

Total filter destruction, while presenting its own environmental impact 

concerns associated with emissions, was very effective for comprehensive metal 

recovery from the filter.  Here, filters were oxidized to remove the polymer binder 

and destroy the CNTs, followed by acid refluxing of the remaining metal ash. 

Overall, 102 ± 3% of Cu and 94 ± 1% of Eu that was captured in each respective 

experiment was recovered. The anodes were also combusted and digested, indicating 

a small amount of each metal was being captured on that stage during capture, 32 ± 

A.	 B.	
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0.8 ug of Eu and 51 ± 0.8 ug of Cu (a very small amount compared to the cathodic 

metal, 9504 ± 97 ug Eu and 6180 ± 132 ug Cu; Figure 5.5).  

 

 

Figure 5.5. Metals recovered from total filter combustion and subsequent ash 
digestion. (a) Cu and Fe recovered from a blank filter, the Cu cathode, and Cu anode. 
(b) Eu and Fe recovered from a blank filter, the Eu cathode, and Eu anode. (c) The 
mass balance of material recovered from this digestion technique (i.e., the sum of the 
cathodic and the anodic deposited metal relative to the calculated deposited amount; 
102 ± 3% Cu; 94 ± 1% Eu). Note: The error bars represent analytical error, and the 
blank filter in (a) and (b) are the same filter, shown twice for comparison to each 
metal. 
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recover metals from complex waste streams should not systematically contaminant 

those target recovered materials. Here, I note that originally, the filters were not 

designed with this consideration in mind because the deposited materials were 

intended to be mechanically recovered, which would not entrain the metal catalysts 

used to synthesize the CNTs, and complete digestions and acid flushing give 

idealized recoveries and alternative metal leaching strategies, respectively. 

 

From an operational perspective, mechanical removal is an ideal removal 

method because it does not involve harsh acids or solvents, or demand high-energy 

requirements, and it renders the material in a readily-useful form for manufacturing 

(e.g., a solid that could be pressed into a target for e-beam sputtering or other solid-

derived deposition technique). However, the chemical stability of the CNT-enabled 

filters does not currently lend itself to this recovery technique. Recall that, as 

observed in the acid leachate recovery experiments, the use of HCl and HNO3 

reduced the mechanical integrity of the filters, where the impacts from HCl were not 

as severe as HNO3, but nevertheless substantial. The solutions that were charged onto 

these filters (i.e., the ones simulating the metal waste streams that might come from 

industry), were prepared from chloride salts, where no nitrate counter ions were 

present, and had pHs of 5 - 6. While these pHs are higher than those for the leachate 

solutions, there was still a substantial mechanical integrity loss in the filter after 

filtration, and this was particularly detrimental at the anode. I postulate that oxidation 

processes at the anode were actually destroying the CNT filter material, potentially 
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releasing small polymeric components and liberating CNT fibers. Indeed, in 

experiments to determine if CNTs were released during the regular operation of the 

filters, we found that 0.5 ug was released.142 The end result of this loss of mechanical 

integrity is that we were unable to remove any metal from the filter via mechanical 

removal due to the low mechanical strength of the filter (Figure 5.6). Upon scraping 

the filter, the filter immediately started to rip and no metal could be reasonably 

reclaimed. (See section 5.3.3. for our strategy to overcome this challenge). 

 

 

Figure 5.6. Eu cathode after attempt at mechanical removal. The filter ripped when 
scraped with the dull edge of razor blade and no Eu could be recovered. 
 

5.4. Conclusions  

 The recovery methods tested here all had high success at recovering the 

metals from the filters, except mechanical removal. Unfortunately, the favored 

strategy of mechanical scraping proved to be ineffective due to the low mechanical 

integrity of the filters, yielding no significant metal recovery. The other solid-based 

technique, total filter combustion, worked very well, recovering 102 ± 3% Cu and 94 
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± 1% Eu. Likewise, the solution-based methods worked well, recovery high amounts 

of both Cu and Eu. Encouragingly, these metals showed some selectivity toward the 

different acids, indicating we could use this to our advantage for further separation 

capabilities. Finally, out of the three acids tested, acetic acid gave the best results for 

Eu without destroying the filters, suggesting reuse of the CNT filters could be 

possible with this recovery technique. The last notable takeaway message was that the 

Fe catalyst in the filters was contaminating the final product in every method, 

indicating a strategy was needed to overcome that limitation (See Chapter 6). 
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Chapter 6 
 
 

Design Optimization 
 

 

6.1. Introduction 

 The fields of electronic and clean energy technologies are a few of the most 

rapidly advancing industries to date. These advancements are made possible through 

the use of rare earth and specialty elements (RESE). However, with recycling 

innovations lagging behind, we have a demand that often exceeds supply through 

primary sources alone. Due to this bottleneck effect, there is an urgent need for novel 

recycling technologies to enable reuse of these critical materials. 

 

Recently, O’Connor et al. (Chapter 3) developed a technology that is capable 

of recovering and separating RESE from bulk metals as metal oxides. In addition, 

different recovery methods, both solution and solid-based recovery techniques, were 

tested to reclaim the metal oxides from the filters to enable reuse in industrial 

manufacturing. Here, using the information learned from previous chapters, I provide 

a detailed list of design modifications necessary to scale up this technology for use in 

a real waste stream application in hopes of mitigating material criticality. 
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6.2. Recommended design modifications 

 The bench-scale optimization of system parameters (i.e., flow rate, pH, and 

voltage) to achieve high metal capture and separation (Chapter 3), as well as the 

bench-scale optimization for metal recovery off the CNT filters (Chapter 5), 

identified many key design modifications needed to enable the successful scale up of 

this technology (Table 6.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 108 

 

Table 6.1. Design modifications for filter recovery system 
Technical Objective Proposed Modification Motivating Rationale 

Improved metal capture 

Larger area CNT filters 

Mass flux data indicate 
that higher surface area 
will aid in recovery. (i.e., 
the system is not mass 
transfer limited) 

Ti shim mesh 

Metal deposition occurs in 
the perforations, limiting 
surface area. Mesh would 
allow for increased 
recovery. 

Addition of pressure valve 
and H2 separator 

Gas evolution from water 
splitting causes a decrease 
in surface area and 
recovery. Adding a 
pressure valve to release 
this gas will promote 
higher recovery.  

Higher flow rates Addition of pressure valve 

Gas evolution from water 
splitting caused leaking at 
flow rates higher than 4 
mL/min from pressure 
build up inside the system. 

Improved metal recovery 
off the filter 

Addition of acid stable 
binder/polymer 

Mechanical integrity of 
filters decreases with 
higher acid concentration 
(i.e., concentrations 
representative of real 
waste streams) which 
makes metal removal 
difficult.  

Iron catalyst purification 
step 

High iron background in 
the filters causes unwanted 
iron leaching in the acid 
flushing and surface 
washing recovery of target 
metals. 
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6.2.1. Improved metal capture 

 The bench-scale system currently uses 47-mm CNT filters for both the 

cathode and the anode. This scale limits our geometric filter surface area to 1735 

mm2. Previous results demonstrated that mass flux limitation per area were not yet 

exceeded (Chapter 3, Figure 7, Appendix A), indicating that increasing the size of the 

CNT filter may further enhance metal capture.  

 

The second design modification to enhance metal capture via enhanced 

functional surface area would be to replace the current Ti shim with a Ti or stainless 

steel mesh. Currently, the Ti shim has small punched holes in the fluid flows path, 

and this is where metal deposition occurs (Figure 5.7). The punch design is only 

further hindering our metal capture by decreasing the surface area of the CNT 

exposed to the fluid. Here, a Ti or stainless steel mesh would still have enough 

contact with the conductive CNTs to distribute charge across the filter while 

increasing the surface area exposed to the fluid to enable higher capture. 
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Figure 6.1. Representative filter showing the Eu metal deposition pattern, dictated by 
the Ti shim. 
 
 
 A less obvious design modification to enhance metal capture would be to add 

a pressure release valve or H2 separator. In the current operation, water splitting 

contributes to oxygen and hydrogen gas formation at the anode and cathode, 

respectively. This causes a decrease in recovery from the reduced surface area when 

the gas bubbles sit on the surface (Figure 6.2). Adding a pressure release valve would 

allow the gas to escape, effectively increasing the surface area and therefore metal 

capture. Finally, if this added relief valve was outfitted with a H2 separator 

membrane, a manufacturer could potentially utilize the H2 as a fuel to offset the 

energy costs of the electrochemical filter operation or other institutional needs. 
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Figure 6.2. Representative filter showing the heterogeneous Cu metal deposition 
from gas bubbles blocking metal deposition sites.   
 

6.2.2. Higher flow rates 

The bench-scale system is currently operational from 0 to 5 mL/min, but no 

higher. This limitation is due to the leaking that occurs from an increase in current 

and water splitting at the higher flow rates. This increase in water splitting contributes 

to enhanced gas evolution, which results in elevated backpressure in the system. The 

design modification proposed here is to add a pressure value to release the gas as it is 

evolving in the filter device. This would allow for higher flows rates without the 

unwanted leaking associated with gas production in the system. This modification has 

a dual purpose (as mentioned in section 6.2.1) and is critically important for 

successful scale up with aqueous treatment streams.  
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6.2.3. Improved metal recovery off the filters 

In our acid flushing experiments, the mechanical integrity of the filters was 

inversely related to the concentration of the acid (Figure 5.9) The proposed 

modification to mitigate this issue is to replace the current binder (Hydrosize® U6-

01143) with an acid-stable binder. This could promote recovery via the mechanical 

scraping method, which might ultimately enable reuse of these filters in subsequent 

treatment runs (i.e., by enhancing the lifetime of the filter). Furthermore, if higher 

concentrations of metals are used in the filter influent, then a significant mass of solid 

will be recovered on the surface rather than on internal CNT fibers, and this would 

enhance the applicability of the mechanical recovery processes for direct material 

reuse. 

	
	

 

Figure 6.3. Photographs of the cathode and anode of three backflushing experiments 
with 1, 10 and 50% HNO3. The integrity of the filters decreases as the acid 
concentration increases. 
 
 
 
 The final design modification needed is a Fe purification or avoidance step. 

Results showed high Fe removal from the filters during the acid flushing, surface 

washing, and total filter digest experiments, which effectively translates to 

1% HNO3     10% HNO3     50% HNO3 

Cathode   Anode Cathode   Anode Cathode   Anode 
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contaminating ones stream after having purified it. Approaches to achieve this goal 

include using acid-washed CNT powders (i.e., which have a lower bulk metal 

content) prior to polymer coating of those CNTs or to fabricate CNTs with a regular 

structure (i.e., vertical or horizontal alignment) from a substrate-affixed metal 

catalyst, which can then be easily delaminated or detached from the CNTs through 

chemical or mechanical cleaving. This modification would not decrease the overall 

metal capture and would yield higher purity recovery products to enable direct reuse 

in industrial manufacturing.  

 

6.3. Conclusions 

Overall, all of these design modifications will enable expansion of this 

promising technology to other metals, as well as other industries. The Fe modification 

was one of many outlined here to enable successful scale-up of this process. Others 

included: the addition of a pressure valve, addition of the H2 separator, modification 

to the Ti shim design, increasing the CNT filter size (e.g., to all home water filter 

size), and addition of an acid stable polymer to improve the mechanical integrity of 

the filters. 

 

 Future work includes employing these design modifications and optimizing 

the system for high recovery at the improved flow rate range of the new device. With 

this new design, enhanced recovery of pure products will be possible for a wide range 

of metals needed in industrial manufacturing. 
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Chapter 7 
 

 
Conclusions: 

Contributions, Future Opportunities, and Precedent 
 

 
 

7.1. Contributions 

 As advanced electronics and clean energy sectors continue to evolve, the use 

and consumption of rare earth and specialty metals (RESE) will continue to increase. 

This high use of materials may cause a bottleneck effect where the demand for these 

metals cannot keep up with supply from primary extraction alone. These necessary 

advancements in the electronics and energy sectors will be slowed or halted 

altogether unless a secondary source of RESE is made available to meet the rising 

global demand.  

  

 Currently, there are no management strategies that can enable the reuse of 

materials from any stage of the lifecycle for an electronic product or device. Further, 

there are no end-of-life recycling technologies that are able to reclaim any of the 

valuable RESE metals. Due to the continual use of these materials and the lack of 

management tactics to enable sustainable manufacturing practices or reuse, these 

metals have been labeled as “critical” with respect to their importance to clean 

energy.7 In this work, I sought to help mitigate the issue of metal criticality by (1) 

analyzing industry practices and statistics to outline the specific scientific 
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advancements needed to enable a circular economy in the electronics and clean 

energy industries (Chapter 2), (2) developing a novel CNT-enabled filter device 

capable of capturing and separating rare earth and specialty element oxides 

(RESEOs) from bulk metals for use in end-of-life recycling to enable reuse in 

manufacturing (Chapter 3), (3) examining a strategy for enhanced separation of RESE 

using organic molecules called redox mediators (Chapter 4), (4) identifying the best 

methods for metal reclamation off the filters for direct or indirect reuse (Chapter 5), 

and (5) detailing the design modifications needed for successful scale up of this filter 

technology (Chapter 6). This chapter summarizes the contributions made in the 

course of this thesis, as well as outlines future opportunities for research in the area of 

electronics recycling and sustainable manufacturing. 

 

7.1.1. A strategy for material supply chain sustainability: Enabling a circular 
economy in the electronics industry through Green Engineering 
 
	
 Researching industry practices and statistics, this work details the technical 

and scientific advancements that are needed to close the loop from the end-of-life 

stage back to the manufacturing stage. These eight tasks include: (1) design devices 

for disassembly, (2) select materials for substitution, (3) design manufacturing 

processes that enable the use of recycled materials, (4) improve fabrication efficiency, 

(5) develop technology interventions to enable e-waste recovery, (6) implement 

methods to collect and separate e-waste components, (7) identify technologies to 

digest and recover RESE, and (8) invent technologies to separate commercially 
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desirable, high-purity outputs. Here, I have provided the scientific community with 

high-impact research opportunities that would not only yield critical knowledge, but 

also provide industry with the tools to practice sustainable manufacturing and 

recycling to enable a circular economy.  

 

7.1.2. Electrochemical deposition for the separation and recovery of metals using 
carbon nanotube-enabled filters 
 

This work focused on developing a technology that could successfully recover 

and separate RESE from bulk metals as an end-of-life recycling technology to enable 

direct reuse in the manufacturing stage, or for use within the manufacturing stage 

itself to promote higher fabrication efficiencies. Here, I showed high recovery of five 

metals including europium (Eu), copper (Cu), neodymium (Nd), gallium (Ga), and 

scandium (Sc) as metal oxides, and successful separation and recovery of Eu and Cu 

from a mixed metal stream. In addition, I also detailed the mechanism of metal oxide 

recovery, which was identified as a dissolved oxygen reduction mechanism coupled 

with oxygen derived from water splitting. Here, I’ve shown one of the first 

technologies capable of separating RESE from bulk metals using CNT-enabled filters 

and recovering them in their solid metal oxide form. This is promising for not only 

electronics waste, but also high volume legacy wastes such as coal ash residuals and 

industrial processing wastes. In addition, the mechanistic understanding of the metal 

trapping mechanism is useful to anyone who studies redox chemistry or surface-

mediated redox processes. 
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7.1.3. Influence of Electron Mediators 

 The industrially favored manufacturing techniques require pure metals or 

metal oxides. After achieving high metal oxide recovery and separation based on 

hydroxide stability, I sought to develop a method that was more selective and could 

separate metals based on their reduction potentials to produce zero-valent metals 

instead of metal oxides. I utilized four redox mediators, or electron-shuttling 

molecules including 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),  

2,6-dichloroindophenol (DCIP), ethyl viologen (BEBP), and riboflavin 5′-

monophosphate (RMP), hypothesizing that these molecules would enable direct 

electron transfer to Cu and Eu, outcompeting the oxygen reduction mechanism, 

therefore reducing these metals to their zero-valent form on the CNT filter. In contrast 

with the expected outcome, the results varied based on mediator and metals, but in 

general, none of the mediators enabled zero-valent metal capture. ABTS, RMP, and 

DCIP results suggested these redox molecules were binding to the metals, achieving 

high capture of the metal-mediator complexes, but not a reduction to a zero-valent 

state. BEBP revealed a different mechanism, showing improved capture of Eu and Cu 

oxides through a radical enhanced oxygen mechanism, indicating a promoted source 

of reactive oxygen was being formed, capturing the metals at lower voltages 

compared to the unmediated results. Here, I did not achieve direct electron transfer to 

the metals to increase selectivity as expected, but instead, enhanced the electron 

transfer to the dominant oxygen mechanism, providing an enhanced source of oxygen 

for metal oxide capture. Although a back of the envelope calculation indicates the 
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addition of BEBP to my technology would not be cost effective, this work does 

contribute to the knowledge base for radical enhanced oxygen mechanisms, 

particularly useful in other applications, such as Li-air batteries, where they use redox 

mediators to promote the reduction of oxygen. 

 

7.1.4. Recovery methods  

 To achieve metal reuse, a wide variety of recovery techniques were 

investigated to reclaim the metals off of the CNT filters after capture. These methods 

included both solution-based and solid-based techniques for indirect and direct reuse 

in industrial manufacturing, respectively. The solution-based techniques proved 

extremely effective, recovering both Cu and Eu at rates as high as 100% with acid 

flushing. Encouragingly, these metals showed some selectivity toward the different 

acids, indicating we could use this advantage for further separation capabilities. In 

addition, acetic acid gave the best results for Eu without destroying the filters, 

suggesting reuse of the CNT filters could be possible with this recovery technique. 

The solid-based recovery methods were the favored strategy, as manufacturing 

requires solid metal or metal oxides. Here, I tested mechanical scraping and total 

filter digestion. The mechanical integrity of the CNT filters proved to be an issue 

during mechanical scraping, yielding no significant metal recovery and a destroyed 

filter. On the contrary, thermally digesting the entire filter worked very well, 

recovering up to 102 ± 3% of the metal. Here, this work contributes to the metal 
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recycling scientific community, as well as the metal industry, presenting novel 

techniques for metal reclamation and separation.  

  

7.1.5. Design optimization 
 
 My final contribution was compiling my observations from Chapters 3-5 to 

outline specific design modifications needed for effective scale up of this technology. 

Here, I noted several modifications that would enable higher metal capture, faster 

flow rates, and more effective metal recovery off the CNT filters. This work will 

provide others in the scientific and engineering communities with a detailed guide of 

adjustments that may enable successful use of CNT filters in this and other 

electrochemical applications. 

 

7.2. Future Opportunities  

 There is still a great deal of uncertainty surrounding where and how the world 

will procure RESE as the clean energy and advanced electronics industry continue to 

grow. Even with strong research efforts led by the Department of Energy140, there is 

still much to be done in order to enable sustainable management strategies across the 

life cycle. Here, I will briefly outline the main research efforts I argue are the most 

urgent, in reference to my chapters, in the electronics and clean energy industries 

needed to reach a circular economy. 
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7.2.1. Design for a closed-loop system 

 All of the tasks here have been outlined in great detail in Chapter 2. Out of the 

eight tasks outlined there and beyond my own thesis objective, the one I find most 

pressing is design for disassembly. Upfront design with environmental objectives in 

mind would significantly reduce the impact the rest of the product’s life has on the 

environment.43 In particular, designing a device that is easy to disassemble will allow 

for easy separation of parts to enable recycling and feed directly into a reclamation 

system, such as the one designed here. Additionally, I posit that my device will 

function much better with a less complex input waste stream, such as that which 

would be provided by disassembled components. Currently, manual disassembly is 

one of the biggest contributors to the net cost of e-waste recycling, driving companies 

away from recycling all together.93 These design changes could make the end-of-life 

processing much more realistic, encouraging more sustainable practices.  

 

7.2.2. Novel filter applications and advanced separation techniques 

 Targeting my own list of research needs from Chapter 2, I sought to develop a 

technology to recycle RESE in a form that could be directly reused in industrial 

manufacturing. After successfully recovering single metals from synthetic metal 

streams and separating Eu from Cu from a synthetic mixed metal stream, there is still 

much work that needs to be done employing real waste streams. This technology 

could be used for many industrial wastes including those containing RESE like coal 

ash, or any metal-rich waste stream, such as precious metal processing streams. The 
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research here would need to target the matrix effects on the CNT filters and metal 

capture. These waste streams contain many unwanted metals or organic components 

that may hinder metal recovery or promote recovery of unwanted components such as 

secondary minerals. Research efforts here should focus on understanding these matrix 

effects through detailed sorption studies and parameterization studies of other bulk 

metals (e.g., Fe, Zn, and Al) with voltage and pH.  

 

Additionally, separating metals based on reduction potential could greatly 

increase the selectivity of the device. The main limitation here was overcoming the 

oxygen reduction mechanism in an aqueous system. Significant research 

opportunities here include figuring out a way to overcome this dominant mechanism 

to enable reduction of metals to their zero-valent form through other redox mediators 

(See Appendix B), or use of a non-aqueous, de-gassed, or de-aerated stream. 

 

7.2.3. CNT filter optimization  

 Recovering solid metals off the filter surface via mechanical removal would 

enable direct reuse in industrial manufacturing without the use of harsh solvents or 

acids. The filter was unable to withstand mechanical scraping due to the diminished 

mechanical strength after metal capture (Chapter 5). This could be overcome by 

replacing the known binder and polymer, with something more acid stable and 

mechanically strong (Chapter 6). These efforts include testing existing polymers in 

these CNT filters, as well as developing novel polymers with the desired properties. 
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Filter designs could be tested using a variety of methods including drop casting or 

vacuum assisted drying, or with the assistance of existing CNT filter companies.  

 
 
7.3. Precedent  
 
 The electronics and clean energy industries will continually change as new 

products come to market and new technologies to harness alternative energy are 

developed. Although these products and devices are ever changing, they may always 

rely on RESE, as electronics rely on their unique metal properties. The set of research 

tasks outlined in this work sought to motivate academia and industry to not only 

overcome this issue of metal criticality, but also to inspire design-based solutions for 

future innovation. I urge both parties to continually strive to build sustainable 

technologies through upfront environmental design objectives. It’s not enough to 

design a technology to solve an issue, if that solution causes further environmental 

harm. It is my hope that this work encourages researchers and industry to work 

together develop strategies and technologies to enable a circular economy within 

these critically important industries on our path to a more environmentally sustainable 

future.   
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Appendix A. 
Supporting Information for Chapter 3 

 
 
 
 

 
Figure A1. Blank carbon nanotube filter encapsulated in polyvinyl alcohol. Custom 
made by NanoTech Labs (Yadkinville, NC). 
 
 
 
 
 
 
 

 
Figure A2.  Schematic of the deaerated system. Step 1: 500 mL of test solution was 
purged with nitrogen at 200 mL min-1 in a 500 mL Erlenmeyer flask with an aeration 
stone for 90 min before the experiment to ensure no oxygen was present. Step 2: 5 mL 
min-1 Eu was delivered to the filter while a constant flow of N2 was pushed into the 
vacated headspace at 5 mL min-1 to maintain neutral pressure and an oxygen-free 
environment for the duration of the experiment. 
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Figure A3. Arsenic voltage and pH results. Arsenic was unrecovered across the entire 
range tested due to the high solubility of the oxide (assuming the same mechanism of 
recovery; Figure 3.5). 
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Figure A4. X-ray photoelectron spectra for (a) Sc, (b) Eu, (c) Cu, (d) Ga, and (e) Nd 
at pH extrema (i.e., where one might expect a chance in the speciation of metal 
recovered). Cu was recovered as Cu2O at the low pHs and CuO at the high pHs, 
consistent with the proposed mechanism of water splitting and oxygen reduction as 
the main metal-trapping mechanism at high pH and competition between Cu 
reduction and O2 reduction at the low pHs due to their similar reduction potentials, 
0.13 VAg/AgCl and 0.19 VAg/AgCl, respectively.33 Sc, Eu, Ga, and Nd were recovered as 
Sc2O3, Eu2O3, Ga2O3, and Nd2O3, respectively, consistent with the mechanism of 
water splitting and oxygen reduction (Figure 3.5), which is enhanced at high pH. 
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Table A1. X-ray photoelectron binding energies for each sample. These numbers 
correspond to the spectra in Figure A4. 

 
 
 

 
Figure A5. Voltage experiment scanning electron micrographs for (a) Cu, (b) Sc (c) 
Eu (d) Nd (e) Ga. All five metals had increasing recovery as the voltage increased, 
and voltage is noted in the upper right corner of each image. Cu showed metal 
crystals at 1.5 V and 2.0 V (tested 0.1-2.0 V), while Sc, Eu, Nd, and Ga deposited in 
large platelets across all voltages (1.0-3.0 V).  
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Ga 2p 3/2 1119.1 eV 1118.8 eV
Cu 2p 3/2 933.8 eV 935.4 eV
Sc 2p 3/2 403.0 eV 403.2 eV
Nd 3d 5/2 984.3 eV 983.7 eV
Eu 3d 5/2 1135.6 eV 1134.9 eV
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Table A2. Ionization energies for Eu, Nd, Ga, Sc, As, and Cu.144 
Ionization Energies (kJ/mol) 

Transition Eu Nd Ga Sc As Cu 
M à M+ + e- 547.1 533.1 578.8 633.1 947 745.5 
M+ à M2+ + e-  1085 1040 1979.3 1235 1798 1957.9 
M2+ à M3+ + e- 2404 2130 2963 2388.6 2735 3555 
M3+ à M4+ + e- 4120 3900 6180 7090.6 4837 5536 
M2+ + 2e- à M           2703.4 
M3+ + 3e- à M 4036.1 3703.1 5521.1 4256.7 5480 		
 
 
 

 
Figure A6. Scanning electron micrographs as a function of pH for (a) Cu, (b) Sc (c) 
Eu (d) Nd (e) Ga. The Cu crystals changed morphology as the pH changed, consistent 
with the XPS data (Figure A5). Sc, Eu, Nd, and Ga deposited as metal platelets at all 
pHs. Note that all five metals had increasing recovery over pH ranges were metal 
hydroxide species dominate the system (see Stability Diagrams, Figure A9), 
consistent with metal hydroxide intermediates and an oxygen-mediated trapping 
mechanism.  
 

pH	10	

50µm	

pH	8	

50µm	

pH	6	

50µm	

pH	4	

50µm	

pH	2	

50µm	

pH	2	

50µm	

pH	6	

50µm	

pH	8	

50µm	

pH	10	

50µm	

(b)	

(c)	

pH	2	

50µm	

(d)	 pH	4	

50µm	

pH	6	

50µm	

pH	8	

50µm	

pH	10	

50µm	

pH	2	

10µm	

pH	4	

10µm	

pH	6	

10µm	

pH	8	

10µm	

pH	10	

10µm	

(a) 

(e)	 pH	2	

30µm	

pH	6	

30µm	

pH	8	

30µm	

pH	4	

50µm	

pH	4	

50µm	

pH	10	

50µm	



	 128 

 

 
Figure A7. (a) Molar flux and (b) mass flux across the flow rate range 1-5 mL/min.  
 
 

 
Figure A8. Scanning electron micrographs as a function of flowrate for (a) Cu, (b) 
Sc, and (c) Eu. Cu crystallinity showed a sensitivity to flow rate with near perfect 
crystals at lower flow rates, growing less crystalline as the flow rate increased, as 
would be expected. In contrast, Sc and Eu did not show any sensitivity. The limited 
sensitivity of recovery to flow rate suggested that the redox kinetics were not severely 
limiting in this recovery process over the range tested (i.e., the reduction, 
precipitation, and collection process was fast or approximately equivalent to the rate 
of bulk mass transport past the filter).  
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Figure A9. Stability diagrams for (a) Cu, (b) Ga, (c) Nd, (d) Sc, (e) Eu, and (f) As. 
Adapted from Brown et al., Cheng et al., Ames et al., and Smedley et al.120-122, 145 
These solubility profiles agree with the proposed mechanism, where the collection of 
metal oxide minerals proceeds through metal hydroxide intermediates, corresponding 
to increased metal recovery at the pH(s) where the metal hydroxide species dominate.  
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Appendix B 
Supporting Information for Chapter 4 

 
Table B1. Table of Redox Mediators. Adapted from Sander et al. 
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Figure B1. Original solutions of 1:1 and 1:10 Cu:DCIP and Cu:RMP. Note the low 
optical clarity of each solution and the immediate precipitate formed at the bottom of 
the RMP bottle, indicating strong affinity for Cu. 
 
 
 
 

	
Figure B2. (a) Photographs of the CNT cathode for 1:1 and 1:10 Cu:BEBP 
experiments at 1.5 and 2.0 V. Note the mixed colors of Cu, suggesting mixed 
recovery of Cu (I) and Cu (II) oxides. (b) XPS confirmation of Cu(I) oxide at 2.0 V 
for both 1:1 and 1:10 Cu:BEBP molar ratios.  
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Figure B3. (a) Photographs of the CNT cathode for 1:1 and 1:10 Eu:BEBP 
experiments at 2.0, 2.5, and 3.0 V. Note the discoloration is likely due to the presence 
of mediator on the deposited metal (b) XPS confirmation of Eu (III) oxide at all 
voltages for both 1:1 and 1:10 Eu:BEBP molar ratios. 
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Figure B4.  Absorbance spectra for 1:1 and 1:10 Cu and Eu with (a) ABTS, (b) 
DCIP, (c) RMP, and (d) BEBP. Note the shift in the peaks for ABTS, RMP, and 
DCIP when Cu and Eu are added to solution, and no shift is present in the BEBP 
spectra when Cu and Eu are added. 
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Table B2. Solubility values for the redox mediators in water. 
Redox Mediator Solubility in water 

ABTS 10 mg/mL 
DCIP 10 mg/mL 
RMP 100 g/L 
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Appendix C. 
Supporting Information for Chapter 5 

 
 

Table C1. Full matrix of recovery experiment results including  
all flow rates and acid concentrations. 

	

1% HCl 10% HCl 50% HCl

Cu 11 ± 0.2% 35 ± 1% 30 ± 1%
Eu 30 ± 0.5% 27 ± 1% 23 ± 2%

1% HCl 10% HCl 50% HCl

1 mL/min 95 ± 3% 99 ± 2% 92 ± 4%
5 mL/min 79 ± 1% 101 ± 2% 97 ± 1%

1% HCl 10% HCl 50% HCl

1 mL/min 33 ± 1% 43 ± 2% 49 ± 4%
5 mL/min 47 ± 6% 56 ± 6% 48 ± 2%

1% HNO3 10% HNO3 50% HNO3

Cu 44 ± 0.8% 32 ± 0.4% filter destroyed

Eu 42 ± 0.7 60 ± 2% filter destroyed

1% HNO3 10% HNO3 50% HNO3
1 mL/min 85 ± 1% 88 ± 2% 103 ± 2%
5 mL/min 75 ± 1% 82 ± 3% 112 ± 4%

1% HNO3 10% HNO3 50% HNO3
1 mL/min 75 ± 2% 45 ± 0.7% 55 ± 1%
5 mL/min 33 ± 0.6% 52 ± 0.8% 46 ± 0.8%

1% CH3COOH 10% CH3COOH 50% CH3COOH

Cu 6 ± 0.09% 8 ± 0.2% 4 ± 0.09
Eu 8 ± 0.1% 14 ± 0.1% 3 ± 0.06

1% CH3COOH 10% CH3COOH 50% CH3COOH
1 mL/min 76 ± 2% 83 ± 2% 88 ± 3%
5 mL/min 77 ± 1% 110 ± 22% 93 ± 2%

1% CH3COOH 10% CH3COOH 50% CH3COOH
1 mL/min 71 ± 2% 73 ± 3% 52 ± 3%
5 mL/min 67 ± 0.9% 67 ± 0.8% 70 ± 1%

Cu Acid Flushing

Eu Acid Flushing

Hydrochloric Acid

Nitric Acid

Acetic Acid

Surface Washing

Cu Acid Flushing

Eu Acid Flushing

Surface Washing

Cu Acid Flushing

Eu Acid Flushing

Surface Washing
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“Making your mark on the world is hard. If it were easy, everybody 
would do it. But it’s not. It takes patience, it takes commitment, and it 

comes with plenty of failure along the way. The real test is not whether 
you avoid this failure, because you won’t. It’s whether you let it harden 

or shame you into inaction, or whether you learn from it;  
whether you choose to persevere.” 

 
 

-Barack Obama 

 

 


